Chapter 19
Nature of Bursting Events over a Rigid Bed e
with Emergent Vegetation

Aaditya Ojha, Abhishek Kumar, Pritam Kumar, and Anurag Sharma

Abstract The turbulent flow parameters and Reynolds stress analysis in flow over
the smooth rigid bed with the emergent rigid vegetation in a straight channel have
been investigated in this study. Higher-order turbulence parameters such as quadrant
and octant analysis have been performed in the present study. Quadrant analysis
shows that in the non-vegetation zone, sweep and ejection events have more
dominant. In the vegetation zone, sweep and ejection have significant contributions
as well as inward interaction event. Probability distribution shows that in the
vegetation zone P oy and P, o, have the least value, and in the vegetation zone,
P(1,0) has the maximum value. Occurrence of probability analysis will show the
contribution of the different classes of events in the three-dimensional bursting
phenomena. This paper investigated three-dimensional octant analysis used to clar-
ify the function of bursting events in the particle entrainment process. The outcomes
of this study provide an important and detailed view of turbulent flow structures in
vegetation and non-vegetation zone in an open channel flow.

Keywords Rigid vegetation - Bursting event - Octant analysis - Probability
distribution - Quadrant analysis

19.1 Introduction

Aquatic plants have a significant impact on nutrient transport, flow patterns, and
turbulence in rivers and canals, as well as on aesthetics, ecological restoration, and
flood management (Tsujimoto 1999; Wang et al. 2021). In addition to create a
habitat for aquatic life, vegetation also strengthens banks; reduces bank erosion,
turbidity, and floods; and penetrates pollutants (Bennett et al. 2002; Gupta et al.
2023). One factor that alters the average and turbulent flow behavior of a channel is
the presence of vegetation (Nepf 2012). The effect of vegetation on flow is
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influenced by both the characteristics of the channel and the vegetation. Many
studies have been conducted in the past on numerical methods for experiments
utilizing real or artificial vegetation in flumes (Jarveld 2002; Meijer and Van Velzen
1999; Righetti and Armanini 2002; Khan et al. 2022). In main channels, floodplains,
and wetland water basins, vegetation like grasses, bushes, and mangroves often
grows. They enhance shear stress at the channel bed and raise hydraulic resistance to
water flow. As a result, the open channel’s conveyance capacity of the channel will
be reduced. Additionally, the potential for sediment containment and deposition will
be enhanced. Vegetation in coastal and riverine areas is crucial for sediment move-
ment as well as ecosystem regulation. Vegetation in rivers is crucial to the ecosys-
tem’s restoration. Whether they are ecological, morphological, hydrological, or
water quality factors, restoration must take into account several functions (Brookes
et al. 1996; Aamir et al. 2022).

In rivers and open channels, vegetation increases the hydraulic resistance to the
flow, causing an increase in flow depth and a decrease in flow velocity. As a result,
vegetation is crucial for riverbank stability and energy loss during feeding occasions.
The features of turbulence and vegetation cover affect sediment transport. In some
areas along the river, there is frequent vegetation at various heights. Depending on
the flow conditions, some vegetation may be emergent or submerged. As a result of
momentum transfer between various vegetation layers, this results in complex flow
dynamics (Luhar et al. 2008; Pasha and Tanaka 2016; Pasha et al. 2018; Chembolu
et al. 2019; Chatelain and Proust 2021; Sohrabi et al. 2022).

River flood risk and environmental management presently focus on how riparian
vegetation affects biological and flow processes in channels. Prior research mainly
examined and simulated vegetation that was uniform in height while submerged or
emerging, which is contrary to the behavior of real river and floodplain systems.
Conversely, there are several plant heights that simultaneously experience emergent
and submerged environments. Consequently, an important scientific method for
assessing the impact of vegetation in open channel flows would be properly studied
on the hydrodynamics of vegetated flow in open channels under more realistic
circumstances (Tsujimoto and Kitamura 1990; Nepf 1999; Carollo et al. 2002;
Nezu and Sanjou 2008; Fathi-Moghadam et al. 2011).

Only few literatures focused on the comparison of higher-order turbulence and
Reynolds stress with vegetation and non-vegetation condition for open channel flow.
In this present study, the data has been taken from previous literature (Kumar and
Sharma 2022) and is therefore devoted for analyzing the higher-order turbulent
parameters and Reynolds stress in a straight open channel with the presence of
emerged rigid vegetation and non-vegetation condition. In this paper, higher-order
turbulence flow parameter such as based on velocity fluctuation quadrant analysis,
the probability distribution for the four types of quadrant and octant probability
analysis has been analyzed for vegetation (S, S,) and non-vegetation zone (Sy). The
occurrence of probability for octant analysis has been investigated for vegetation and
non-vegetation zone.
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19.2 Experimental Setup and Methodology

The experiment was conducted in a 13 m long, 0.9 m wide, and 0.7 m deep
recirculating straight rectangular channel. The channel sidewalls were made of
glass, and the channel bed was constructed with concrete with a bed slope (Sp) of
0.002. Steel is used for the channel sidewalls, and an overhead tank was positioned
upstream of the test channel to transport the water, and it is useful to maintain the
flow under stable head circumstances. In this study, water is extracted from a storage
tank that stores water in an intake tank using centrifugal pumps. Fig. 19.1. shows the
plan view of vegetation arrangement and experimental setup in the laboratory. In this
experiment, 3D velocity data has been taken by SonTek 16 MHz acoustic Doppler
velocimeter (ADV). For detailed information on experimental setup and procedure,
refer literature by Kumar and Sharma (2022).

In this experiment, three sections (S, S, S2) have been taken for analysis. Sy is
the non-vegetation zone, that is, 30 cm before the upstream vegetation. Both (S, S5)
sections are in the vegetation zone, that is, 387 cm and 603 cm from the upstream
vegetation, respectively.

19.3 Result and Discussion

19.3.1 Quadrant Analysis

Quadrant analysis is a very important parameter in analyzing fluid dynamics. The
determination of quadrant analysis is based on the relative sign of velocity fluctua-
tion. In this analysis, four quadrants will show the different bursting events. The
bursting events are defined by four quadrants such as outward interactions (i = 1, u
"> 0,w’ >0), ejections (i =2, u’ < 0, w’ > 0), inward interactions (i = 3, u’ <0, w
" < 0), and sweeps (i =4, u’ > 0, w' < 0). This analysis has been done at Z/Y ~ 0.1
(Z = height from bed and Y = total depth of flow) at three different points in the
channel. Fig. 19.1 shows the quadrant analysis at Z/Y ~ 0.1, where horizontal and
vertical coordinates represent velocity fluctuation in the longitudinal and vertical
direction, respectively. In the non-vegetation zone shown in Fig. 19.2a, the ejection
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Fig. 19.1 Plan view and test section of experimental setup
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(a) (b)

(c)

Fig. 19.2 Quadrant analysis at Z/Y ~ 0.1 in flows subjected to (a) non-vegetation (Sy) and (b, ¢)
vegetation zone (S, S»)

event is more dominant than other events. The least contribution is from the sweep
and outward interaction. The contribution of ejection and inward interaction is
60—70%. The contribution of sweep and outward interaction is 20-30%.

Figure 19.2b shows the velocity fluctuation at the center of the vegetation zone.
The ejection event is more dominant than other events. The least contribution is from
the sweep event. The contribution of ejection is 70—-80%. The contribution of inward
and outward interaction is 30-20%. While flow is going through rigid vegetation
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toward downstream, velocity fluctuation is less. The contribution of velocity fluctu-
ation at the downstream vegetation end is shown in Fig. 19.2c. The sweep and
ejection events are more dominant than other events. The least contribution is from
the inward interaction event. The contribution of sweep and ejection is 50—70%. The
contribution of inward and outward interaction is 40-30. Sweep and ejection event
has more dominance in the non-vegetation zone (Sy), while in the vegetation zone
(81, S»), ejection and inward interaction have more contribution.

19.3.2 Probability Distribution

The probability P; ; of the occurrence of the bursting events can be obtained from
Eq. 19.1 (Sharma and Kumar 2017):
=T
/ 1 ,',Hd[
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o, otherwise

where [, ;; is an indicator function described by the Eq. 19.2 The vertical variations of
P; ;; in flows subjected to non-vegetation zone, center of vegetation zone, and end of
vegetation zone are plotted in Fig. 19.3.

In the non-vegetation zone, P(; oy and P, are having higher probabilities as
compared to the P30y and P ) At the center of the vegetation (S}), the probability
P40, has the least value as compared to other quadrant probabilities. At the end of
the vegetation zone (S), P20y has the least value of probability, and P(; o) has
maximum probability.

19.3.3 Octant Analysis

The research by Keshavarzi and Gheisi (2006) also demonstrated that when there is
fully three-dimensional flow in nature, two-dimensional analysis of bursting analysis
cannot identify the entrainment process. They created a three-dimensional octant
analysis technique to take into account for a secondary flow’s impact. The afore-
mentioned method was utilized in this study to analyze experimentally recorded
velocity data in order to evaluate the coherent turbulent flow structure around
bridge pier.
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Fig.19.3 Vertical profiles of P; i in flows subjected to (a) non-vegetation (Sp) and (b, ¢) vegetation

zone (Sy, S»)

The classifications of bursting events were performed based on the sign of the
velocityfluctuations in three dimensions that can be obtained from Eq. 19.3, and

eight different events are described below:

!/ — ./ — / —
UW=u—1uyv=vi—v,W=w—w

. Internal outward interaction or Class I-A (' > 0, w’ > 0, v’ > 0);
. Internal ejection or Class II-A (u’ < 0, w’ > 0,V < 0);

. Internal inward interaction or Class III-A (u’ < 0, w’ < 0,V < 0);
. Internal sweep or Class IV-A (v’ > 0, w' < 0,v' > 0);

. External outward interaction or Class I-B (u’ > 0, w’ > 0, v/ < 0);

N AW =

(19.3)
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6. External ejection or Class II-B (1’ < 0, w’ > 0, v > 0);
7. External inward interaction or Class III-B (1’ < 0, w’ < 0, v/ > 0);
8. External sweep or Class IV-B (v’ > 0, w'< 0,V < 0);

Based on the three velocity fluctuations, the time fraction or occurrence proba-
bility of the eight orthogonal zones was calculated. To determine an event’s likeli-
hood of occurring given the sediment entrainment function, the time fraction of each
event must be known. The following equation was presented by Keshavarzi and
Gheisi (2006) to calculate the likelihood of occurrence for each event.

(19.4)
8
N=> m  k=1234 ... 8 (19.5)

P, is the occurrence probability of each bursting event, which can be determined by
Egs. 19.4 and 19.5; n; is the number of events in each class; and N is the total number
of bursting events. Using the above equations, the occurrence probabilities for the
eight different bursting events were computed for vegetation (S;, S,) and
non-vegetation zone (Sp) shown in Fig. 19.4.

The occurrence of probability in octant analysis in eight classes shows the
non-vegetation zone, in Fig. 19.4a at z/y ~ (0.3 to 0.4), and maximum probability
of occurrence is for Class I-A and least value of probability of occurrence for Class
IV-A. At the center of vegetation zone (S;), Class III-A and Class I-A have
maximum probability, while at the bed surface Z/Y < 0.1, Class II-B and Class
IV-B have minimum probability shown in Fig. 19.4b. Fig. 19.4c shows the occur-
rence of probability toward the downstream of the vegetation zone (S5, at the flow
depth z/y > 0.1 Class IV-A has minimum probability.

19.4 Discussion

A series of quasicyclic events that take place in the wall region of turbulent flows
make up the bursting process. Approximately 70% of turbulence production happens
during this procedure. The most significant process in wall-bounded turbulent shear
flow is considered to be bursting. To have a more thorough understanding of the
dynamics of the turbulent transport process, it is essential to understand bursting
phenomenon. Reynolds shear stress transport can be observed in quadrant analysis.
It has been observed that sweep and ejection have more contribution in the
non-vegetation zone while in the vegetation zone ejection and inward have more
contribution. Probability distribution will show the occurrence of the bursting events
in the flow. Probability analysis has been done for hole region (H = 0). P(; o, has
maximum value in the vegetation and non-vegetation zone. Py and P ) have
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Fig. 19.4 Vertical profiles of the occurrence of probability for different bursting events (a) Non
vegetation (Sp) and (b, ¢) vegetation zone (S, S)

least value in the vegetation zone. Octant analysis shows the occurrence of proba-
bility for eight classes. Class I-A and Class III-A have maximum probability in the
vegetation and non-vegetation zone. Class IV-B and Class II-B have minimum
probability in the vegetation and non-vegetation zone.

19.5 Conclusion

An experimental investigation was conducted to examine changes in the turbulent
flow characteristics caused by the application of vegetation and non-vegetation over
arigid bed with emergent rigid vegetation. In this paper, quadrant analysis show the
bursting event such as sweep and ejection has more contribution in the
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non-vegetation zone. In the vegetation zone, sweep event reduces, and inward
interactions have more contribution. Probability analysis shows the occurrence of
bursting event. It shows P oy and P ) have more value in the vegetation zone as
compared to the non-vegetation zone that shows the Reynolds shear stress transport
by the sweep and ejection event. The probability occurrence of octant analysis shows
the maximum value for Class I-A in the non-vegetation zone and at the center of the
vegetation zone, while at the end of the vegetation zone, Class II-B has maximum
probability. The minimum occurrence of probability for non-vegetation zone is
Class IV-A, and the center of the vegetation has also similar effect, while at end of
the vegetation zone, Class II-B and Class IV-B have least probability of occurrence
at the bed surface.

19.6 Future Scope

In this study, analysis has been done for rigid bed with emergent rigid vegetation. In
future research, detail analysis of turbulent flow characteristics can be done for
flexible vegetation, and validation of the experimental results can be performed in
Ansys Fluent and Flow3D.
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