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ABSTRACT

Floating vegetation (Water hyacinth) causes many problems in waterways where it retards flow
movement and changes flow structure. In this study the impact of water hyacinth on flow behavior in
open channels was investigated in a laboratory flume. Water hyacinth was harvested from natural
streams. Four different vegetation densities, three different vegetation root depths and three different
vegetation zone lengths were used for smooth and rough channel bed. The case without water hyacinth
was considered as comparative case. The water surface profiles for all cases were investigated. Results
show that in the presence of water hyacinth water surface profile rises before vegetation zone then goes
down until reaches to normal water surface. Results also show that water surface profile influenced by
vegetation density, vegetation root depth, and vegetation zone length and bed roughness. Also the
effect of vegetation parameters (density, root depth, zone length) on heading up, discharge and
equivalent Manning's roughness coefficient was investigated and it is found that these parameters have
a great effect on it. Multiple regression equations based on the dimensional analysis theory were
deduced to calculate heading up, discharge and equivalent Manning's roughness coefficient.

Keywords: heading up, vegetation, Manning's roughness coefficient, water hyacinth.

Notations

F, = Froude number

g = gravity of acceleration.

Ky, = bed roughness and it is the soil- particle size at which 90% is passing.

K, = vegetation root depth.

L, = vegetation length.

neq=equivalent Manning's roughness coefficient of channel cross section at vegetation zone.
ng = Manning's roughness coefficient of channel cross section for case of no vegetation.
Q = flow rate passes through the channel.

R,, = Reynolds number

U = mean velocity at depth equal Y, .

Y, = water depth before vegetation zone (free water surface + heading up).

A, = vegetation density.

AY = the heading up.

p = water density.
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1. Introduction

Floating vegetation is commonly appeared in rivers, lakes and wetland marshes, [1].
Suspended vegetation can be divided into two groups, rooted vegetation with floating
leaves (pondweeds, water lilies and American lotus) and  free-floating  leaves with
developed or underdeveloped roots (Water hyacinth, common bladderworts, and duckweeds)
[2]. The presence of such rough covers (ice jam, floating vegetation and floating
debris) changes the flow structure and wvelocity  distribution,  [3], [4]. Water hyacinth
has spread widely in all riversand water bodies and its ability to adjust and reproduce
causes many problems in waterways with related to both hydraulic and water quality
issues [5]. Several studies regarding the open-channel flow with aquatic vegetation
(submerged or emergent or floating) have been performed. For example, [6] investigated
flow resistance in vegetated streams. He presented a new theory which explains the non-linear
relationship between channel resistance and the ratio of the channel occupied by vegetation. [7]
investigated the influence of grass blades on the flow resistance in small and large channels.
He concluded that Manning’s coefficient decreases when flow depth increases and drag
coefficient value highly correlated to the vegetation height, and follows a power law relationship.
[8] investigated the flow through double layer rigid vegetation. He found that the interaction of
high and low momentum fluids causes the flow to fold, and creates strong vortices within each
mixing layer. [9] studied flow characteristics of partially vegetated trapezoidal channel cross-
section with flexible vegetation. He developed a method for predicting the total
conveyance of trapezoidal channel cross-section with varying roughness in perimeter due to
growth of flexible vegetation. Also, a regression relationships were developed for
computing the equivalent Manning coefficient for vegetated channels. [10] adopted a
three-layer model on basis of mixing length theory to simulate the flow structure of open
channel flow covered by floating rigid vegetation. [11] Investigated Manning’s and drag
coefficients for flexible submerged vegetation, they found that Manning’s coefficient decreased
with the increasing in average velocity. In this study, effect of water hyacinth on water surface
profile is investigated; laboratory experiments were conducted in a flume covered with water
hyacinth. The vegetation length (L), vegetation root depth (K,,), vegetation density (A, ) and bed
roughness (Kj,) were set up as the control parameters. The dimensional analysis was used to
derive some equations to calculate heading up in water surface profile, discharge and equivalent
roughness in open channel due to the presence of water hyacinth.

2. Experimental work

The  experiments  were carried out in water circulating rectangular flume with
dimension (10 m long, 0.3 m wide and 0.3 m deep) which is located in the Irrigation and
Hydraulic Laboratory of Engineering Department, Assiut University, Egypt. At the exist
section of the flume, a hinged variable sloping tailgate was installed and at the upstream
end a head tank is supplied to control the water. The studied vegetation shown in figure (1)
covered 3 m long section at middle of the flume. The laboratory flume which used in the
experiments is shown in figure (2). The plants (water hyacinth) were collected from natural
streams. To prevent plants from moving with flow, a wooden frame with three hollow
rectangles have dimensions 0.29 m wide and 1.00 m long was used, these rectangles
frames was divided to small equal rectangles by a fine cotton thread.  Plants were placed
inside these small rectangles and all were fixed over the flume using a fine cotton
thread and the system suspended 2 cm above the water surface as shown in figure (3)
to prevent any retardation to flow by the system . To study the effect of vegetation density,
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vegetation root depth , vegetation length and bed roughness on the water surface profile,
heading up, discharge and equivalent roughness, the experimental runs were carried out
with four vegetation densities (1,=30,60, 90,120 pieces/m?), three vegetation root depths
(K,=1, 3, 5 cm), three vegetation lengths (L,=1, 2, 3 m) with smooth and rough
channel bed. The vegetation is placed at 3.00 m away from the beginning of the flume as
shown in figure (2). Table (1) shows the range of variables used in this study. The water
depth was measured by a point gauge for each run at different distances along the flume
length. The measurements started 1.00 m before vegetation and ended 1.50 m after

F 0O

>3 ,
n the study (Eichhornia crassipes).

paug pitot

|
4 nn. l

= tallgate i
channel bed s \

4.00 m

Fig. 2. Experimental flume.

Table 1.

Range of variables used in the study.

Parameter Symbol Units Values Range
From | To

Water Depth Y, cm varied 17 20.7

Discharge Q L/s varied 10 16

Vegetation Density Ay Pieces/m? varied 30 120

Vegetation Length L, m 1,23 1 3

Vegetation Root Length K, cm 1,3,5 1 5

Bed Roughness height K, mm Smooth - -

11.7

Fig. 3. the system which used in vegetation hanging.
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3. Theoretical approach

The method of dimensional analysis can serve best in absence of a theoretical approach
which seems in our problem very complicated. The success of this method depends on the
prescience in selecting the governing parameters. The variables used for dimensional analysis
are chosen to represent all the parameters involved in the problem under consideration. The
general functional relationship for these variables is given in the following form:

AY or Q or neq = Q(;{v: L‘U' K‘U: Kbl YOJ U! p: g' l,{, no) (1)

Where AY is magnitude of rising in water surface from free water surface, Q is
discharge, n., is equivalent manning roughness coefficient of channel cross section at
vegetation zone, A,, is vegetation density, L, is vegetation length, K, is vegetation root
depth, Ky, is bed roughness and defined by bed soil- particle size at which 90% is passing,
Y, is water depth before vegetation zone (free water surface + heading up), U is flow
velocity, p is flow density, g is gravity of acceleration, p kinematic viscosity, n, is
manning roughness coefficient of channel for case of no vegetation.

Applying the Buckingham's "z" theorem, the following non-dimensional groups will results:

i—:orﬁ:z_sornn—?=¢<7\v*Y2&h,&L &) 2
Egn. 2 was used in analysis correlation between vegetation variables (density, root depth
and zone length) and heading up, discharge and equivalent manning's roughness coefficient.

4. Results and discussions

In this section the results of experimental program are discussed. The influence of
vegetation density, vegetation root depth, vegetation infected length and bed roughness on
vertical velocity profile, water surface profile, heading up, discharge, equivalent manning's
roughness coefficient and vegetation drag force are analyzed.

4.1. Water surface profile

4.1.1. Effect of vegetation density on water surface profile

Figure (4) illustrates the effect of vegetation density on water surface profile for the same
vegetation root depth and the same vegetation infected length for case of smooth bed. As
shown in the figure water surface rises before vegetation zone then goes down
through vegetation zone and goes back to normal water surface after vegetation zone.
This means that vegetation zone works as an obstruction to the flow in the channel.

21 = free surface

o
=
in

...... density 30 pieces/m2

a
=]

density 60 pieces/m2

-
=}
n

== « density 90 pieces/m2

4‘ ; density 120 pieces/m2

- SR

Water depth [em)
B
n B

-
@

-
o
in

-
s

T T T T T T T .
2 25 3 35 4 45 5 5.5 B8 6.5 7 75
Herizontal distance (m)

Fig. 4. water surface profile for vegetation root depth =5 cm, vegetation zone length = 3 m and
different vegetation densities, case of smooth bed channel
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4.1.2. Effect of vegetation root depth on water surface profile

Figure (5) illustrates effect of vegetation root depth on water surface profile for same
vegetation density and vegetation length for case of smooth bed. It is clear from the figure
that vegetation root depth has the same effect of vegetation density on water surface profile.
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Fig. 5. water surface profile for vegetation density = 120 pieces /m? , vegetation zone length = 3
m and different vegetation root depths, case of smooth bed channel

4.1.3. Effect of vegetation zone length on water surface profile

Figure (6) shows the effect of vegetation zone length on water surface profile for same vegetation
density and vegetation root depth for smooth bed case. The figure shown that also vegetation zone
length has the same effect of vegetation density and vegetation root depth on water surface profile.

2z
215 = free surface

214 aaesss vegetation zone length = 1.00 m
vegetation zone length = 2.00 m

==« =yegetation zone length = 3.00m

2 25 3 35 4 45 5 55 6 65 7 75
Horizontal distance (m)

Fig. 6. water surface profile for vegetation density = 120 pieces /m? , vegetation Root depth =5
cm and different vegetation zone lengths, case of smooth bed channel

4.1.4. Effect of bed roughness on water surface profile

For rough bed, effect of vegetation density, vegetation root depth and vegetation zone
length on water surface profile have been studied. Figures (7, 8, 9) illustrate the effect of
vegetation density, vegetation root depth and vegetation zone length on water surface
profile in the case of rough bed. It is found from the figures that the mentioned variables
have the same behavior as in the case of smooth bed except that in the case of rough bed
the magnitude of rising in water surface is bigger than its value in the case of smooth bed.
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Fig.7. water surface profile for vegetation root depth = 5 cm, vegetation zone length = 3
m and different vegetation densities, case of rough bed channel
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Fig. 8. water surface profile for vegetation density = 120 pieces /m?, vegetation zone length = 3
m and different vegetation root depths, case of rough bed channel
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Fig. 9. water surface profile for vegetation density = 120 pieces /m?, vegetation Root depth = 5
cm and different vegetation zone lengths, case of rough bed channel

4.2. Effect of infected area on heading up

This part discusses the effect of vegetation variables (vegetation density, vegetation root
depth and vegetation zone length) on the magnitude of rising up in water surface from free
water surface (heading up AY). In Fig. (10) ratio of heading up to water depth (AY/Y,) was
drawn versus vegetation density as dimensionless term (1,*Yo?) for different vegetation
zone lengths and vegetation root depth = 1cm. It is clear from the figure that when
vegetation density increases the ratio (AY/Y,) increases for all vegetation zone lengths.
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Fig. 10. variation of dimensionless heading up with dimensionless vegetation density for
different vegetation zone lengths and vegetation root depth = 1cm.

The same results are found when the ratio (AY/Y,) was drawn versus the ratio of
vegetation root depth to water depth (K,/Y,) for different vegetation zone lengths and
vegetation density = 30 pieces / m2?as shown in Fig.(11) and when the ratio (AY/Y,) was
drawn versus the ratio of vegetation zone length to water depth (L, /Y,) for different
vegetation densities and vegetation root depth = 1 cm as shown in figure (12).
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Fig. 11. variation of dimensionless heading up with the ratio of vegetation root depth to water
depth for different vegetation zone lengths and vegetation density = 30 pieces /m?2.
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Fig. 12. variation of dimensionless heading up with the ratio of vegetation zone length to water
depth for different vegetation densities and vegetation root depth = 1 cm.

Figs. 10, 11 and 12 show a correlation between the independent and dependent
parameter indicated in Eqn. 2. So a multiple linear regression analysis is used to derive an
equation to calculate the heading up using excel regression tool as follows:

For smooth bed the following equation is deduced with a coefficient of determination R?=0.94.

L =011+ 0.0005 % + 0.0325 + 0.00134, ¥,>~2.38F, — 659 X 10°R,,  (3)

Yo

For rough bed the following equation is deduced with a coefficient of determination ~ R2 =0.99.

Ly Ky k
7o+ 0.0027 22+ 0.0001 4, Y,2-1.22 F, — 102 (4)

b
Yo Yo

Ay—Y —0.88 4+ 4.53 x 105

o

4.3. Effect of infected area on discharge

With increasing in land slope and increasing in streamlining of the vegetation, flow
became less retarded and when flow depth increases flow was more retarded due to
submergence of more rough elements with flow depth, [12]. The mean and turbulent
flow structure in channels influenced by aquatic vegetation and thus affects sediment
and transport of it, [13]. In Fig. (13) water discharge which passes through the flume
as a dimensionless ratio (Q/g®°Yo?®) is plotted versus vegetation density as
dimensionless term (1,*Yo?) for different vegetation zone lengths and vegetation root
depth = 3 cm. It is clear from this figure that the water discharge decreases with the
increase of vegetation density for all vegetation zone lengths.
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Fig. 13. variation of dimensionless water discharge ratio with dimensionless vegetation density
for different vegetation zone length and vegetation root depth = 3cm.

Also the ratio of vegetation root depth to water depth (K,/Y,) and the ratio of
vegetation zone length to water depth (L, /Y,) have the same effect of dimensionless
vegetation density (1,*Yo0?) on dimensionless water discharge (Q/g%°Y0?®%) when
plotted against each other as shown in Figs. 14 and 15.
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Fig. 14. Variation of dimensionless water discharge with the ratio of vegetation root depth to
water depth for different vegetation zone length and vegetation density = 90 pieces / m?.
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Fig. 15. variation of dimensionless water discharge ratio with the ratio of vegetation zone length
to water depth for different vegetation densities and vegetation root depth =3 cm.

A multiple linear regression analysis is used to deduce an equation for calculating the
discharge as follows:

For smooth bed the following equation is deduced with a coefficient of determination R? =0.98.

Q Lv Ku :
257025 =0.16 _0'00082Z -0.052 Yo 0.00234, Yo2 —2.79 X 107°R,, (5)
For rough bed the following equation is deduced with a coefficient of determination R2 =0.89.

Q Lv Kv Kk
Toygzs = 0-83-0.003 ¥ - 0.15 X - 0.006 4, Y,2 —7.42 y—b (6)
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4.4. Effect of infected area on Manning's roughness coefficient

Manning’s roughness coefficient is affected by the geometry changes between
sections, the vegetation in the channel, the bed roughness and the channel obstructions,
[14]. In Fig. (16) Values of dimensionless equivalent manning's roughness coefficient
(neq/n,) is plotted versus dimensionless vegetation density for different vegetation lengths
and vegetation root depth =5 cm. As shown in the figure when dimensionless vegetation
density increases the dimensionless equivalent manning's roughness coefficient increases.
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Fig. 16. variation of dimensionless equivalent manning's roughness coefficient with dimensionless
vegetation density for different vegetation zone lengths and vegetation root depth = 5cm.

The same trend occurs between dimensionless equivalent manning's roughness
coefficient (n.4/n,) and the ratio of vegetation root depth to water depth (K, /Y,) and the
ratio of vegetation zone length to water depth (L, /Y,) when they plotted against each other.
Figs. 17 and 18 illustrate this relationship between them.
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Fig. 17. variation of dimensionless equivalent manning's roughness coefficient with the ratio of vegetation
root depth to water depth for different vegetation zone length and vegetation density = 120 pieces /m?2.
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Fig. 18. variation of dimensionless equivalent manning's roughness coefficient with the ratio of
vegetation zone length to water depth for different vegetation densities and vegetation root depth = 3 cm.

An equation to calculate equivalent manning's roughness coefficient was deduced using
multiple linear regression analysis as follows:
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For smooth bed the following equation is deduced with a coefficient of determination ~ R? =0.93.

5lv_ 438Fe+12%x105R, (7)
o

22 = 123+ 0.0008 4, Y, + 0.015: + 6.9 X 1075+
o

No
For rough bed the following equation is deduced with a coefficient of determination R? = 0.99.

24 = 2.28 - 0.00012 4, ¥, - 0.0031 -
(0]

No

~49x107° 22 _ 1.79Fe — 1452 (8)
Yo Yo

5. Conclusions

In this study, a series of laboratory experiments were conducted to study the effect of
water hyacinth on flow characteristics. The main conclusions drawn from this study can be
summarized as follows;

1. Vegetation zone works as an obstruction to the flow in the channel where due to the presence
of vegetation in channel, water surface rises before vegetation zone then goes down
through vegetation zone and goes back to normal water surface after vegetation zone.

2. Due to bed roughness the magnitude of rising in water surface before vegetation zone
becomes bigger than that in case of smooth bed for the same cases of presence of vegetation.

3. The equivalent Manning's roughness coefficient of channel increases by increasing
vegetation density, vegetation root depth and vegetation zone length.

4. The heading up increases by increasing vegetation density, vegetation root depth and
vegetation zone length.

5. The flow rate through channel decreases by increasing vegetation density, vegetation
root depth and vegetation zone length.

6. Multiple regression analysis equations based on the dimensional analysis concept
were deduced for computing the equivalent manning's roughness coefficient,
heading up and flow rate through channel.
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