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a b s t r a c t

Baffles are often used to retrofit culverts to aid in fish passage. The objective of this

experimental investigation was to compare the turbulent flow structure inside a full-scale

spiral corrugated culvert fitted with sloped- and slotted-weir baffles to available turbu-

lence descriptions for non-baffled culverts. In addition, the turbulent flow structure inside

a full-scale culvert was compared to fish passage preferences.

Velocity measurements were taken in a 1.83 m-diameter, 12.2 m-long corrugated metal

culvert fitted with sloped- and slotted-weir baffles using a Sontek Micro-Acoustic Doppler

Velocimeter for flow rates of 0.043, 0.085, 0.113, and 0.198 m3/s and a culvert slope of 1.14%.

Results showed there were only minor differences in the turbulent flow structure created by

each baffle type. The most significant differences included higher lateral turbulent intensi-

ties on the edges of the jet created by the slotted-weir baffles, and higher turbulent kinetic

energies on the left side of the culvert (looking downstream) caused by the sloped-weir baf-

fles. Downstream from a slotted-weir baffle, a reduced velocity and streamwise turbulent

intensity zone was found near the left edge of the flow that was similar to that found in the

bare culvert. The sloped-weir baffles produced a less pronounced zone near the right edge of

the flow. No significant relationships could be found between the turbulence results of this
study and biological fish passage tests performed at the same experimental site due to the

lack of substantial differences in streamwise and lateral turbulence intensity distributions

downstream from the tested baffles.
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1. Introduction

Culverts have traditionally been used to pass a wide range of
flows safely underneath roadways or other structures. While
this has been effective in ensuring the safety of the traveling
public, it has often neglected to provide ecological continu-
ity for aquatic organisms living in the waterway. Specifically,
excessive velocities and inadequate depths within culverts
block fish migration and disrupt fish spawning and feeding
habits (Baker and Votapka, 1990).

Recent and ongoing efforts address fish and aquatic
organism passage. Cross-sectionally averaged velocity has
conventionally been used as the limiting condition for fish
passage through culverts, but recent studies show that the
turbulence characteristics of flow may influence fish passage
more than velocity (Smith et al., 2006). Since the replacement
of culverts can be expensive, they are often retrofitted with
baffles to decrease velocities and increase water depths.

In order to evaluate the effectiveness of retrofit designs,
it is important to evaluate the influence of installed baffles
on velocity and turbulence distributions within culverts. Ead
et al. (2002) examined velocity distributions in bare culverts
and Richmond et al. (2007) examined turbulence intensities
inside bare culverts, but no studies exist showing turbulence
characteristics inside culverts retrofitted with baffles.

The objectives of this experimental investigation were to
compare (1) the turbulence heterogeneity created by sloped-
weir and slotted-weir baffles, and (2) turbulence parameters
for non-baffled culverts.

2. Relevant research

Turbulence has been shown to influence fish habitat selec-
tion, behavior, and swimming ability. Several researchers have
described the apparent influence of turbulence on habitat
selection (i.e. Coutant and Whitney, 2000), but only a few stud-
ies have investigated it directly. Cotel et al. (2006) reported
a correlation between turbulence intensity focal positions of
brown trout. Smith et al. (2006) concluded that the physical
link between habitat complexity and turbulence production
correlated with fish density by studying rainbow trout. Further,
Smith and Brannon (2007) found that turbulence caused by
habitat features, such as large rocks, resulted in a statistically
meaningful difference in flow characteristics near cover. Many
studies have also investigated the influence of turbulence on
fish swimming performance. Enders et al. (2003) found that
swimming costs were affected by the level of turbulence. In
one investigation turbulence intensity explained 14% of the
variation in total swimming costs (Enders et al., 2005). Liao et
al. (2003) reported that trout swimming behind cylinders adopt
a distinctive pattern of movement in order to hold station, in
which body amplitudes and curvatures are much larger than
when the cylinders were absent. Liao (2006) and Montgomery
et al. (2000) described how the lateral line organ system is used
for sensory processing by fish in order to respond to the tur-

bulent flow field. Pavlov and Lupandin (1994) and Pavlov et al.
(1994) and Lupandin (2005) investigated the influence of tur-
bulence level on the critical swimming speed of multiple fish
species.
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To aid in the design of fish-passable culverts, extensive
research has been conducted to describe the general flow char-
acteristics inside a culvert fitted with baffles. Rajaratnam et
al. (1988, 1989, 1991) developed an equation to describe the
dimensionless discharge through a culvert fitted with multi-
ple baffle types. Also, Alvarez-Vazqueza et al. (2008) presented
a mathematical formulation for an optimal design of baf-
fles in a vertical slot fishway and Kim (2001) investigated the
creation of resting places under various weir configurations.
Although the general flow field in a baffled culvert has been
thoroughly studied, no information could be found regarding
the turbulence distribution inside a baffled culvert. Pearson et
al. (2005) mention that turbulence conditions near the bound-
ary layer of corrugated culverts may be important because
turbulent velocity bursts could exceed the swimming ability
of fish, and Papanicolaou and Talebbeydokhti (2002) comment
that a three-dimensional analysis should be considered when
designing culverts for fish suitability. Therefore it is important
to understand the turbulence structure of flow in a culvert
fitted with baffles for fish passage design.

Thurman et al. (in press) summarizes the results of a bio-
logical fish passage study for an experimental setup identical
to the one used in this study. The biological tests were per-
formed for flow rates ranging from 0.042 to 0.340 m3/s and
a culvert slope of 1.14%. Sloped-weir baffles were spaced
4.57 m apart. Results show that when swimming upstream
during a 0.042 m3/s flow rate, fish crossed the baffle cen-
ter. For flow rates between 0.042 and 0.085 m3/s, fish crossed
along the entire length of the baffle. At flow rates greater
than 0.085 m3/s, fish crossed along the outer edges of the
baffle when swimming upstream. Fish passage success rates
peaked during intermediate discharge rates. The influence of
local hydrodynamic conditions on fish swimming capabili-
ties under various baffle configurations was also described in
terms of flow velocities and pool size by Rodriguez et al. (2006).

Turbulence is often described by calculating the turbulent
kinetic energy (TKE) and turbulent intensity (TI) of the flow.
Turbulent kinetic energy can be calculated at any location in
the flow:

TKE = u′
i
u′

i

2
(1)

where u′
i
represents the velocity fluctuation in the streamwise,

transverse, and vertical directions, and the overbar represents
the temporal mean (Mathieu and Scott, 2000). The TKE repre-
sents energy that is extracted from the mean flow due to shear
between the mean and fluctuating velocities and gradients
in the mean velocity field (Reynolds, 1974). In most natural
stream channels, TKE decays exponentially away from the
channel bed, whereas velocity typically increases away from
the bed in a typical open channel.

Turbulence intensities can be calculated for each direction
of flow:

TIi =
(

u′2
i

)1/2
(2)
Calculations for TI represent the degree of fluctuation
around the mean velocity in a given direction, with higher
numbers indicating more turbulence (Reynolds, 1974).



e c o l o g i c a l e n g i n e e r i n g 3 5 ( 2 0 0 9 ) 381–392 383

d at

m
c
v
T
r
s
v
v
v
p
i
c
t

3

V
c
a
A
P

Fig. 1 – The Culvert Test Bed (CTB) facility locate

Work performed by Richmond et al. (2007) gives infor-
ation about the turbulence intensity inside a bare spiral

orrugated culvert, and describes the formation of a reduced
elocity and turbulent intensity zone on one side of the flow.
he redistribution of velocity was caused by secondary cur-
ents induced by the spiral corrugations in the culvert. The
treamwise velocity and turbulence intensity in the reduced
elocity zone (RVZ) was approximately 36% and 60% of the
elocity and turbulence intensity in the center of the cul-
ert (Richmond et al., 2007). The Richmond et al. study was
erformed at the Skookumchuck Hatchery near Tenino, Wash-

ngton where a portion of this experimental study was also
onducted, and the researchers used similar methodologies
o those outlined below.

. Experimental setup and methodology

elocity data were collected in 1.83-m diameter, 12.2-m long

ulvert barrels at two sites: the Culvert Test Bed (CTB) located
t the Skookumchuck Hatchery near Tenino, WA, and in the
lbrook Hydraulics Laboratory at Washington State University,
ullman, WA.
the Skookumchuck Hatchery near Tenino, WA.

At the CTB, the culvert was set at a 1.14% slope with six
hatches cut into the top to allow access to the flow (Fig. 1).
Three sloped-weir baffles were spaced 4.6 m apart in the cul-
vert, with the first baffle located 2.1 m from the inlet. The
baffle crests were sloped at 4◦ with the high side of the baffle
located on the right side of the culvert when looking down-
stream (Fig. 2(a)). A baffle slope of 4◦ was a standard set by
the Washington Department of Fish and Wildlife (WDFW) for
retrofitted culverts. To be consistent with field retrofit criteria,
this experiment followed WDFW criteria for baffle spacing and
slope. The baffles were placed inside culvert spiral troughs.
Data were collected at six cross-sections along the length of
the culvert; five cross-sections were measured using a coarse
grid of 23 points, and one cross-section was measured using
a fine grid of 39 points (Fig. 3). Table 1(a) gives the location of
each cross-section. Flow rates of 0.043, 0.057, 0.085, 0.113 and
0.227 m3/s were used in the tests and measured using a mag-
netic digital flow meter (accuracy of ±1%). The Richmond et al.
study was also performed at the CTB and used methodologies

similar to this experimental investigation.

A replicate of the culvert installed at the CTB was used
in the Albrook Hydraulics Laboratory, except the top of the
culvert was completely removed allowing access to the flow
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Fig. 2 – Culvert cross-section with the installation of (a)

Table 1 – Location of each measurement cross-section
for the (a) Culvert Test Bed Setup (b) Albrook Lab Setup.

Cross-section Distance from Inlet (m) Grid type

(a) Culvert Test Bed Setup
Baffle 1 2.14 ∼
1 2.87 Coarse
2 5.00 Coarse
Baffle 2 6.71 ∼
3 7.01 Fine
4 7.25 Coarse
5 9.16 Coarse
6 11.02 Coarse
Baffle 3 11.28 ∼

(b) Albrook Hydraulics Laboratory Setup
Baffle 1 2.14 ∼
1 5.00 Coarse
Baffle 2 6.71 ∼
2 7.01 Fine
3 7.25 Fine
4 8.07 Fine
5 9.16 Coarse
sloped-weir baffle and (b) slotted-weir baffle. Both views
are looking downstream.

along the entire length of the culvert (Fig. 4). Sloped-weir and
slotted-weir baffles (Fig. 2) were both tested with the same

spacing as at the CTB at a culvert slope of 1.14%. Data were
collected at three coarse grid cross-sections and three fine
grid cross-sections (Fig. 3 and Table 1(b)). The cross-section
locations were chosen so that the collected data would be

Fig. 3 – Measurement locations fo
6 11.02 Coarse
Baffle 3 11.28 ∼

reasonably representative of the flow field downstream of a
baffle. Because it was assumed the flow field changes most
rapidly directly downstream from a baffle, the number of
cross-sections in this area were greater than the number of
cross-sections farther downstream. Finer data collection grids
were also used at cross-sections directly downstream of a baf-
fle (Table 1(b)). Because cross-section locations varied slightly
between the CTB and Albrook setups, data from the CTB was
only analyzed at locations where a matching cross-section
existed in the Albrook setup. Flow rates of 0.043, 0.085, 0.113,

3
and 0.198 m /s were used and measured with a magnetic dig-
ital flow meter (accuracy of ±0.0003 m3/s).

A Sontek 16 MHz Micro-Acoustic Doppler Velocimeter
(ADV) was used to collect velocity data at a 50 Hz sampling

r (a) coarse grid (b) fine grid.
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Fig. 4 – The test culvert located at the Al

ate for 2 min (yielding 6000 data points). Two minute sampling
ntervals were deemed sufficient based on the convergence
f velocity and higher order statistics using the techniques
escribed by Stone and Hotchkiss (2007). The sampling vol-
me of the MicroADV is located about 5 cm from the probe
ip and is cylindrical with a diameter of 4.5 mm and length
f 5.6 mm. According to the manufacturer, the instrument
an measure velocities between 1 and 2.5 m/s with an accu-
acy of ±1% (Sontek, 2000). The MicroADV was mounted on

gantry system that could be moved to a specific location
ithin 0.25 mm in any of three dimensions. The collected data
ere processed using WinADV (Wahl, 2000), and the phase-

pace thresholding method described by Goring and Nikora
2002) was used to filter out spikes caused by air bubbles
assing through the sampling volume. Data with a signal-
o-noise ratio (SNR) less than 10 dB and correlation less than
0% were filtered out. Calculations for average velocities, TI,
nd TKE were performed using custom FORTRAN and MATLAB
odes.
. Results and discussion

he challenges associated with conducting ADV measure-
ents in a complex flow somewhat limited the amount of data
k Hydraulic Laboratory, WSU, Pullman.

available for analysis. Data quality was highest when the flow
velocity was low and the depth was high. When the flow veloc-
ity became too great, air bubbles were entrained on the probe
tip reducing the SNR and creating high scatter in the data. Also,
at depths less than approximately 7 cm, the acoustic backscat-
ter off the culvert bottom produced erroneous data. As much
as 30% of the data collection points were discarded when the
data were filtered to account for these issues. The determina-
tion of how much data to discard was done using convergence
of turbulence parameters and higher order statistics using
the techniques described by Stone and Hotchkiss (2007). Data
were presented from selected cross-sections to best illustrate
changes or trends in velocity, TKE, or TI.

5. General flow structure

The sloped-weir baffles produced three distinct flow features
(Fig. 5(a)). A plunge line formed directly downstream from the
baffle, extending from the high side of the baffle (right side)
toward the low side (left side) at an angle approximately 25◦
relative to the baffle. On the low side of the baffle, a high-
velocity jet formed which became less distinct downstream.
To the right of the jet and downstream from the plunge line a
recirculation area formed, with the flow circulating clockwise.
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Fig. 5 – General flow structure from (a) sloped-weir baffles
and (b) slotted-weir baffles. Plunge line—long dashed line;
recirculation—solid line; jet—short dashed line.

rates below 0.198 m3/s. The small increase in TKE occurred
near where the flow reached its highest velocity over the low
side of the baffle.

Fig. 6 – Streamwise velocity profiles looking downstream
The slotted-weir baffles produced a plunge line which also
occurred directly downstream from the baffle and a high-
velocity jet in the center of the culvert. The plunge line
occurred at an angle approximately 45◦ relative to the baf-
fle. Small areas of flow directed away from the center of the
culvert formed on both edges of the jet (Fig. 5(b)).

At flow rates less than or equal to 0.085 m3/s, directly down-
stream from a sloped-weir baffle (0.31 m), the streamwise
velocity was highest on the low side of the baffle (Fig. 6). At
flow rates greater than 0.085 m3/s, high-streamwise veloci-
ties existed on both sides of the flowfield (Figs. 6 and 7(a)).
At 4.32 m downstream from a sloped-weir baffle, the high-
streamwise velocities on both sides of the flowfield existed
at all flow rates. The lateral velocity distribution showed the
flow directed toward the center of the culvert after it plunged
over the baffle (Fig. 7(b)).

The slotted-weir baffles produced a jet in the center of the
culvert, creating high-streamwise velocities in the center of
the culvert for all flow rates and culvert slopes (Fig. 8). The jet
was most noticeable directly downstream from a baffle and
decreased in intensity farther downstream (Figs. 8 and 9(a)).
A reduced velocity zone (RVZ) was also noticeable on the left
side of the flowfield when using slotted-weir baffles. Lateral

velocity distributions showed the flow was directed away from
the centerline jet (Fig. 9(b)).
3 5 ( 2 0 0 9 ) 381–392

6. Turbulent kinetic energy distribution

The vertically-averaged centerline TKE values for the sloped-
and slotted-weir baffles were very similar (Fig. 10). The highest
values of TKE occurred within one meter downstream from a
baffle, with a peak value of 0.84 m2/s2. Farther downstream the
TKE values dissipated to a level comparable to values recorded
upstream from a baffle, and almost always remained below
0.1 m2/s2. As a comparison, the Tritico and Hotchkiss (2005)
study in gravel bed rivers describe unobstructed TKE values
around 0.015 m2/s2 and maximum TKE values directly down-
stream from boulders around 0.08 m2/s2. Stone and Hotchkiss
(2007) observed TKE values in a cobble bed river reach rang-
ing from 0.03 m2/s2 in a deep pool to 6.40 m2/s2 in a riffle. The
wide range of TKE values was attributed to relative roughness
and other hydraulic properties including the Froude number.

The general shape of the lateral distributions of TKE did not
vary between the two baffle types (Fig. 11). At 0.31 m down-
stream from a sloped-weir baffle for a 1.14% culvert slope, the
vertically-averaged lateral TKE distribution was fairly constant
with a slight increase at the left side of the culvert for flow
for sloped-weir baffle and 1.14% culvert slope (a) 0.31 m
downstream from a baffle and (b) 4.32 m downstream from
a baffle.
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Fig. 7 – Velocity contour plots showing (a) streamwise velocity and (b) lateral velocity downstream of the central sloped-weir
baffle. Positive Vy values are directed toward the top of the page
flow rate is 0.198 m3/s and the culvert slope is 1.14%.

Fig. 8 – Streamwise velocity profiles with a slotted-weir
baffle and 1.14% culvert slope (a) 0.31 m downstream from a
baffle and (b) 4.32 m downstream from a baffle.
. The cross marks represent measurement locations. The

At 0.31 m downstream from a slotted-weir baffle, the lat-
eral TKE distribution exhibited a small increase in TKE near
the center and left side of the culvert for flow rates greater
than 0.085 m3/s (Fig. 11). For flow rates equal to or less than
0.085 m3/s the rise in TKE in the center of the culvert was
not evident. Farther downstream the lateral TKE distribution
became relatively uniform for both baffle types. For all flow
rates at downstream cross-sections, the TKE values were less
than 0.1 m2/s2.

Centerline TKE versus dimensionless height (Z/h) plots,
where Z is the distance above the culvert bottom and h is the
centerline water depth, showed that 1.37 m downstream from
a sloped-weir baffle the TKE values were relatively uniform
throughout the water depth (Fig. 12). This is contrary to TKE
distributions in unobstructed open-channel flow, where the
TKE decays exponentially away from the channel bed (Nezu
and Nakagawa, 1993; Tritico and Hotchkiss, 2005), but was
consistent with observations made by Stone and Hotchkiss
(2007) in cobble-bed streams with high-relative roughness
(0.12–0.33). For slotted-weir baffles, the TKE values decreased
slightly or remained fairly uniform near the water surface
(Fig. 12). At all flow rates the slotted-weir baffles created higher
centerline TKE values than the sloped-weir baffles due to the
jet in the culvert center.

7. Turbulence intensity distributions

Lateral profiles of vertically averaged streamwise turbulent
intensity (TI ) for both baffle types are shown in Fig. 13. Lateral
s

TIs profiles for the two baffle types displayed similar values.
At 0.31 m downstream from a baffle the sloped-weir baffles
produced a maximum TIs of approximately 35 cm/s, and the
slotted-weir baffles produced a maximum TIs of approxi-
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Fig. 9 – Velocity contour plots showing (a) streamwise velocity at 0.113 m3/s and (b) lateral velocity downstream of the
central slotted-weir baffle at 0.085 m3/s. Positive Vy values are directed toward the top of the page. The cross marks
represent measurement locations. The culvert slope is 1.14%.

Fig. 10 – Vertically-averaged centerline TKE values at all
slopes for (a) sloped-weir baffles and (b) slotted-weir
baffles.

Fig. 11 – Lateral TKE distribution 0.31 m downstream from
(a) sloped-weir baffle and (b) slotted-weir baffle with a
1.14% culvert slope.
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Fig. 12 – Centerline TKE profiles 1.37 m downstream with a
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.14% culvert slope for sloped-weir baffles and slotted-weir
affles.

ately 30 cm/s. At 4.32 m downstream the sloped-weir baffles
roduced a maximum TIs of around 13 cm/s, while the slotted-
eir baffles produce a maximum TIs of approximately 14 cm/s.

t is uncertain whether the lateral TIs profiles at 0.31 m down-

tream from the baffles have similar distribution shapes as the
lope increases. At 4.32 m downstream from the baffles the TIs

rofiles show the same distribution shape as the culvert slope
ncreases, but have increased TIs values.

ig. 13 – Vertically-averaged TIs profiles 0.31 m (1) and
.32 m (2) downstream with a 1.14% culvert slope for (a)
loped-weir baffle and (b) slotted-weir baffle.

Fig. 14 – Vertically-averaged TIl profiles 0.31 m (1) and

4.32 m (2) downstream with a 1.14% culvert slope for (a)
sloped-weir baffle and (b) slotted-weir baffle.

There were minor variations in the lateral turbulent inten-
sity (TIl) profiles for the two baffle types. At 0.31 m downstream
from a sloped-weir baffle, the TIl was generally greatest near
the low side of the baffle (Fig. 14), except for the flow rate
0.198 m3/s. With slotted-weir baffles there were minimum TIl

values in the center of the culvert with increased TIl approx-
imately 20 cm on either side of the culvert center (Fig. 14). No
pattern was observed in the lateral TIl distributions 4.32 m
downstream from the baffles. Both baffle types showed similar
distributions, except the TIl values for the slotted-weir baffles
are slightly greater than the values for sloped-weir baffles. The
distributions at 4.32 m downstream were similar for all slopes
tested.

8. Comparison to non-baffled culvert data

Data were compared to the Richmond et al. (2007) bare culvert
study to examine changes in velocity and turbulence caused
by sloped- and slotted-weir baffles. The Richmond et al. study
provided comparable data for a 1.14% culvert slope and flow
rates of 0.043 and 0.113 m3/s.

The RVZ produced inside a bare culvert was noticeable

4.32 m downstream from slotted-weir baffles near the left edge
of flow (Fig. 15). In a bare culvert, the velocity in the RVZ was
approximately 30% of the centerline velocity, while the RVZ
produced by slotted-weir baffles was 22% of the centerline
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Fig. 15 – Comparison of bare culvert and baffled culvert

data for a 1.14% slope and 0.113 m3/s flow rate for (a)
streamwise velocity and (b) streamwise turbulent intensity.

velocity at a 0.113 m3/s flow rate. For a flow rate of 0.043 m3/s,
both percentages were approximately 50%. With sloped-weir
baffles, a smaller RVZ existed on the right side of the cul-
vert, corresponding to the high side of the baffle (Fig. 15). The
velocity in the RVZ for the sloped-weir baffle was 49% of the
centerline velocity at 0.113 m3/s and 50% at 0.043 m3/s. The
streamwise velocity magnitudes in a bare culvert were greater
than the velocity magnitudes in a baffled culvert. This was
expected since the flow area increased as water backed-up
behind baffles.

The lateral TIs profiles for a bare culvert also show an area
of lower values on the left side of the flow (Fig. 15). In a bare
culvert, the TIs on the left side of the flow was approximately
66% of the centerline TIs at 0.113 m3/s and 67% at 0.043 m3/s.
At 4.32 m downstream from a slotted-weir baffle, the TIs on
the left side was 79% of the centerline TIs at 0.113 m3/s and
63% at 0.043 m3/s. The flow downstream from a sloped-weir
baffle had reduced TIs values near the center of the culvert,
but did not exhibit a reduced TIs area on any particular side of
the flow (Fig. 15).

At 0.31 m downstream from a slotted-weir baffle a more

noticeable RVZ existed on the left side of the culvert. The
velocity in the RVZ was an average 10% of the streamwise
velocity in the center of the culvert for flow rates 0.043 and
0.113 m3/s. There was not a reduced TIs at the same location
3 5 ( 2 0 0 9 ) 381–392

downstream from a slotted-weir baffle. A RVZ or reduction in
TIs did not exist 0.31 m downstream from a sloped-weir baffle.

9. Summary and implications

The first objective of this research was to compare the tur-
bulent heterogeneity produced by sloped- and slotted-weir
baffles. Results reveal only minor differences in the turbu-
lence distributions for the two baffle types. The differences in
the turbulence distributions were due to the variations in the
general flow structure created by each baffle. For all flow rates
below 0.198 m3/s, the lateral TKE distribution for the sloped-
weir baffles showed a slight increase in TKE on the low (left)
side of the baffle. The increase in TKE was due to a greater
shear zone between the high-streamwise velocity region on
the low side of the baffle and the slower moving water in the
center of the culvert. The increase in TKE and TIl near the
center of the culvert with slotted-weir baffles was caused by
strong lateral velocities away from the central jet. The strong
lateral velocities produced spikes in TIl approximately 20 cm
away from the culvert center, as well as slight increases in
TKE near the center of the culvert for flow rates less than
0.198 m3/s.

The effects of the general flow structure were not notice-
able 4.32 m downstream from a baffle, thus there were almost
no variations in turbulence parameters between the two baf-
fle types at this location. The centerline TKE values returned
to levels recorded upstream of the previous baffle, and lateral
TKE distributions did not vary.

Two-dimensional, uniform, steady flow with low-relative
roughness is known to produce a TKE distribution that expo-
nentially decays away from the channel bed (Nezu and
Nakagawa, 1993; Tritico and Hotchkiss, 2005). As seen in this
study, the introduction of baffles in a culvert does not fit the
criteria described above and the centerline TKE values showed
very little variation throughout the water column for most
experiments in this study.

Although the turbulent flow structures created by each
baffle were similar, there were major differences in the down-
stream velocity distributions. Because it was found that the
turbulence downstream from each baffle type were similar,
more information could be gathered about the general flow
structure by more closely examining mean velocity distri-
butions rather than turbulence parameters. Furthermore, if
creating flow field heterogeneity is a desired function of baffles
in culverts (Rajaratnam et al., 1989), more work is required to
find baffle designs that create greater spatial variation in mean
velocity and turbulence characteristics than those examined
in these experiments.

No significant relationships could be found between the
turbulence results of this study and the biological fish pas-
sage results outlined by Thurman et al. (in press). Biological
tests found that the location at which fish prefer to cross a
baffle differs depends upon the flow rate, and that the great-
est passage success rates occurred during flow rates between

0.042 and 0.083 m3/s. During the greatest passage success
rates, fish crossed along the entire length of baffle. This study
found that TKE did not vary directly downstream from a baf-
fle except at 0.198 m3/s. Therefore it is difficult to determine
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he impact that changes in TKE have on upstream swimming
sh. The lack of substantial differences in TIs and TIl distribu-
ions downstream from a baffle also prevent this study from
nding significant relationships between recorded turbulence
arameters and fish passage preferences.

The second objective of this study was to compare velocity
nd turbulence data to the Richmond et al. (2007) bare cul-
ert study. The extent of the evaluation was limited by the
mount of comparable data in the Richmond et al. study. The
VZ produced inside a bare culvert on the left side of the flow
as also produced 0.31 and 4.32 m downstream of a slotted-
eir baffle for a slope of 1.14% and flow rates of 0.043 and

.113 m3/s. In a bare culvert and one with slotted-weir baf-
es (4.32 m downstream), the streamwise velocity in the RVZ
as approximately 36% of the velocity in the center region
f the flow. At 0.31 m downstream from a slotted-weir baffle,
he velocity in the RVZ was approximately 10% of the center
egion velocity. A RVZ was produced with sloped-weir baffles
n the right side of the flow 4.32 m downstream, correspond-

ng to the high side of the baffle. This RVZ contained a velocity
pproximately 50% of the velocity in the center region of the
ow.

In both a bare culvert and one with slotted-weir baffles, an
rea of reduced TIs was produced on the left side of the flow.
he TIs in this area was approximately 67% of the TIs in the
enter of a bare culvert, and 71% of the TIs in the center of a
ulvert with slotted-weir baffles. The sloped-weir baffles did
ot create an area of reduced TIs on a particular side of the
ow.

The RVZ and reduced TIs reported by Richmond et al. (2007)
ave been utilized by juvenile salmon during upstream pas-
age through culverts. The addition of slotted-weir baffles
oes not create a more pronounced RVZ when compared to
enter-of-culvert velocities 4.32 m downstream from a baffle;
owever, the RVZ was more pronounced 0.31 m downstream.
elocities downstream of slotted-weir baffles were less than
hose in a bare culvert at comparable slopes and discharges.
he RVZ created by slotted-weir baffles could be utilized more
y juvenile salmon since overall velocities are less than in
bare culvert, and are especially important near the baffle
here velocities are high in the center of the culvert. Test-

ng to date has not yet provided data on this specific potential
mproving passage.

According to Smith et al. (2006), structures with simplified
eometries and sharp edges (such as baffles) create higher
urbulence levels than natural objects and could reduce habi-
at suitability. It is therefore important to further evaluate the
hree-dimensional flow structure around commonly installed
affles and assess their usefulness in improving fish passage.
his study showed how the addition of baffles can create
reas of reduced velocity and turbulence and can produce flow
tructures different than those in a bare culvert depending on
he selected baffle type, but large data gaps still exist at slopes
reater than 1.14%. More research should be conducted with
teeper slopes and decreased baffle spacing to help improve
esign techniques for fish passage and to provide accurate

quations and methods for determining fish passage barriers
ithin the flow structure.

In future tests it is recommended that the baffle spacing
ecrease as the culvert slope increases. At a 1.14% slope the
3 5 ( 2 0 0 9 ) 381–392 391

baffle spacing followed the Washington Department of Fish
and Wildlife criteria of calculating the spacing as 0.02 divided
by the culvert slope. However, the same spacing of 4.6 m was
used for all slopes, deviating from the WDFW criteria. Fur-
ther experiments should follow the WDFW criteria at higher
slopes. Decreased baffle spacing would also improve the qual-
ity of data collected since less data would be filtered out due
to erroneous data created by shallow depths and excessive
velocities.

The results of this study have improved knowledge of flow
heterogeneity in culverts with two alternative baffle designs.
This is significant given recent efforts to retrofit culverts with
baffles to improve fish passage.
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