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+e problem of suspension treatment of subsea oil-gas pipelines has been highly concerned by engineering construction units and
researchers. +e current research indicates that the bionic sea grass can effectively reduce the flow rate, promote sediment
deposition, and control the development of the pipeline suspension area. +e velocity distribution of open channel flow with
bionic grass is very complex. +e height and laying space of bionic grass will affect the flow velocity distribution. At present, the
flow velocity in open channels with bionic grass is mainly studied by measuring the velocity variation at the front, middle, and
back of bionic grass. Few effectivemeasurements aremade for the full velocity field.+e velocity field distribution of bionic aquatic
grass along the vertical plane is measured by using standard particle image velocimetry (PIV). +e effects of height and laying
space of bionic grass on probability density distribution, spatial correlation of pulsating velocity, turbulence intensity, Reynolds
stress and turbulent kinetic energy in the open channel after the protection section of bionic grass are further analyzed.

1. Introduction

Bionic grass is processed by a new type of polymer material
that is resistant to seawater immersion and long-term
erosion [1]. Domestic and foreign research shows that bionic
grass can effectively reduce the flow velocity, promote
sediment deposition, and will not produce secondary en-
vironmental pollution [2]. At present, there are few results
on the physical model tests of bionic grass, which mainly
discusses the variation of velocity at different locations and
the change of sediment deposition in the protective section
of bionic grass [3]. Presently, studies about the full-field
velocity of the open channel flow behind the bionic grass
protection section are very few; especially, the turbulence
characteristics of the flow behind the bionic grass protection
section have not been reported. López et al. [4] measured the
flow field with rigid plants by ADV and considered that the
turbulent exchange of flow is strong at the junction of the

plant layer and nonplant layer. Wilson et al. [5] analyzed and
compared the effects of leafy and leafless plants on flow
turbulence characteristics and found that the maximum
Reynolds stress and turbulence intensity of leafy plants
appeared in a higher position. Wu et al. [6, 7] measured the
flow velocity field with rigid and flexible plants by PIV. +e
analysis found that the turbulence intensity of rigid plants
was higher than that of flexible plants. Wang and Wang [8]
considered the ecological function of plants and measured
and studied the turbulence characteristics of submerged and
emergent plants through flume experiments. +e results
show that the turbulence intensity and Reynolds stress of
open channel flow containing submerged plants and
emergent plants have obvious anisotropy, and at the junc-
tion of the canopy of submerged plants and the branches and
leaves of submerged plants, the turbulence intensity and
Reynolds stress show the maximum. Wenxin et al. [9]
carried out an experimental study on the open channel flow
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of flexible submerged vegetation and found that the Rey-
nolds stress increases linearly along the water depth in the
upper layer of vegetation, while the distribution in the
vegetation layer is more complex. Song et al. [10] measured
the disturbance characteristics of aquatic rigid submerged
vegetation and found that the density and arrangement of
vegetation have obvious influence on the turbulence in-
tensity. In this paper, the effects of the height and laying
density of bionic grass on the flow structure and turbulence
characteristics in the open channel behind the protective
section of bionic grass are quantitatively analyzed by using
the experimental data.

2. General Situation of a Test

A physical model test is carried out in a high precision
variable slope flume in this paper. +e trough is 12.6m long,
0.25m wide, and 0.25m high. In order to reduce the in-
fluence of flume sidewall joint on flow structure, the side and
bottom of the flume are composed of 3.6m long glass plate,
glass installation error is less than ±0.2mm, the structural
deformation of the flume is less than ±0.3mm. A rectifier
grille is placed at the entrance of the sink and a hinged tail
door is arranged at the exit. +e flume is equipped with an
automatic water level and flow control system. +e ultra-
sonic water level meter is used to measure the test water
depth.+e electromagnetic flowmeter is used to measure the
test flow. +e instantaneous flow velocity is measured at a
distance of about 0.1m from the end section of the bionic
straw mat, and the distance is 0.08m, as shown in Figure 1.

A two-dimensional high-frequency PIV system is used to
collect the flow field along the longitudinal axis of the water
tank between two rows of particles in the tests. +e system is
mainly composed of a high-frequency CMOS camera, an
8W semiconductor CW laser and PIV flow field calculation
software. +e pixel of CMOS camera is 2560×1920, and the
maximum frame rate is 800Hz. +e laser beam is trans-
formed into 45° sheet light by prism, and the thickness is
about 1mm. +e sheet light source enters the light from the
glass bottom plate of the water tank and can penetrate the
glass beads on the bed surface. WIDIM multigrid iterative
image deformation algorithm is used to calculate PIV flow
field, and the minimum diagnostic window is 16×16 pixels.
+e final resolution of the flow field is 8× 8 pixels. +e
average time interval between two instantaneous flow fields
is 1 s (the time interval between two images corresponding to
the same instantaneous flow field is 1.25ms), and the sample
capacity of each working condition is 5000 times (10000 flow
field images).

Experimental flow is a constant flow. +e normal model
is used in testing. +e flow velocity in the model is deter-
mined according to gravity similarity criterion.+e test scale
is 1/20. +e bionic grass engineering sample of T25-type is
used in the test. +e actual size of bionic straw mattress is
5m× 5m, the spacing between each row of bionic grass in
straw mattress was 1.67m, and grass is 1.5m high. In order
to analyze the influence on height and laying distance of
grass on flow velocity structure, samples of different grass
heights and laying spaces are set up in this experiment.+ree

groups of parallel tests are carried out in each working
condition. +e test condition parameters are shown in
Table 1.

3. Analysis of Experimental Results

3.1. Regularity of Lodging Regularity of Bionic Grass under
Water Flow. Figure 2 shows the lodging of bionic grass
under different experimental conditions. It can be seen from
the figure that the denser the arrangement of bionic grass is,
the more it falls. +e lodging height of the T25 bionic straw
mat mattress under different conditions is measured, and the
results are shown in Table 2. It can be seen that the lodging
value of bionic grass increases with the increase of height and
laying distance of grass. Bionic grass can form a cover layer
on the riverbed by reducing the lodging height to reduce the
erosion of water to the riverbed.

3.2. Velocity Distribution at Longitudinal Time-Average Ve-
locity after the Protective Section of Bionic Grass. It is found
from Figure 3 that the vertical distribution of the longitu-
dinal velocity behind the bionic grass section with different
grass height and laying spacing is different under the same
flow conditions.+e laying space has a great influence on the
longitudinal velocity of the flow behind the bionic grass
section. In order to analyze the vertical distribution of flow
velocity under different conditions, the section with the
maximum velocity change x� 2 cm is selected. It can be seen
from Figure 4 that when the average velocity of cross section
is small, the longitudinal velocity is linear within 2 cm of the
canal bottom, and the value is close to zero. When the
average velocity of cross section is above 2 cm, the vertical
distribution of longitudinal velocity is S-shaped. With the
increase of cross section average velocity, the longitudinal
velocity of the flow within 2 cm of the canal bottom behind
the bionic grass section is parabolic distribution along the
water depth. +e vertical distribution of the longitudinal
velocity is similar to S-shape at 2 cm above the canal bottom.
+e maximum longitudinal time-average velocity on the
vertical is obtained at y� 5.4 cm, y� 4.9 cm, and y� 3 cm,
and the maximum values are 0.235m/s, 0.30m/s, and
0.24m/s, respectively. It can be seen that the maximum
position of longitudinal time-average velocity on the vertical
line gradually moves down with the increase of cross section
average velocity, which is related to the lodging of bionic
grass.

3.3. Probability Density Distribution of Fluctuating Velocity
after Bionic Grass Section. In order to predict the basic
characteristics of turbulent motion, the fluctuating velocity
of turbulent flow in an open channel can be expressed by
probability density distribution with spatial and temporal
variation characteristics. +e fluctuating velocity in each
working condition is calculated, and the probability dis-
tribution curve of longitudinal and vertical pulsating ve-
locity is shown in Figure 4.+e “−” sign represents direction.
As visible, the probability density of longitudinal fluctuating
velocity in open channel flow is normal distribution after
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Figure 1: Schematic diagram of the flume test.

Table 1: Test conditions and related parameters.

Conditions Depth Flow Velocity Re Fr
Chezy

coefficient
Coefficient of motion

viscosity
+e height of
bionic grass Arrangement

D (m) Q (L/s） V (m/s) C υ (10−6m2/s) Hg (m)
H25-1

0.090 6 0.27 11040.4 0.285 611.579 1.27 0.075 0.
25
m

0.25m

0.083m

T25

H25-1.2

H25-1.5
(D252)

D251 0.090 6 0.27 11040.4 0.285 611.579 1.27 0.075 0.
25
m

0.25m

0.0625m

D253 0.090 6 0.27 11040.4 0.285 611.579 1.27 0.075 0.
25
m

0.125m

(a) (b) (c)

(d) (e)

Figure 2: +e lodging of bionic grass. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252), (d) D251, and (e) D253.
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bionic grass protection section. Under the same flow con-
ditions, the probability density of longitudinal pulsating
velocity increases with the increase of the height of bionic
grass, and the peak trend becomes steeper. However, the
probability density of longitudinal pulsating velocity in-
creases at first and then decreases with the increases of the
laying distance of bionic grass, and the peak shape tends to
be flat. +e probability distribution of longitudinal pulsation
velocity in different working conditions is shown in Figure 5.

+e probability distribution of vertical fluctuating ve-
locity in different working conditions is shown in Figure 6. It
can be seen that the vertical fluctuating velocity probability
density in the open channel flow behind the bionic grass
protection section shows a normal distribution. Compared
with the longitudinal fluctuating velocity probability density
distribution, the overall peak distribution is steeper, the
kurtosis of the normal distribution is larger, and the peak is
sharper. Under the same flow conditions, the kurtosis of

vertical pulsating velocity probability surface density dis-
tribution increases gradually with the increase of grass
height and increases at first and then decreases with the
decrease of bionic grass laying spacing. However, the better
the symmetry of the distribution curve of vertical pulsating
velocity probability, the flatter the situation of the whole
peak.

3.4. Spatial Correlation of Fluctuating Velocity after Bionic
Grass Section. +e correlation coefficient is usually used to
describe the spatial correlation structure of pulsating ve-
locity quantitatively. +e larger the correlation coefficient is,
the better the spatial correlation of velocity is, and, on the
contrary, the worse it is. +e spatial correlation of pulsating
velocity includes autocorrelation and cross-correlation. +e
calculation formulas of each correlation coefficient are as
follows:

Table 2: Lodging value of bionic grass in conditions.

Conditions +e original height of bionic grass Hg (cm) Lodging value (cm)
H25-1 5.0 0.4
H25-1.2 6.0 0.9
H25-1.5 (D252) 7.5 2.0
D251 7.5 1.9
D253 7.5 2.2
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Figure 3: +e distribution of the time-averaged longitudinal velocity in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5
(D252), (d) D251, and (e) D253.
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Figure 5:+e probability distribution of longitudinal pulsation velocity in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5
(D252), (d) D251, and (e) D253.
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Cuu and Cvv are autocorrelation coefficients, Cuv and Cvu

are cross-correlation coefficients, (x0, y0) and (x1, y1) are
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are longitudinal turbulence intensity

and vertical turbulence intensity.
In this paper, the geometric center point of the flow field

acquisition window is (x0, y0), and the surrounding space
point is (x1, y1). +e autocorrelation coefficients and the
cross-correlation numbers are calculated. +e correlation
structure characteristics and variation rules of the fluctu-
ating velocity space after the bionic grass section under the
action of water flow are discussed.

3.4.1. Spatial Autocorrelation. +e autocorrelation coeffi-
cient Cuu and Cvv cloud images of flow velocity in open
channel flow after bionic grass protection section are shown
in Figures 7 and 8. +e result shows that Cuu and Cvv are
positively correlated spatial structures around central point.
Cuu and Cvv values decrease with increasing distance be-
tween analytical points and geometric center points of ac-
quisition windows. It shows that the bigger the distance
between two points, the weaker the spatial autocorrelation of
pulsating velocity. +e innermost circle of Cuu and Cvv
images is roughly rounded. Cuu and Cvv near circle center are
isotropic. With the increase of the height of bionic grass, the
area of the innermost circle of cloud images of Cuu and Cvv
increased at first and then decreased.

For further quantitative analysis of Cuu and Cvv cloud
images distribution features, define an area coefficient of
ζ �Ar/A, Ar as the area surrounded by isoline corresponding
to correlation coefficient r, A as total area of analytical
window. Obviously, with the bigger ζ, the proportion of area
surrounded by isoline of correlation coefficient is larger than
that of window area. ζuu, ζvv, ζuv, and ζvu indicate area
coefficients of Cuu, Cvv, Cuv, and Cvu.

+e values for ζuu and ζvv in different operating con-
ditions are shown in Table 3. It can be seen from Table 3 that
ζuu and ζvv generally increase first and then decrease with r
increase. +e variation of area surrounded by isoline is more
sensitive when r is larger. When r at about 0.02, ζuu and ζvv
values reach maximum. Under the same flow condition,
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Figure 6: +e probability distribution of vertical pulsation velocity in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5
(D252), (d) D251, and (e) D253.

6 Advances in Civil Engineering



5

4

3

2

1

y/
cm

x/cm
1 2 3 4 5 6 7

0.30

0.20

0.10

0.00

-0.10

Cuu/1

(a)

5

4

3

2

1

y/
cm

x/cm
1 2 3 4 5 6 7

0.30

0.20

0.10

0.00

-0.10

Cuu/1

(b)

5

4

3

2

1

y/
cm

x/cm
1 2 3 4 5 6 7

0.30

0.20

0.10

0.00

-0.10

Cuu/1

(c)

5

4

3

2

1

y/
cm

x/cm
1 2 3 4 5 6 7

0.30

0.20

0.10

0.00

-0.10

Cuu/1

(d)

5

4

3

2

1

y/
cm

x/cm
1 2 3 4 5 6 7

0.30

0.20

0.10

0.00

-0.10

Cuu/1

(e)

Figure 7: +e distribution of Cuu in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252), (d) D251, and (e) D253.
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Figure 8: +e distribution of Cvv in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252), (d) D251, and (e) D253.
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with the increase of the height of bionic grass, the maximum
values of ζuu and ζvv gradually increased, and with the in-
crease of the spacing of bionic grass laying, the maximum
values of ζuu and ζvv increased at first and then decreased.

3.4.2. Spatial Correlation. +e distributions of correlation
number Cuv and Cvu are shown in Figures 9 and 10. +e
results show that the values of Cuv and Cvu decrease with
increasing distance between analytical points and geometric
center points of acquisition window. It shows that the bigger
the distance between two points, the weaker the spatial
correlation between pulsating velocities. Cuv and Cvu cloud
images have dotted distribution. Cuv and Cvu near the center
form anisotropy. Under the same flow conditions, the values
of Cuv and Cvu decreased with the increase of the height of
bionic grass and increased with the laying space.

+e ζuv and ζvu values in different working conditions
are shown in Table 4. Results indicated that ζuv and ζvu
generally increased first and then decreased with r in-
creasing. When r� 0, ζuv and ζvu reach maximum value.
Under the same flow conditions, with the increase of the
height of bionic grass, the maximum value of ζuv first in-
creased and then decreased, and the maximum value of ζvu
gradually decreased. With the increase of the spacing of
bionic grass laying, the maximum value of ζuv first decreased
and then increased, and the maximum value of ζvu first
increased and then decreased.

3.5. Turbulence Intensity Analysis of Open Channel Flow after
Bionic Grass Protection Section. Flow turbulence will cause
additional shear stress and energy consumption. +e tur-
bulence intensity is often used to characterize the turbulence
characteristics of water flow. +e turbulence intensity is
RMS value of square sum of all fluctuating velocities in this
direction during flow fluctuation,
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(2)

u′ and v′ are longitudinal and vertical turbulent in-
tensities, n is sample capacity, and u and v are longitudinal
and vertical fluctuating velocities.

3.5.1. Longitudinal Turbulent Intensity. +e distributions of
turbulent intensity along longitudinal flow after bionic grass
protection section in different working conditions are shown
in Figure 11. It can be seen that the turbulence intensity near
the bottom of the canal decreased with the increasing of the
height of bionic grass. Compared with the working condi-
tions with grass height of 5 cm and 7.5 cm, it is found that the
longitudinal turbulence intensity of most sections of the
latter is obviously lower than that of the former. With the
increase of the arrangement distance of bionic grass, the
turbulence intensity increased gradually especially near the
bottom of the canal.

Figure 12 shows the vertical distribution of longitudinal
turbulence intensity after bionic grass protection section in
different working conditions (x� 2 cm). When the ar-
rangement density of bionic grass changes, the change rule
of longitudinal turbulence intensity is similar. +e curve
with smaller density is more gentle; that is, the longitudinal
turbulence intensity changes in the vertical section faster.
+e smaller the arrangement density, the lower the extreme
point of longitudinal turbulence intensity, which is caused
by the different lodging height of bionic grass under different
working conditions.

Table 3: +e value of ζuu and ζvv in different working conditions.

Correlation coefficient r
ζuu ζvv

H25-1 H25-1.2 H25-1.5 (D252) D251 D253 H25-1 H25-1.2 H25-1.5 (D252) D251 D253
<−0.14 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
−0.14 ∼ −0.1 0.000 0.001 0.001 0.002 0.012 0.000 0.000 0.000 0.000 0.000
−0.1 ∼ −0.06 0.012 0.027 0.037 0.031 0.055 0.006 0.004 0.008 0.018 0.008
−0.06 ∼ −0.02 0.145 0.139 0.203 0.127 0.077 0.115 0.137 0.174 0.226 0.184
−0.02 ∼ 0.02 0.325 0.326 0.352 0.225 0.170 0.397 0.502 0.506 0.499 0.490
0.02 ∼ 0.06 0.317 0.306 0.255 0.236 0.303 0.316 0.299 0.271 0.222 0.242
0.06 ∼ 0.1 0.115 0.115 0.113 0.217 0.195 0.097 0.046 0.037 0.029 0.056
0.1 ∼ 0.14 0.051 0.046 0.029 0.119 0.104 0.037 0.007 0.003 0.003 0.012
0.14 ∼ 0.18 0.018 0.016 0.004 0.031 0.053 0.019 0.003 0.001 0.001 0.004
0.18 ∼ 0.22 0.007 0.011 0.002 0.005 0.017 0.006 0.001 0.000 0.000 0.001
0.22 ∼ 0.26 0.003 0.004 0.001 0.002 0.004 0.003 0.000 0.000 0.000 0.001
0.26 ∼ 0.3 0.002 0.002 0.001 0.001 0.003 0.002 0.000 0.000 0.000 0.000
>0.3 0.006 0.007 0.003 0.003 0.007 0.002 0.001 0.000 0.000 0.001
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Figure 9: +e distribution of Cvu in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252), (d) D251, and (e) D253.
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Figure 10: +e distribution of Cvu in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252), (d) D251, and (e) D253.
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3.5.2. Vertical Turbulent Intensity. It can be seen from
Figure 13 that the vertical turbulence intensity near the
bottom of the channel is larger. With the increase of grass
height, the vertical turbulence intensity near the bottom of
the channel becomes smaller. +e weakening effect of bionic
grass on the turbulence intensity is obviously enhanced
when the grass height increases 1.5 cm. When the height of
bionic grass increases to a certain value, it will cause the
change of turbulence intensity. +e vertical turbulence in-
tensity distribution of the flow after the bionic grass

protection section in different laying density shows a “V”
distribution near the bottom of the channel, while the
longitudinal distribution of the upper part is uniform.

Figure 14 is the vertical distribution of vertical turbulent
intensity after bionic grass protection section in different
working conditions (x� 2 cm). It can be seen from Figure 14
that the curve of the vertical turbulence intensity of the flow
behind the bionic grass protection section roughly coincides
when the grass height changes little. +e smaller change of
the grass height is not enough to change the effect of the

Table 4: +e value of ζuv and ζvu in different working conditions.

Correlation coefficient r
ζuv ζvu

H25-1 H25-1.2 H25-1.5 (D252) D251 D253 H25-1 H25-1.2 H25–1.5 (D252) D251 D253
<−0.1 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.000
−0.1∼−0.08 0.007 0.002 0.002 0.007 0.001 0.001 0.002 0.004 0.005 0.001
−0.08∼−0.06 0.028 0.015 0.017 0.033 0.009 0.006 0.017 0.026 0.026 0.008
−0.06∼−0.04 0.066 0.055 0.074 0.096 0.045 0.034 0.072 0.089 0.091 0.043
−0.04∼−0.02 0.129 0.144 0.162 0.200 0.145 0.118 0.186 0.201 0.197 0.135
−0.02∼0 0.201 0.241 0.246 0.267 0.269 0.246 0.282 0.281 0.276 0.250
0∼0.02 0.225 0.259 0.243 0.224 0.259 0.306 0.255 0.240 0.237 0.279
0.02∼0.04 0.176 0.178 0.164 0.121 0.164 0.204 0.133 0.118 0.121 0.186
0.04∼0.06 0.104 0.084 0.073 0.041 0.076 0.070 0.044 0.034 0.038 0.078
0.06∼0.08 0.046 0.020 0.017 0.009 0.026 0.013 0.009 0.006 0.007 0.017
0.08∼0.1 0.014 0.002 0.002 0.001 0.006 0.002 0.001 0.001 0.001 0.002
0.1∼0.12 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
>0.12 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Figure 11: +e distribution of the lateral turbulent intensities in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252),
(d) D251, and (e) D253.
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bionic grass on the weakening of the flow turbulence in-
tensity. +e laying density of bionic grass has little effect on
the vertical turbulence intensity.

3.6. Analysis of Reynolds Stress in Open Channel Flow after
Bionic Grass Protection Section. In uniform turbulence, the
turbulent shear stress τ follows the following formula:
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Figure 12: +e vertical distribution of the lateral turbulent intensities in different working conditions (x� 2 cm).
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Figure 13: +e distribution of the vertical turbulent intensities in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252),
(d) D251, and (e) D253.
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τ
ρ

� −uv + υ
zU

zy
� u

2
∗(1 − η). (3)

In the actual process, the velocity gradient is very small,
so υ(zU/zy) can be ignored; then.

−uv � u
2
∗(1 − η). (4)

−uv is Reynolds stress τRe and ρ is density of water.
It can be seen from Figure 15 that the Reynolds stress

along water depth shows a trend of increase firstly and then
decrease; even some fluids have negative Reynolds stresses.
By comparing the Reynolds stress of the water flow behind
the protection section of bionic grass under different grass
heights, it can be found that the Reynolds stress near the
channel bottom decreases with the increase of grass height.
+e decrease of Reynolds stress is accompanied by the
weakening of momentum exchange. +e Reynolds stress
near the water surface first increases and then decreases,
which is affected by the lodging degree of bionic grass. When
the lodging of bionic grass is large, the distribution of
Reynolds stress can be seen obviously. At the same time, the
distribution of Reynolds stress increases first, then decreases,
and then increases with the increase of water depth. +e
distribution of this alternating transformation is mainly
attributed to the disturbance of bionic grass on water flow.
For the different laying density, with the decrease of the
laying density of bionic grass, the forward Reynolds stress
region of the flow behind the protective section of bionic
grass expands. On the other hand, the negative Reynolds
stress distribution area narrows and shows a decreasing
trend. +e longitudinal distribution of Reynolds stress near
the bottom of the canal is gradually uniform and zonal.

+e vertical distributions of Reynolds stress after bionic
grass protection section in different working conditions

(x� 2 cm) are shown in Figure 16. It can be found that on the
side where the Reynolds stress is positive, the flow Reynolds
stress extreme value is the highest when the grass height is
6 cm. On the side where the Reynolds stress is negative, the
maximum Reynolds stress of the flow after the bionic grass
protection section with the grass height is 5 cm. Under the
condition of the same flow velocity, when the height of
bionic grass is 7.5 cm, the variation range of Reynolds stress
along the water depth is the smallest and the most stable. It
indicates that the height of bionic grass determines the
distribution of Reynolds stress. Meanwhile, different laying
density has little effect on the Reynolds stress.

3.7. Analysis of Turbulent Energy in Open Channel Flow after
Bionic Grass Protection Segment. +e turbulent kinetic en-
ergy is based on the Reynolds time mean point of view,
comprehensively considering the pulsation in two direc-
tions, and the time-average is used to express the pulsating
force of the flow. Turbulent kinetic energy shows the energy
of pulsating water masses in turbulent flow, which is
expressed in E.

E �
u
′2
I + v
′2
I 

2
.

(5)

ui
′ and vi
′ respectively indicate longitudinal and vertical

fluctuating velocity intensities of currents, respectively.
It can be seen from Figure 17 that the maximum tur-

bulent kinetic energy appears near the bottom of the channel
or the lodging position of bionic grass. +e explanation is
that the momentum exchange of flow particles is intense at
these locations.+e higher the bionic grass is, the sparser the
distribution band of the maximum turbulent kinetic energy
is. +e turbulent energy near the water surface becomes
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Figure 14: +e vertical distribution of the vertical turbulent intensities in different working conditions.
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smaller with the decrease of the arrangement density of
bionic grass. Figure 18 shows vertical distribution of tur-
bulent energy of water flow after bionic grass protection
section under different working conditions (x� 2 cm). +e

test results show that the turbulent energy decreases with the
increase of bionic grass height. However, the turbulent
energy near the bottom of the channel increases with the
increase of grass height. At the same time, with the increase
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Figure 15: +e distribution of Reynolds stress in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252), (d) D251, and
(e) D253.
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Figure 16: +e vertical distribution of Reynolds stress in different working conditions (x� 2 cm).
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of the spacing between bionic grasses, the maximum po-
sition of turbulent energy gradually approached to the
bottom of the canal.

In addition, because the bionic grass is a flexible material,
the swing range is large in the test process, the bionic grass
mat will produce local turbulence, which will lead to the
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Figure 17:+e distribution of the kinetic energy in different working conditions. (a) H25-1, (b) H25-1.2, (c) H25-1.5 (D252), (d) D251, and
(e) D253.
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Figure 18: +e vertical distribution of the kinetic energy in different working conditions (x� 2 cm).
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peak value of turbulent kinetic energy increasing, and the
range of peak value change expands. After that, the turbulent
kinetic energy decreases rapidly. Due to the effect of Carmen
vortex, the second peak value will appear after the decrease
of turbulent kinetic energy, which will increase again.
+erefore, it can be seen that the turbulent kinetic energy
decreases significantly near x� 4 cm.

4. Conclusion

In this paper, through the physical model test of bionic grass,
the flow velocity structure and turbulence characteristics of
the open channel behind the protective section of bionic
grass are analyzed.

(1) With the increase of the grass height, the time-av-
erage velocity near the lodging height of the bionic
grass decreases. +e maximum mean longitudinal
velocity in the middle of the channel increases with
the increase of the spacing of bionic grass.

(2) With the increase of grass height, the kurtosis of the
normal distribution of vertical pulsation frequency
increases gradually. With the increase of the spacing
of bionic grass laying, the maximum value of
probability distribution increases firstly and then
decreases. Under the condition of D252 arrangement
density, the symmetry of the probability distribution
curve of longitudinal fluctuating velocity is better,
and the trend of normal distribution is flatter.

(3) +e maximum correlation coefficient of Cuu and Cvv
is about r� 0.3, and there is a nonlinear relationship
between r and the proportion of Cuu and Cvv. +e
correlation coefficient accounts for the largest pro-
portion when the relative coefficient is about r� 0.02.
+e maximum correlation coefficient between Cuv
and Cvu is about r� 0.12. +ere is also a nonlinear
relationship between the proportion of r and Cuv and
Cvu. +e correlation coefficient accounts for the
largest proportion when the correlation coefficient is
about r� 0.

(4) Under the same flow conditions, the higher the
biomimetic grass, the smaller the longitudinal tur-
bulence intensity of the water flow after the bio-
mimetic grass protection section. With the decrease
of the density of the biomimetic grass laying, the
longitudinal turbulence intensity increases, which is
close to the vertical distribution of the turbulence
intensity of the direct inflow in the case of no grass.
+is indicates that the height and laying density of
the biomimetic grass are important parameters af-
fecting the turbulence intensity of the open channel
flow. +e vertical turbulence intensity distribution is
approximately exponential distribution. +e closer it
is to the bottom of the channel, the greater is the
vertical turbulence intensity.+e higher the height of
biomimetic grass, the smaller the vertical turbulence
intensity of water flow. However, the influence of the

density of biomimetic grass laying on the distribu-
tion of vertical turbulence intensity is not big.

(5) +e Reynolds stress of flow increases first, then
decreases, and then increases along the water depth.
When the height of the biomimetic grass is higher,
the Reynolds stress oscillates along the water depth
with the smallest amplitude and the most stable.

(6) +e turbulence energy decreases with the increase of
the height of the biomimetic grass. +e spacing
between bionic grass laying is larger. +e greater the
turbulence energy in the area near the canal bottom,
the more intense the momentum exchange.
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