
Chapter 12
Turbulence Characteristics in a Rough
Open Channel Under Unsteady Flow
Conditions

Jnana Ranjan Khuntia , Kamalini Devi , Bhabani Shankar Das ,
and Kishanjit Kumar Khatua

Abstract The majority of open channel flows of interest to hydraulic engineers and
hydrologists are unsteady. In unsteady flow cases, some aspects of flow (velocity,
depth, viscosity, pressure, etc.) will be evolving in time. However, more numbers of
issues identified with the unsteady flow have been roughly accepting as steady flow
(for example, constant peak discharges in floodplains). Very few experimental inves-
tigations have been conveyed in previous literature to examine turbulence qualities in
an open channel flow under unsteady flow states over rough beds. The present study
investigates the vertical and horizontal fluctuating velocity profiles under unsteady
flow states in a rectangular open channel. An experiment is conducted to observe
the turbulence characteristics under unsteady flow conditions in a rough bed open
channel for two different flow depths. One identical hydrograph is passed repeatedly
through the rectangular flume with a fixed rough bed. The dense rough mat is used
as a rough bed which replica of a dense grass bed. The flow patterns are investigated
at both lateral and longitudinal positions over three different cross-sections by using
a micro Pitot tube and Acoustic Doppler Velocimeter (ADV). For two given flow
depths, the velocities on both the rising and falling limbs are observed and analyzed.
Hysteresis effect loopbetween stage-discharge (h~Q) rating curve between the rising
and falling limbs is illustrated. Turbulence characteristics, i. e., variations of lateral
and vertical Reynolds stresses, are analyzed from measured fluctuation velocities.
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12.1 Introduction

Flows in the regular waterways, rivers, and channels are frequently unsteady. At the
point when discharge changes gradually, the issue of unsteady flow can be compre-
hended with the state of steady flow (Mahmood and Yevjevich 1975). However, in
some extraordinary cases, for example, reservoir activities, where discharge fluctu-
ates quickly, the learning of steady flow may prompt unique or mistaken outcomes
when managing issues of sediment transport, scour, deposition, etc. (Song and Graf
1996). So, the study of unsteady open channel flow has become an important issue for
hydraulic engineering. An understanding of the mean velocity, bed shear stress, and
turbulence characteristics under unsteady open channel flow conditions is needed,
e.g., to predict the flood passage (hysteresis in the stage-discharge relationships
between falling and rising limbs) and the river morphology processes dependent on
unsteady effects. There are very few literatures found on the experimental investiga-
tion in unsteady flow over the rough bed. Tu and Graf (1992) used micro propellers
to study the velocity distribution in unsteady open channel flow. They obtained the
friction velocity as well as the shear stress distribution, but the turbulence was not
measured.

Previous experimental research (Nezu et al. 1994a, b; Anwar and Atkins 1980;
De Sutter et al. 2001; Ahanger et al. 2008; Bombar et al. 2011; Martin and Jerolmack
2013) investigated unsteady flow events in a laboratory fixed bank sand-bed channels
using hydrographs of different shapes (e.g., trapezoidal, triangular, etc.) and varying
characteristics. General conclusions from the literature suggest that few experimental
works have been done in response to unsteady flow event hydrograph. Despite this
research, to date, no systematic effort has been done for the shape of the unsteady
flow event hydrograph over a fixed rough bed and their flow variables. De Sutter
et al. (1970, 2001) and Hu et al. (2012) state that a dynamic hydrograph showed
hysteresis effects. This means, for the same discharge value, a higher water height
was obtained in the falling limb than the rising limb.

Velasco et al. (2003) considered the impact of turbulence on flow in an open
channel utilizing plastic plants seeded in a gravel bed. Their outcomes uncovered that
minimal value of friction factor is obtained for totally flexible plants under favorable
conditions where the relative deflection of plant height was within the range of 0.4–
0.5. Huai et al. (2012) investigated the flow characteristics of turbulent open channel
flow with submerged vegetation. They experimented by separating the flow into
three sections in vertical direction from bed to water surface level. The three layers
are basal non-vegetated layer, inner vegetation layer, and upper vegetation layer.
Suspended vegetation in open channels impedes flow, for which the longitudinal
velocity distribution in vertical direction was deviated from the basic logarithmic
law. Further, the Mixing length theory was implemented to find the boundary shear
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stress in the internal and non-vegetation layers. Some hydraulic parameters were
determined by using the data sets of Plew’s laboratory measurements.

Dupuis et al. (2017) investigated the flow characteristics on longitudinal rough-
ness changes of submerged dense rough bed and emerged rigid vegetation by using
artificial dense plastic grass and wooden cylinders, respectively. Turbulence produc-
tion andmagnitude of secondary currents were increased by the presence of emergent
rigid elements over the floodplains. The mixing layer development in longitudinal
direction is also investigated for two stage open channel flow.

The main objective of the present study is to investigate the fluctuating velocities
(i.e., u′, v′ and w′) and Reynolds stresses (i.e., u′v′ or ρu′v′,v′w′ or ρv′w′ and u′w′ or
ρu′w′) by laboratory experimentation under unsteady flow conditions over the rough
bed. Also, Reynolds stresses have been compared at a lower depth case as well as a
higher depth case in both rising and falling limbs of a hydrograph.

12.2 Experimental Set-up and Procedures

The experiments were carried out in a 12 m long, 0.6 m wide and 0.6 m deep
recirculating, rectangular, tilting flume in the Hydraulics Engineering Laboratory (H.
E. Lab.) of Civil Engineering, National Institute of Technology Rourkela (Khuntia
et al. 2018a, 2019). The flume has glass walls in the testing section and the rest
walls and bottom are of mild steel. The bottom of flume has been modified as a
rough bed by fixing rigid grass along the channel bed. A schematic diagram of the
experimental set-up is shown in Fig. 12.1. Photographs of the experimental set-up,
H. E. Lab., NITR are shown in Fig. 12.2. An electromagnetic flowmeter is fitted with
an inlet pipe upstream to measure the flow discharges. Three-point gauges are fixed
to measure the flow depth at different positions along the centre line of the flume.
A longitudinal slope (S0) of approximately 1.2 cm in 10 m was considered and kept
unchanged throughout the experimental program.

Fig. 12.1 A schematic diagram of the experimental set-up, NITR
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Fig. 12.2 Photographs of experimental set-up, H. E. Lab., NITR

A downstream tail gate is provided to maintain uniformity of flow for this exper-
iment. The tailgate was fixed at a particular height to achieve the given flow depths
in steady uniform cases. The same tail gate opening was maintained to achieve the
respective flow depths in unsteady flow cases. Themeasurement of the flow variables
has not been done other than the desired flow depth. To get the desired flow depth
for the hydrograph, different tail gate settings with several experimental runs have
been performed. Rails are provided to support and guide an instrument carriage to
run laterally and longitudinally on the top of the flume walls to cover all the test
points. The velocity fields were measured by a SonTek Micro 16 MHz Acoustic
Doppler velocimeter (ADV). The sampling rate is 50 Hz (the maximum), and the
acquisition duration is 60 s. The sampling volume of ADV is located approximately
5 cm below the down-looking probe and was set to be a minimum of 0.09 cm3. The
5 cm distance between the probe and sampling volume is assumed to minimize the
flow interference. ADV can record the three directional velocities U, V, andW in X-
direction: along flume bottom, Y-direction: lateral to flume bottom and Z-direction:
vertical to flume bottom, respectively. The cross-section distribution of velocities
was measured at three different positions or sections (see Fig. 12.1), at x = 5.5, 7,
and 8.5 m. Then, a Preston tube of outer diameter 4.77 mm was used to measure the
velocities at the boundary along the whole perimeter of the flume. The geometry and
roughness parameters of the experiment are given in Table 12.1.

The flow behavior at the measuring sections remained similar to that in a long
straight natural open channel with a mild bed slope. The ability to reproduce each
hydrograph was essential given that only three-point velocities could be observed
on each limb during a single run. In the present work, only one hydrograph was
studied with successful 198 runs. For maintaining the same flow depth, repetition of
the experiments on the same hydrograph has been performed. More runs were taken
for the same hydrograph to cover all the measuring points at three different positions
for two different flow depths.
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Table 12.1 Geometry and
roughness parameters for this
experiment

Sl no. Item description Parameters

1 Channel type Straight

2 Geometry of channel section Rectangular

3 Channel base width (b) 0.6 m

4 Depth of channel 0.6 m

5 Bed slope (S0) 0.0012

6 Length of flume 12 m

7 Length of test channel (X) 10 m

8 Nature of surface bed Dense rigid grass

9 Flow condition Unsteady

10 Manning’s n of bed material 0.0304

To obtain meaningful and representative values for the mean flow variables, it was
fundamental that flow conditions could be consistently repeated, thusminimizing any
underlying variability in the unsteady flows. To establish the bulk flow parameters
that characterized a hydrograph, estimationsweremade amid all independent runs for
the given hydrograph. The corresponding data for each variable was then ensemble-
averaged (i.e., by moving average method) and smoothened. For the steady flows,
including the hydrograph base flow, a time of 10 min (600 s) elapsed when a flow
was established until the point when measurements were taken or an unsteady flow
hydrograph was started. This was guaranteed that flows were fully developed and
in equilibrium condition. In each hydrograph run, two same depths of flow have
been selected in each for rising and falling cases. For each depth of flow in rising or
falling cases, measurements are performed at three positions. Substantial differences
between these profiles for the sameflowdepth in rising and falling cases are observed.
Two turbulence characteristics, i.e., mean kinetic energy and turbulent kinetic energy
will be calculated and analyzed for the same flow conditions. The variations of these
two turbulent characteristics along the three given sections have been demonstrated
(Khuntia et al. 2018a, 2019, 2020).

12.3 Results and Discussions

A total of 198 hydrographs was investigated during the experimental repetition. The
flow and depth hydrograph in an unsteady flow run has shown in Fig. 12.3. The
hysteresis effect of stage-discharge (h ~ Q) rating curve between rising and falling
limbs is illustrated in Fig. 12.4.

To study the hydrograph, one skewness parameter η = Tr/T f was proposed by
Wang et al. (1997), where Tr and Tf are the duration of time for rising and falling
limbs. This shape parameter represents hydrograph asymmetry. Based on this defini-
tion, one asymmetric hydrograph with the peak skewed toward the rising limb (i.e., η
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Fig. 12.3 Flow and depth hydrograph in an unsteady flow run

Fig. 12.4 Hysteresis effect
in stage-discharge curve

= 0.46, referred to as ‘skew-rising’ or ‘left-skewed’ hydrograph) was observed over
rigid grass bed (Fig. 12.3). The rangeof hydraulic parameters used in the experimental
run of the hydrograph is given in Table 12.2.

After analyzing the variation of depth-averaged velocity and bed shear stress of
a dense rigid rough bed for both steady and unsteady flow conditions, a comparison

Table 12.2 The range of
hydraulic parameters used in
the experimental runs

Particulars Value

Slope 0.0012

No of test runs 198

Base flow (m3/s) 0.0025

Water depth in base flow 0.015 m

Water depth at peak 0.114 m

Time duration for rising limb (Tr) 2040s

Time duration for falling limb (Tf ) 4440 s

Total duration of Hydrograph (T ) 6480 s

Range of Reynolds’s number 400–26,970

Range of Froude number 0.10–0.42
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of these flow variables has been made for both the rising and falling limb cases for a
given flow depth. Before analyzing the ADV data, possible spectral analysis has been
done. The measured data were despiked by an algorithm based on the acceleration
thresholding strategy (Goring and Nikora 2002; Khuntia et al. 2018b), which was fit
for recognizing and substituting spikes in two stages. The threshold values (=1–1.5)
for despiking were determined by trial and error basis, for which the velocity power
spectra gave an acceptable fit to the Kolmogorov –5/3 scaling-law in the inertial
subrange.

12.3.1 Reynolds Shear Stress Distributions

In addition to the mean velocity, vegetation also affects the turbulence intensity and
the diffusion. These turbulence intensities affect the roughness coefficients and also
responsible for generating Reynolds stress within stem areas. The Reynolds stress
is defined as the time-averaged instantaneous velocity fluctuation in one direction
multiplied by the coincident instantaneous velocityfluctuation in another direction. In
vegetative flows, there is the possibility of turbulence occurrence due to the vegetation
type and density of vegetation. For open channel flow the respective instantaneous
velocity fluctuation components, i.e., u′, v′, and w′ in longitudinal, transverse, and
vertical directions were calculated to determine the Reynolds stress components, i.e.,
u′v′, u′w′, and v′w′. The turbulence characteristics can be evaluated by the instanta-
neous Reynolds stress value for each Reynolds stress plane over the sampling period.
The Reynolds stress for all three planes is seen to be substantially higher for the test
with vegetation (Dorcheh 2007). The three Reynolds stresses are calculated as per
the following equations:

u′v′ =
∑

u′ × v′

NT
, u′w′ =

∑
u′ × w′

NT
, v′w′ =

∑
v′ × w′

NT
(12.1)

where NT is total number of data taken at a single point. In the present study, all the
three Reynolds stresses (i.e., u′v′ or ρu′v′, v′w′ or ρv′w′ and u′w′ or ρu′w′) along the
vertical direction of the channel have been observed and analyzed which are shown
in Figs. 12.5, 12.6, and 12.7.

In the beginning section (x1/X = 0.55), Reynolds stress component (ρu′v′) is
higher as compared to the other two components of Reynolds stress (i.e., ρv′w′
and ρu′w′). In lower flow depth cases, the magnitude of Reynolds stress is less as
compared to higher flow depth cases. Also, all three turbulent components reduce
their magnitude gradually toward the surface of thewater. In falling limbs, themagni-
tude of ρu’v’ is also higher than that of two other Reynolds stresses (i.e., ρv′w′ and
ρu′w′). But, in both rising and falling limb cases, Reynolds stresses are decreasing
toward the free surface of the flow depth. The range of Reynolds stresses has varied
from −15 to 5 N/m2 but in the only case of falling limb and higher flow depth case,
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Fig. 12.5 Vertical variation of Reynolds shear stress at section 1 (x1/X = 0.55), a and c rising
limb, b and d falling limb, respectively

and it varies from −55 to 20 N/m2. More fluctuations that occur in higher flow depth
due to more inertia force cause high turbulence in this section. This is because of
unsteadiness that causes all the fluctuating velocities u′, v′, and w′.

In intermediate section, at section 2 (i.e., x2/X = 0.70) in the rising limb, more
fluctuations in three Reynolds stresses have been observed in the lower flow depth
case, but the higher magnitude in the case of ρu′v′ only. But, in the rising limb case of
higher flow depth fluctuation in Reynolds stresses are less as compared to the other
three conditions (i.e., Fig. 12.8a, b and d). This may be due to that when the depth
of flow for unsteady flow increases more fluctuating of velocity is expected to occur
near the side walls due to local friction as well as turbulence due to unsteadiness.
This is because of unsteadiness that causes all the fluctuating velocities u′, v′, and
w′. The range of Reynolds stresses has varied from −7 to 1 N/m2. In falling limbs,
the variations of ρu′v′ and ρu′w′ are more than the magnitude of ρv′w′. The range
of Reynolds stresses varied from −2.4 to 0.7 N/m2.

When moving toward the downstream section (x3/X = 0.85), in rising limb case
the magnitude of ρu’v’more as compared to the other two components of Reynolds
stress (i.e., ρv′w′ and ρu′w′). The same variation was observed in this section as in
Section 1 (x1/X = 0.55) except in the case of falling limb in lower flow depth case.
This may be due to that, when the flow approached toward downstream section less
fluctuating of velocity are expected to occur due to less effect of local friction as well
as turbulence due to unsteadiness. In falling limb, the more fluctuation observed in
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Fig. 12.6 Vertical variation of Reynolds shear stress at section 2 (x2/X = 0.70), a and c rising
limb, b and d falling limb, respectively

Reynolds stresses in the case of lower flow depth as compared to the higher flow
depth. The range of Reynolds stresses varied from −6 to 1.8 N/m2 in the case of
rising limb. But, in case of falling limb in low flow depth case, the range varied from
−0.4 to 0.3 N/m2 and in high flow depth case varied from −55 to 18 N/m2.

Also, in the present research work, all the three Reynolds stresses (i.e., u′v′ or
ρu’v’,v′w′ or ρv′w′ and u′w′ or ρu′w′) along the lateral direction of the channel have
been observed and analyzed which are shown in Figs. 12.8, 12.9, and 12.10.

Interesting results are obtained in all the Reynolds stresses (i.e., ρu′v′, ρv′w′, and
ρu′w′) except for some locations. In rising limb, at lower depth of flow, the higher
magnitude of ρu′v′ (acting in the vertical plane along the flow direction) is found
near the central region of the channel as compared to Reynolds stress in the other two
directions (i.e., ρv′w′ and ρu′w′). Toward the wall, the Reynolds stress value is found
to be same at the beginning of the sections (Section 1, x1/X = 0.55). This is because
of unsteadiness causes all the fluctuating velocities u′, v′, and w′. This indicates that
the fluctuating of velocity in all directions is found to be same except the central
region. At the central region higher fluctuating of longitudinal velocity causes higher
magnitude of ρu′v′. When the flow reaches toward the downstream Section 2, (x2/X
= 0.70), the higher magnitude of ρu’v’ are found to be more uniform. Gradually, the
Reynolds stress (ρu’v’) falls in the central region while rising towards both the walls
of the last Section 3 (x3/X = 0.85), indicating the fluctuation of turbulence is higher
near the walls. For higher depth of flow, the nature of Reynolds stress is found to be
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Fig. 12.7 Vertical variation of Reynolds shear stress at section 3 (x3/X = 0.85), a and c rising
limb, b and d falling limb, respectively

Fig. 12.8 Lateral variation of Reynolds shear stress at section 1 (x1/X= 0.55), a and c rising limb,
b and d falling limb, respectively

in opposite nature that had happened in low depth of flow cases. Here, in Section 1,
the higher value of ρu′v′ are found to be near the wall regions, whereas in Section 3
the higher magnitude of ρu′v′ are found in the central regions. This may be due to
that when the depth of flow for unsteady flow increases more fluctuating of velocity
are expected to occur near the side walls due to local friction as well as turbulence
due to unsteadiness.
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Fig. 12.9 Lateral variation of Reynolds shear stress at section 2 (x2/X= 0.70), a and c rising limb,
b and d falling limb, respectively

Fig. 12.10 Lateral variation of Reynolds shear stress at section 3 (x3/X = 0.85), a and c rising
limb, b and d falling limb, respectively

In the case of falling limb, all the Reynolds stresses are of lesser magnitude in
the range ±0.5 N/m2. At Section 1, Reynolds stress (ρu′v′) value is found to be
maximum in the central region of the channel. But the other two Reynolds stresses
(i.e., ρv′w′ and ρu′w′) are having two peak values at the middle third regions and
least value of the central region. In Section 2, the peak values of ρu′v′ is found in the
central region. There is a peak drop of ρu′v′ is noticed in the central region of the
channel. Similarly, in Section 3, there is a sudden drop in ρu′v′ is noticed, but with a
highmagnitude in range (±15N/m2). For higher depth of flow, the range of Reynolds
stress value is less as compared to that of the low depth of flow. At Section 1, there are
three peaks of ρu′v′ is noticed which occurred in the central region and two middle
third points. At Sections 2 and 3, the central peak diminishes and only two peaks lie
at two middle third points. As compared to lower depth of flow in high flow depth,
the range of Reynolds stress is of smaller magnitude (±2 N/m2). In lower depth of
flow, the range of Reynolds stress is ±20 N/m2, this is due to the dominating effect
of both bottom turbulence and bed friction.



154 J. R. Khuntia et al.

12.4 Conclusions

The following concluding remarks have been drawn from this study:

1. An experiment has been conducted to investigate the turbulence characteristics
in terms of Reynolds stress variation under unsteady flow conditions in a rough
open channel for two different flow depths each in rising and falling limbs of
hydrograph.

2. In the case of lower flow depth and rising limb, the magnitude of Reynolds
stress is less as compared to higher flow depth cases. Also, all the three turbulent
components reduce their magnitude gradually toward the surface of the water.

3. In rising limb, more fluctuations in three Reynolds stresses have been observed
in the lower flow depth case, but the higher magnitude in case of ρu′v′ only.
But, in the rising limb case of higher flow depth fluctuation in Reynolds stresses
are less as compared to the other three conditions (i.e., Fig. 12.8a, b and d).

4. At the downstream sections, in the rising limb case the magnitude of ρu′v′ more
as compared to the other two components of Reynolds stress (i.e., ρv′w′ and
ρu′w′). In falling limbs, more fluctuation was observed in Reynolds stresses in
the case of lower flow depth as compared to the higher flow depth.

5. In the rising limb, for lower depth of flow near the wall region, the magnitude
of Reynolds stress value is higher as compare to that of the higher depth of
flow. But in the case of falling limb at higher depth of flow, less magnitude of
Reynolds stresses have been observed as compared to the lower depth of flow.

6. The present study is a direct measurement of turbulence characteristics. So, this
may help to solve any turbulence models (i.e., Spalart–Allmaras (S-A) model,
k−εmodel, k−ωmodel, andMenter’s Shear Stress Transport (SST)model etc.),
especially in unsteady flow conditions.
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