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Abstract—Turbulent f low is a f low regime which is described by the anarchic property changes. This includes
the rapid variation of pressure, high momentum convection and flow velocity in time and space. A turbulent
phenomenon in a braided river is much more complex as compared to the straight and meandering rivers.
Turbulent f low characteristics around the braid bar are not thoroughly studied till now. In the current paper,
the quadrant method is used to analyze the turbulence characteristics of f low around the island in a braided
river model using 2-D burstingevents technique. Three velocity f luctuation components (u′, v′, w′), were
measured with Acoustic Doppler Velocimetry. Although many advances have been made within recent years
in interpreting the mechanics of f low, transport of sediment and sedimentary architecture of braided rivers,
many key issues remains to be addressed, in particular, the underlying processes of braid bar initiation. An
attempt has been made herein to relate the depositional characteristics around the island in the braided river
model to the sweep and ejection events. The concept of the hole is used in order to isolate the extreme events
that contribute to the turbulent burst. The angle of sweep and ejection events are calculated at points around
the island. The angle of events at these points depict the pattern similar to scouring/ deposition at points
around the island in the braided river model.
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INTRODUCTION
In the natural condition, there are several river pat-

terns such as a straight river, meandering river, braided
river exist. The structure of secondary current, bed
shear stress in the meandering channel have been
thoroughly studied by conducting experiments and
numerical simulation. Some research has been done to
understand the turbulence characteristics of f low in
braided river, however, these works are not sufficient
to fully understand the turbulence characteristics of
f low around the braid bar [7, 13, 14]. A turbulent phe-
nomenon in braided rivers is much more complex
than that in straight and meandering rivers, since tur-
bulent f low characteristics around the braid bar are
not well researched and understood till now [1, 11].
Braiding of the river is characterized by the division of
channel around an alluvial island. The growth of the
islands gets initiated as the coarser portion of sediment
load start depositing. The bar grows downstream and
in height due to the continuous deposition of sediment
on its surface, diverting the water into the f lanking
channels, which to carry the f low, deepen and cut lat-
erally into the original banks. Deepening of f lanking
channel locally lowers the water depth and the bar
emerges as an island which becomes stabilized by veg-

etation [5]. In this study, the model of the braided river
is constructed in the lab. The island of size 30 by 45 cm
is constructed in the mid portion of the channel. The
main purpose of this study is to relate the quadrant
bursting events to the erosion and deposition procesess
around the braided island.

Braiding and Turbulence

Both turbulence and stream braiding phenomena
are represented by a hierarchy of scales. In turbulence
the objects constituting these scales are referred as
eddies; for braiding, the bar, the term is used analo-
gously for all types of sediment islands, including the
whole zoology of bar types described by the previous
researchers. Turbulence and braiding both exhibit
fractal behavior within the hierarchy of scales [4, 12].
Also, in both types of systems interactions between
structures give rise to short-lived events (ejection and
sweep in turbulence and confluences in braiding) that
contributes disproportionately to the overall net trans-
port (momentum in turbulence; sediment in braid-
ing).1 The article is published in the original.
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Fig. 1. Recorded velocity distribution for turbulent f low.
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Fig. 2. Four classes of bursting events and the associated
quadrant.
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Characterizing Turbulence
Turbulent eddies create f luctuations in velocity,

these f luctuations represent the chaotic motion. The
velocity measured at any point t consists of mean value
and turbulence f luctuations,as shown in Eqs. (1)
and (2):

(1)

(2)
,  represents the average velocity in the longitudinal

and vertical directions respectively, u(t) and v(t) repre-
sent the instantaneous longitudinal and vertical veloc-
ity at time t respectively. u′(t) and v′(t) represent the
instantaneous turbulent f luctuations in the longitudi-
nal and vertical directions at time t respectively
(Fig. 1).

Turbulent f low can be characterized by the statisti-
cal concepts, theoretically velocity is assumed contin-
uous and mean velocity is calculated by integration.
However, in practice velocity records consist of dis-
crete points u(t), hence mean velocity is calculated by
summation of all discrete velocities divided by the
number of discrete points as shown in Eqs. (3) and (4).

(3)

(4)

(5)

(6)
Here, ui represents the ith discrete velocity compo-
nents,  represents the f luctuating components of ith
velocity sample,  represents the mean velocity of the
N discrete samples of velocity.

Quadrant Analysis
The conventional quadrant method involves study-

ing the relationship between temporal f luctuations of
velocity components, u′ and v′, particularly their dis-
tribution between four quadrants numbered as shown
in Fig. 2. Based on quadrant analysis turbulent phe-
nomenon is characterized into the four quadrants
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depending on the sign of f luctuating velocity u′ and v′.
First quadrant Outward interaction in which  > 0,

> 0; Second quadrant Ejection in which  < 0,  >
0; Third quadrant Inward interaction in which  < 0,

 < 0; Fourth quadrant Sweep in which  > 0,  < 0.
Out of these four-quadrant events, sweep and ejec-

tion are relatively more important and they are related
to the sediment entrainment and transport in the river.
The contribution of the coherent structure mainly
sweep (Quadrant IV) and ejection (Quadrant II) are
intensively studied by the several researchers. A.J. Grass
and J.M. Nelson et al. [2, 8] have extensively studied
quadrant events, and they found that sweep is most
important event that is related to transfer of momen-
tum into the boundary layer. In addition, they found
that close to bed the frequency of sweep and ejection is
more as compared to the outward interaction (Quad-
rant I) and inward interaction (Quadrant III) events.

Experimental Program

The experiments were conducted in River Engi-
neering Laboratory, Department of Water Resources
Development and Management, Indian Institute of
Technology Roorkee, India. The experiments were
carried out in a f lume 2.6 m wide, 1 m deep and 10 m
long. Experiments were carried out at three different
water f low rate of 0.06, 0.05 and 0.03 m3/s. The tail-
gate was used to maintain the f low depth. The slope of
the f lume is kept constant for all the runs. Velocity is
measured at 12 points around the island (as shown in
Fig. 3) in a braided river model with the help of ADV.
The frequency of occurrence of each quadrant event
was calculated at 12 selected points around the island
for three different discharges as shown in Figs. 4‒6.
The velocity was measured at the distance of 0.6 cm
from the bed at these points. The objective of this
experimental program is to relate the sweep and ejec-
tion events to the deposition and erosion pattern
around the island in a braided river model. H. Naka-

'iu
'iv 'iu 'iv

'iu
'iv 'iu 'iv
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Fig. 3. Sketch of the braided river model.
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gwa and I. Nezu [9] found that the sweep event is
closely related to the sediment entrainment. The ero-
sion/deposition data are collected around the island at
these selected 12 points for three different discharge
(Fig. 3). The experiments were carried out at three dif-
ferent discharges. H. Nakagwa and I. Nezu [9] found
that only the extreme quadrant events contribute to
the burst in turbulent f low, and in order to exclude the
extreme events from low-intensity events, different
sizes of a hole are defined. The frequency of occur-
rence of quadrant events for different hole size is plot-
ted for 12 different points around the island. The effect
of hole sizes on the frequency of occurrence of each
quadrant event is also studied in this paper. The mean
angle of sweep and ejection are also plotted at 12 dif-
ferent points around the island. It was found that the
mean angle of sweep and ejection events are related to
scouring around the island in a braided river model.
The detailed information of the experimental study is
displayed in Table 1.

DATA ANALYSIS AND RESULTS

I. Nezu [10] found that only extreme events con-
tribute to the Reynold Stress,and the hyperbolic hole
is defined in order to isolate the extreme events within
each quadrant. The hole is defined by the resulting
curves as yielded from Eq. (7):
WATER RESOURCES  Vol. 46  No. 3  2019

Table 1. The details of experimental condition performed in 

Serial no Experimental condition code Cond

1 W No

2 X Presenc

3 Y Presenc

4 Z Presenc
(7)

where  represents the hole size, the over-bar rep-

resents the time averaged value, u′(z, t) and v′(z, t) rep-

resent the instantaneous longitudinal and vertical tur-

bulent f luctuations respectively. Instantaneous Reyn-

olds Stress for each measuring points has been filtered

by applying function Ek(z, t) where  = I, II, III, IV

indicates the quadrant where the turbulent event falls.

Discriminating function Ek(z, t) has been defined

below.
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ition Discharge, m3/s Depth of f low, cm
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Fig. 4. The histogram of the values of fK(z) determined at a depth of 0.6 cm from the bed for four different threshold level (q =
0.3, q = 0.7, q = 1.0, q = 1.5) at 12 point near the braided bar (experimental condition X).
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Fig. 5. The histogram of the values of fK(z) determined at a depth of 0.6 cm from the bed for four different threshold level (q =
0.3, q = 0.7, q = 1.0, q = 1.5) at 12 point near the braided bar (experimental condition Y).
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Fig. 6. The histogram of the values of fK(z) determined at a depth of 0.6 cm from the bed for four different threshold level (q =
0.3, q = 0.7, q = 1.0, q = 1.5) at 12 point near the braided bar (experimental condition Z).
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The function Ek(z, t) shown in Eqs. (8)‒(11) allows

recognition of the f luctuating velocity that are con-

tributing to the turbulent events. After excluding the

turbulent event that falls in the inside region of the

hole, the remaining turbulent event contributes to
WATER RESOURCES  Vol. 46  No. 3  2019
Reynolds stress. A small value of q leads to the selec-

tion of both strong and weak events. For the large

value of hole size q only the strong events are consid-

ered for the turbulent burst. Percent occurrence of

each turbulent event is calculated by Eq. (12) [6, 15]:
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T tal conditions. The bed levels at these points were
Fig. 7. The quadrant event for different hole.
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where  is the number of turbulent event

occurring in the kth quadrant excluding hole, T is the
measurement time length.

The frequency of occurrence of each quadrant
event is calculated at 12 nodal points around an island
of the height of 14 cm in a braided river model using
Eq. (12). The histogram of frequency of occurrence of
each quadrant events for different sizes of hole and
discharge at 12 nodal points are displayed in Figs. 4‒6.
The frequency of occurrence of each quadrant events
for different hole sizes and discharge rate are displayed
in Fig. 7. The frequency of occurrence of quadrant
events for the experimental conditions X (Fig. 4),
shows that the sweep and ejection are dominant events
from point a to point f. The outward interaction and
inward interaction are dominant events at the remain-
ing six points. The frequency of occurrence of each
quadrant events is plotted for different values of hole
size. At point a, the dominant eventsis ejection, fre-
quency of ejection events is around 31% at q = 0.3, it
is increased to 41% at q = 1.5. Similarly, the frequency
of occurrence of outward interaction(dominating
events) at point g increases from 29.24 at q = 0.3 to
36.14 at q = 1.5. From above results, it is clearly visible
that the frequency of occurrence of the dominant
events increases with increase in the size of the hole.
The main function of the hole is to filter out the
extreme event from the low magnitude event. The hole
filtered out the extreme events that are contributing to
the burst. After analysis of the frequency of occurrence
of each quadrant event, it was found that from point a
to point f scouring occurs,and at these points sweep
and ejection are dominating events. Deposition occurs
at the remaining six points. At these points, outward
interaction and inward interaction are dominating
events. Thus, it can be concluded that ‘sweep’ and
‘ejection’ are related to erosion. Evidently, higher val-
ues of sweep and ejection occurrence frequency indi-
cate the erosion, whereas ‘outward interaction’, and
‘inward interaction’are related to deposition around
the island in a braided river model.

Table 2 shows the experimental results ofscouring
and deposition patterns at 12 points around the island
in a braided river model for three different experimen-

( )
0

, k
t

E z t
=
 taken before starting and after completion of the

experiments. The differences between the final bed
level after the completion of experiments and the ini-
tial bed level were calculated, wherein negative values
of difference represent the erosion and positive values
represent the deposition at that points.

Experiments were performed at three different dis-
charge values. For the hole size of 0.3, the frequency of
occurrence of the sweep events at point a decreases
from 30.15 to 27.15 when the discharge decreases from

0.06 to 0.05 cm3/s, the frequency of occurrence of
sweep events is further decreased to 24.15 at the dis-

charge of 0.03 cm3/s (Tables 3‒5). The frequency of
occurrence of ejection events shows the similar trend
with the discharge. Remaining 11 points also shows
the similar decrease in frequency of occurrence of
sweep and ejection events with a decrease in the value
of discharge. As stated earlier above, scouring and
deposition pattern around an island in a braided river
model is presented in Table 2, which shows that the
deposition occurs at the points g, h, i, j, k, l, and the
deposition at these points increases with the decrease
in discharge. So from the above results, it can be con-
cluded that the frequency of occurrence of sweep and
ejection decreases and deposition around the island
increases with a decrease in the discharge. The above
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Table 2. The model experimental results of the scouring and deposition patterns at different positions around bar

Point
Experiment W 

erosion/deposition, cm

Experiment X 

erosion/deposition, cm

Experiment Y 

erosion/deposition, cm

Experiment Z 

erosion/deposition, cm

a ‒1.1 ‒4.32 ‒3.42 ‒3.12

b ‒0.91 ‒5.12 ‒4.22 ‒3.92

c ‒0.75 ‒3.45 ‒2.55 ‒2.25

d ‒0.82 ‒4.28 ‒2.88 ‒2.58

e ‒0.78 ‒1.9 ‒1.6 ‒1.3

f ‒1.21 ‒1.2 ‒1.42 ‒1.12

g ‒1.32 0.2 0.6 1

h ‒0.94 0.4 0.8 1.2

i ‒0.78 0.5 0.9 1.1

j ‒0.88 0.8 1.1 1.5

k ‒1.12 0.9 1.2 1.6

l ‒1.13 1.1 1.5 1.9

Table 3. The frequency of occurrence of the quadrant events for different sizes of hole at 12 different points around the braided
island for experimental condition X

Experimental condition X

For q = 0.3 Frequency of occurrence

events point a point b point c point d point e point f point g point h point i point j point k point l

Quadrant 1 20.17 12.37 27.76 20.75 25.47 15.15 29.24 25.78 26.98 29.90 45.16 32.59

Quadrant 2 30.15 32.35 26.05 28.05 27.84 34.21 20.83 23.27 20.77 20.77 10.55 15.52

Quadrant 3 20.12 20.12 23.94 21.94 22.31 17.75 29.38 29.36 32.53 33.22 40.56 36.04

Quadrant 4 25.14 35.14 27.24 29.29 24.36 32.86 20.54 21.57 19.71 16.58 2.70 15.83

For q = 7 Frequency of occurrence

Quadrant 1 20.48 10.99 20.88 20.75 27.89 11.86 31.96 25.99 31.22 32.89 31.54 38.08

Quadrant 2 33.83 45.51 27.10 29.10 30.27 37.07 20.82 23.80 17.87 18.12 9.93 12.12

Quadrant 3 17.48 28.12 22.54 20.54 19.06 16.31 30.29 27.88 32.42 34.85 55.48 38.33

Quadrant 4 26.36 31.83 29.46 31.46 22.76 34.75 18.65 21.57 18.47 14.12 3.05 11.45

For q = 1 Frequency of occurrence

Quadrant 1 21.38 11.25 20.22 18.22 30.24 11.89 33.74 24.74 34.90 35.43 22.89 42.89

Quadrant 2 39.46 57.20 28.77 30.77 30.14 42.46 19.22 25.18 15.77 16.23 6.70 9.97

Quadrant 3 19.32 12.26 20.62 18.62 17.13 15.27 31.04 27.09 30.43 35.68 68.08 38.15

Quadrant 4 25.66 28.69 30.26 31.46 22.47 33.55 18.65 22.31 18.47 12.63 2.31 11.45

For q = 1.5 Frequency of occurrence

Quadrant 1 23.24 12.28 16.11 14.11 28.63 11.30 36.14 19.38 38.88 38.47 13.12 50.43

Quadrant 2 39.46 47.78 32.30 34.30 30.14 42.46 17.10 30.58 15.77 14.34 6.71 8.87

Quadrant 3 13.55 8.26 20.49 18.49 12.73 14.57 32.77 23.42 28.70 35.43 78.49 33.54

Quadrant 4 23.72 22.74 31.09 33.09 22.45 31.65 13.97 26.61 20.13 12.63 2.17 7.14
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Table 4. The frequency of occurrence of the quadrant events for different sizes of hole at 12 different points around the braided
island for experimental condition Y

Experiment condition Y

For q = 0.3 Frequency of occurrence

events point a point b point c point d point e point f point g point h point i point j point k point l

Quadrant 1 23.17 15.37 30.76 23.75 28.47 18.15 32.24 28.78 29.98 32.9 48.16 35.59

Quadrant 2 27.15 29.35 23.05 25.05 24.84 31.21 23.83 26.27 23.77 23.77 13.55 18.52

Quadrant 3 23.12 23.12 26.94 24.94 25.31 20.75 32.38 32.36 35.53 36.22 43.56 39.04

Quadrant 4 22.14 32.14 24.24 26.29 21.36 29.86 23.54 24.57 22.71 19.58 5.7 18.83

For q = 7 Frequency of occurrence

Quadrant 1 23.48 13.99 23.88 23.75 30.89 14.86 34.96 28.99 34.22 35.89 34.54 41.08

Quadrant 2 36.83 48.51 30.1 32.1 33.27 40.07 23.82 26.8 20.87 21.12 12.93 15.12

Quadrant 3 20.48 31.12 25.54 23.54 22.06 19.31 33.29 30.88 35.42 37.85 58.48 41.33

Quadrant 4 29.36 34.83 32.46 34.46 25.76 37.75 21.65 24.57 21.47 17.12 6.05 14.45

For q = 1 Frequency of occurrence

Quadrant 1 24.38 14.25 23.22 21.22 33.24 14.89 36.74 27.74 37.9 38.43 25.89 45.89

Quadrant 2 42.46 60.2 31.77 33.77 33.14 45.46 22.22 28.18 18.77 19.23 9.7 12.97

Quadrant 3 22.32 15.26 23.62 21.62 20.13 18.27 34.04 30.09 33.43 38.68 71.08 41.15

Quadrant 4 28.66 31.69 33.26 34.46 25.47 36.55 21.65 25.31 21.47 15.63 5.31 14.45

For q = 1.5 Frequency of occurrence

Quadrant 1 26.24 15.28 19.11 17.11 31.63 14.3 39.14 22.38 41.88 41.47 16.12 53.43

Quadrant 2 42.46 50.78 35.3 37.3 33.14 45.46 20.1 33.58 18.77 17.34 9.71 11.87

Quadrant 3 16.55 11.26 23.49 21.49 15.73 17.57 35.77 26.42 31.7 38.43 81.49 36.54

Quadrant 4 26.72 25.74 34.09 36.09 25.45 34.65 16.97 29.61 23.13 15.63 5.17 10.14
observations show that the frequency of occurrence of
sweep and ejection events are inversely related to
deposition around the island in the braided river
model.

Probability of Occurrence of Coherent Flow 
and Bursting Events

Based on two dimensional velocity f luctuations,
the probability of the occurrence of each quadrant
bursting events is determined by Eq. (13) [3]:

(13)

(14)

where Pk is the probability of occurrence of the events
belonging to quadrant k, nk is the number of events
belonging to k quadrant, N is total number of velocity
samples. Using the equation given above, the proba-
bility of occurrence of sweep and ejection quadrant
events was calculated at given point of f low within the
depth. The contributions of the sweep (Quadrant IV)
and ejection (Quadrant II) events to momentum
transfer have been thoroughly studied by using quad-
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rant technique and probability analysis. The condi-
tional probability of occurrence of sweep and ejection
quadrant events is calculated at twelve different points
at the distance of 0.6 m from the bed. The conditional
probability of sweep and ejection events along with the
deposition/scouring pattern at 12 points around the
island for three different experimental conditions are
displayed in Fig. 8.

As already mentioned earlier, Table 2 indicates ero-
sion and deposition pattern around the island in the
braided river model, negative values indicate erosion
and positive values indicate deposition. From Fig. 8 it
is indicated that the conditional probability of sweep
and ejection events is in phase with the erosion and
deposition pattern around the island in the braided
river model at 12 measured points. The values of con-
ditional probability of sweep and ejection events are
high at points of erosion and their values are low at the
points of deposition. This shows that the sweep and
ejection events are related to the erosion around the
bar. However, a large amount of experiment is
required to validate relation between sweep and ejec-
tion events to erosion and deposition around the
island in a braided river model.

For all the three discharges, the conditional proba-
bility of sweep and ejection events computed at 12 dif-
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Table 5. The frequency of occurrence of the quadrant events for different sizes of hole at 12 different points around the braided
island for experimental condition Z

Experimental condition Z

For q = 0.3 Frequency of occurrence

events point a point b point c point d point e point f point g point h point i point j point k point l

Quadrant 1 26.17 18.37 33.76 26.75 31.47 21.15 35.24 31.78 32.98 35.9 51.16 38.59

Quadrant 2 24.15 26.35 20.05 22.05 21.84 28.21 20.83 23.27 20.77 20.77 10.55 15.52

Quadrant 3 25.14 35.14 27.24 29.29 24.36 32.86 26.54 27.57 25.71 22.58 8.7 21.83

Quadrant 4 19.14 29.14 21.24 23.29 18.36 26.86 20.54 21.57 19.71 16.58 2.7 15.83

For q = 0.7 Frequency of occurrence

Quadrant 1 26.48 16.99 26.88 26.75 33.89 17.86 37.96 31.99 37.22 38.89 37.54 44.08

Quadrant 2 33.83 45.51 27.1 29.1 30.27 37.07 20.82 23.8 17.87 18.12 9.93 12.12

Quadrant 3 32.36 37.83 35.46 37.46 28.76 40.75 24.65 27.57 24.47 20.12 9.05 17.45

Quadrant 4 26.36 31.83 29.46 31.46 22.76 34.75 18.65 21.57 18.47 14.12 3.05 11.45

For q = 1 Frequency of occurrence

Quadrant 1 27.38 17.25 26.22 24.22 36.24 17.89 39.74 30.74 40.9 41.43 28.89 48.89

Quadrant 2 39.46 57.2 28.77 30.77 30.14 42.46 19.22 25.18 15.77 16.23 6.7 9.97

Quadrant 3 31.66 34.69 36.26 37.46 28.47 39.55 24.65 28.31 24.47 18.63 8.31 17.45

Quadrant 4 25.66 28.69 30.26 31.46 22.47 33.55 18.65 22.31 18.47 12.63 2.31 11.45

For q = 1.5 Frequency of occurrence

Quadrant 1 29.24 18.28 22.11 20.11 34.63 17.3 42.14 25.38 44.88 44.47 19.12 56.43

Quadrant 2 39.46 47.78 32.3 34.3 30.14 42.46 17.1 30.58 15.77 14.34 6.71 8.87

Quadrant 3 29.72 28.74 37.09 39.09 28.45 37.65 19.97 32.61 26.13 18.63 8.17 13.14

Quadrant 4 23.72 22.74 31.09 33.09 22.45 31.65 13.97 26.61 20.13 12.63 2.17 7.14

Table 6. The conditional probability of the sweep and ejection events at 12 different points around the island for three
experimental conditions

Experiment X Conditional probability, %

events point a point b point c point d point e point f point g point h point i point j point k point l

2 0.33 0.35 0.29 0.31 0.3 0.37 0.23 0.26 0.23 0.23 0.13 0.18

4 0.28 0.38 0.3 0.32 0.27 0.35 0.23 0.24 0.22 0.19 0.05 0.18

Experiment Y Conditional probability

2 0.25 0.35 0.27 0.29 0.24 0.32 0.25 0.28 0.25 0.25 0.15 0.2

4 0.3 0.32 0.26 0.28 0.27 0.34 0.25 0.26 0.24 0.21 0.15 0.2

Experiment Z Conditional probability

2 0.23 0.33 0.25 0.27 0.22 0.3 0.23 0.26 0.23 0.23 0.13 0.18

4 0.28 0.3 0.24 0.26 0.25 0.32 0.23 0.24 0.22 0.19 0.13 0.17
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Fig. 8. The conditional probability and scouring/deposition pattern plotted at 12 points around the island in a braided river model
for three different experimental conditions.
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Experiment-Y

Experiment-Z
ferent points are in phase with the erosion and deposi-

tion around the island in a braided river model as

shown in Fig. 8. Referring to Table 6, at points a, the
WATER RESOURCES  Vol. 46  No. 3  2019
conditional probability of sweep and ejection events

are 0.27, 0.32 respectively, and these sweep and ejec-

tion events decreases to 0.22, 0.27 respectively when
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Fig. 9. The angle of sweep and ejection events and scouring/deposition pattern plotted at 12 points around the island in a braided
river model for three different experimental conditions.
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the discharge decrease from 0.06 to 0.03 m3/s

(Table 6). A similar decrease in sweep and ejection

events with a decrease in discharge occurs for remain-

ing 11 points. Scouring and deposition patterns

around the island in the braided river model are dis-

played in Table 2, which shows that the deposition

occurs at the points g, h, i, j, k, l and the deposition at

these points increases with the decrease in discharge.

This shows that the values of the conditional probabil-
ity of sweep and ejection events are inversely related
with the deposition around the island, thus, the low
values of sweep events are related to the deposition
around the island in the braided river model.

The Angle of the Events

The applied force on the bed particles depends on
the inclination angle of the force. The angle of a par-
WATER RESOURCES  Vol. 46  No. 3  2019
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Table 7. The mean angle of sweep and ejection events at 12 different points around the island for three experimental conditions

Points

Experiment X Experiment Y Experiment Z

mean sweep

angle, °
mean ejection 

angle, °
mean sweep 

angle, °
mean ejection 

angle, °
mean sweep 

angle, °
mean ejection 

angle, °

a 19.30 19.65 22.4 23.72 27.72 24.4

b 17.39 17.46 19.9 20.64 24.71 22.36

c 19.78 19.94 22.1 21.1 26.3 23.6

d 19.68 19.76 21.9 20.9 24.9 23.1

e 20.63 20.89 23.2 22.41 26.41 25.3

f 20.13 20.42 22.92 23.95 27.95 25.91

g 25.86 25.54 28.86 27.91 32.86 29.81

h 26.65 26.84 29.01 30.3 34.3 31.01

i 26.61 26.56 28.91 28.31 32.91 30.31

j 27.14 27.1 29.4 29.1 32.49 30.47

k 27.62 28.36 29.82 31.48 36.82 33.47

l 28.43 28.99 30.93 31.76 35.76 32.91
ticular event is defined as the angle of turbulent veloc-
ity vector with respect to the longitudinal axis. The
angle of an event is determinedusing Eq. (15).

(15)

where  are the angle of sweep and ejec-

tion events measured from the horizontal axis.

The magnitude of the mean angle of events for
sweep and ejection events are different and it is not
acceptable. In order to compute the mean values of
sweep and ejection events, the data are transformed
into normal distribution using the Box–Cox power
transformation.

The values of the mean angle for sweep and ejec-
tion events can be computed by averaging the temporal
values of sweep and ejection angle. However, the tem-
poral values of sweep and ejection events are not uni-
formly distributed andthus their mean values donot
represent the actual mean sweep and ejection angle. In
order to compute the actual mean values of sweep and
ejection events, the data are transformed into normal
distribution using the Box–Cox power transforma-
tion. A Box–Cox power transformation transformed

the original data  to the transformed data denoted by

. Here  represents the temporal values of angle

of events of ith quadrants, for ejection events i =2 and
i = 4 for sweep events.

A Box–Cox power transformation is defined, for

non-zero values of  by

(16)

and, for zero value of λ, by

(17)

In the above equations, k is a constant and λ is
transformation power. If all the values of angle of
events θ are greater than zero then the value of con-
stant k is taken as zero. Box–Cox transformation is
applied to a dataset which comprises Quadrant IV
events (sweep events) and Quadrant II events (ejection

events). The inverse transformation B–1 of B(θi) for

this situation is given by

(18)

The mean values of transformed angle of events for
sweep and ejection quadrants were calculated using
Eq. (19).

(19)

The inverse Box–Cox transformation was applied
to these mean values of sweep and ejection events to
enable determination of the mean angle of sweep and
ejection events.

The velocity was measured at 0.6 cm from the bed
at 12 different points. The mean angle for sweep and
ejection events for 12 different points and for three dis-
charges are displayed in Table 7. Figure 9 shows the
relationships of mean angle of sweep, ejection events
with the erosion/deposition magnitude at points
around the island for three different experimental
conditions. Threshold lines is also displayed in Fig. 9,
the values of mean angle of sweep and ejection events

sweep

sweep

sweep

ejection

ejection

ejection

'
arctan ,

'

'
arctan ,

'

u

u

 
 θ =
 
 

 
 θ =
 
 

v

v

sweep ejection,  θ θ

iθ
( )iB θ iθ

λ

( ) ( ) 1
,

i
i

k
B

λθ + −θ =
λ

( ) ( )ln .i iB kθ = θ +

( )[ ]
1

θ .1iB λθ = λ +

( )
1 2,4

1
( ) .

n

ii

i i

B B
n = =

 
θ = θ  

 


WATER RESOURCES  Vol. 46  No. 3  2019



366 MD. AMIR KHAN, NAYAN SHARMA
above the threshold value lies under the deposition
zone and vice versa. The abovediscussionshows that
the mean angle of sweep and ejection events are
strongly related with the erosion/deposition magni-
tude around the island in a braided river model. The
values of threshold are 20.5, 24, 28 degree for experi-
mental conditions X, Y, Z respectively, the value of
threshold increases with decrease in discharge values.
At point a, the value of an angle of sweep events
increases from 19.3 to 22.4 when the discharge

decreases from 0.06 to 0.05 m3/s (Table 7). A similar
increase in angle of sweep and ejection event occurs
for remaining 11 points. For the discharge of

0.03 m3/s, the magnitude of deposition at point l is 1.9
cm, the value of deposition at the same point for the

discharge of 0.06 m3/s is about 1.1. Thus, the magni-
tude of deposition at point l increases with the
decrease in the discharge, similar deposition trend
with decreasing discharge occurs at j, h, i, j, k points.

CONCLUSIONS

(1) The experimental results show that the fre-
quency of occurrence of the sweep and ejection events
are related to erosion around the island in the braided
river model. The higher value of sweep and ejection
occurrence frequency indicate erosion and the fre-
quency of occurrence of the outward interaction and
inward interaction are related to the deposition around
the island in a braided river model. After studying the
histogram of quadrant analysis, it was found that dom-
inating quadrant events become more dominant at a
higher value of hole size. The frequency of occurrence
of sweep and ejection events at points around the
island decreases with decrease in the discharge.

(2) From the experimental results, it is indicated
that the conditional probability of sweep and ejection
events is in phase with the erosion and deposition pat-
tern around the island in the braided river model at 12
measured points. The conditional probability of sweep
and ejection events ishigh at points of erosion and
their values are low at the points of deposition. This
shows that the sweep and ejection are related to the
erosion and deposition around the bar. The present
experimental results show that the values of the condi-
tional probability of sweep and ejection events
decrease, when the discharge decreases. The results
also show that the deposition around the bar increases
with a decrease in discharge, thus the low values of
sweep and ejection events are related with deposition
around the island in a braided river model.

(3) Threshold value of mean angle of sweep, ejec-
tion arecomputed for three different experimental
conditions , the values of mean angle of sweep and
ejection events above the threshold value lies under
the deposition zone and vice versa. The above discus-
sion shows that the mean angle of sweep and ejection
events are strongly related with the erosion/deposition
magnitude around the island in a braided river model.
The threshold value of sweep, ejection events
decreases with increase in discharge.
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