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Abstract: This paper presents an investigation of near-bed hydrodynamics for a protruding coarse particle over a regular roughened 
bed. The laboratory experiments were undertaken at the threshold flow condition, which induced dislodgement of the protruding 
particle. Using different protrusion heights, the experimental results show that the protruding particle substantially changed the spatial 
distributions of time-averaged velocities, turbulent kinetic energy, and Reynolds shear stress when compared with those obtained from 
a flat rough bed. The spatial distribution pattern of the flow characteristics shows a reasonable degree of similarity at different 
protrusion heights examined in this study. Above the target particle, a zone of low Reynolds shear stress was observed. Quadrant 
analysis was conducted along the main flow direction, at an elevation close to the top of the target particle. A prevalence of sweep 
(Quadrant 4) and outwards interaction (Quadrant 1) events were associated with the dislodgement of the protruding particle. These 
findings imply that the drag force related to strong streamwise velocities may play a more significant role in protruding particle 
entrainment than the shear stress. 
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Introduction  

In natural streams, the complex bed morphology 
is often composed of discrete protruding particles. The 
particle protrusion induces a separation zone and 
large-scale flow structures in its vicinity. The 
variations of the flow structure potentially affect the 
transportation of underlying sediment particles. Thus, 
various studies have been done to investigate the 
hydrodynamics near a protruding particle, including 
Yager et al.[1], Grams and Wilcock[2] and Raus et al. [3] 
etc. The presence of the protruding particle increases 
the shear stress, but it is not entirely responsible for 
the bed sediment motion. Grams and Wilcock[2] 
observed that the transportation rate of the bed 
sediment is dependent on the protrusion height. As the 
protrusion height increases, the entrainment rate first 
increases and then decreases with further increases in 
protrusion height. They concluded that a particle with 
a high relative protrusion provides a shelter region for 
the adjacent sediment particles, which causes a 
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decrease in the entrainment rate. In these studies, the 
protruded particle is considered immobile, and more 
attention was focused on the transportation of 
underlying finer particles. However, Wiberg and 
Smith[4] found that the highly protruding particle is 
prone to dislodgement since a large proportion of the 
particle’s cross-sectional area is exposed to the 
turbulent flow, even for a poorly sorted sediment bed. 
Additionally, the dislodgement of a single coarse 
particle directly exposes the underlying sediment 
particles to the shear flow, which can further affect the 
transport rate. Hence, the dislodgement threshold flow 
condition of a single protruding coarse particle is 
fundamentally important. 

The influence of protrusion on the initial particle 
movement was recognised by Fenton and Abbott[5], 
who systematically studied the protrusion effect on the 
dislodgement threshold flow condition of an indivi- 
dual particle. Later, this idea was further investigated 
by Vollmer and Kleinhans[6] through analytical 
methods and by Chin[7], Coleman et al.[8] in laboratory 
experiments. These studies mainly considered particle 
protrusion as a critical factor to explain the data 
scatter in the theoretical Shields diagram. However, 
the distribution of the flow characteristics near the 
particle has received less attention. Cameron[9], 
Dwivedi et al.[10] presented experimental results about 
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the hydrodynamics near a protruding particle at the 
threshold flow condition.  In their experiments, the 
relative particle protrusion height /P d  was rela- 
tively low (i.e., / < 0.25P d , where P  is the protru- 
sion height over the top of the roughness bed, d  is 
the diameter of the protruded particle). According to 
the finding reported by Raus et al.[3], the near-bed 
flow regimes exhibited distinguishable behaviour 
above and below / = 0.40P d . Within the medium to 
high protrusion range ( / > 0.40)P d , the correlation 
between the affected flow characteristics and the 
entrainment of the protruding particle requires more 
investigation. 

The flow characteristics can provide fundamental 
information for estimating the threshold condition. 
Additionally, the role of turbulence cannot be neglec- 
ted. According to quadrant analysis, the  component 
of streamwise velocity u  and vertical velocity 
component v  can be classified into four types of 
turbulent events: outward interactions in the first 
quadrant ( > 0u , 0v  ), ejections in the second 
quadrant ( < 0u , 0v  ), inward interactions in the 
third quadrant ( < 0u , < 0v ), and sweeps in the 
fourth quadrant ( > 0u , 0v  ). Sweep, and ejection 
events were widely accepted as responsible for 
particle dislodgement since they contribute positively 
to the Reynolds shear stress[9-13]. However, Thorne et 
al.[14], Nelson et al.[15] and Cecchetto et al.[16] observed 
that the outward interaction is responsible for particle 
entrainment. The different conclusions indicate that a 
thorough understanding of the impact of turbulent 
bursts on particle entrainment remains elusive. One 
possible reason for such a variation might be the 
choice in previous studies of a single location for 
quadrant analysis. For example, Cecchetto et al.[16], 
Wu and Shih[17] observed outward interaction events 
at a location very close to the target particle, whereas 
Cameron[9], Dwivedi et al.[10] reported sweep events at 
0.5d  upstream the target particle. This factor is 
important when it comes to analysing the entrainment 
of a highly protruded particle, where the turbulent 
events around the particle have many variations[18]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

    The main objective of the current study is to 
conduct an experimental investigation of the flow 
characteristics near a high protruding particle  
( / > 0.50)P d  under the threshold flow condition 
associated with the entrainment of the protruded 
particle. The turbulent events around the particle are 
presented and their influence on the particle 
entrainment is discussed. 
 
 

1. Experimental setup and methods 
Experiments were carried out in a 12.00 m long, 

0.44 m wide recirculating flume, which has glass 
sidewalls facilitating visual observation and video 
recording. The water in the flume is recirculated by a 
water pump controlled electronically. A set of mesh 
grids is installed at the upstream inlet of the channel to 
suppress water surface undulations. A 4.5 m long 
roughness layer (i.e., the test section) is set up in the 
channel at 4.0 m downstream of the flow inlet to 
simulate the conceptualised natural bed roughness. In 
the roughened section, hemispheres with uniform 
diameters are installed with a compact hexagonal- 
packing pattern. A 1.2 m long reach made of 20 mm- 
30 mm natural gravels was installed upstream and 
downstream of the roughened section to smoothen 
flow transition. The schematic display of the experi- 
mental flume was presented in Fig. 1. 

A spherical particle is used in the present study to 
investigate the entrainment process of coarse grains 
over a rough bed. The term “target particle” is used to 
represent this particle hereinafter to avoid ambiguity. 
The target particle is made of carbon material, with a 
diameter of = 30 mmd  and a mass of 0.016 kg, 
resulting in a density of 1 137 kg/m3. In this study, the 
particle protrusion height P  is defined as the 
distance between the top of the target particle and the 
upper surface of the bed roughness spheres, as shown 
in Fig. 2. At the upstream face of the target particle, a 
customised 3D-printed device (i.e., the grey object in 
Fig. 2) was used to support the target particle. This 
support device comprised a hemisphere mounted on a 
cylinder with a diameter of = 40 mmD , which is the 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 1 Schematic drawing of the experimental set-up in the flume 
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same as the diameter of other surrounding bed rough- 
ness elements. The size of the mounted hemisphere is 
adjusted to create four different protrusion heights of 
the target particle, i.e., =P 16.0 mm, 18.0 mm,   
20.0 mm and 21.3 mm. Here, the relative protrusion is 
defined as the ratio of the protrusion height P  to the 
diameter of the target particle d . The support device 
facilitates the similarity of local geometry among 
different protrusions. In this way, the independent 
effect of protrusion height is ensured. It is worth 
mentioning that the local subsurface flow cannot 
maintain the similarity at different particle protrusion 
height. However, this variation is not considered as a 
vital factor because the present study focuses on the 
flow field above the bed roughness top. 

Two-dimensional particle tracking velocimetry 
(PTV) was used to measure the velocity field in the 
streamwise-bed-normal plane along the flume centre 
line. The observation window was focused on the 
region in the vicinity of the target particle during the 
entrainment process. Tracing particles with a diameter 
of 10 m were introduced to the water and illuminated 
by the light source, which includes a lightbox consis- 
ting of two boards and an LED light strip. A camera 
was located on the left side of the flume, at a distance 
of 1.5 m from the sidewall. The camera operated at a 
frame rate of 100 Hz. The captured images have a 
resolution of 1 40014 00 pixels and are processed 
with streams to generate instantaneous flow field. The 
calculation grid of flow field has a temporal resolution 
of 0.01 s and a spatial resolution of 1 mm. In the 
present study, the measurement coordinate system 
adopted the right-hand rule. The -x , -y  and -z

axes are streamwise, transverse, and vertical direc- 
tions. The origin of the coordinate system was at the 
centroid of the target particle located on the flume 
centreline, as shown in Fig. 1(a). The theoretical bed 
level was used to represent the hypothesised bed 
location for non-flat beds to take into account the 
effect of bed roughness. This value is set to be 0.20D  
beneath the top of the roughness elements, which 
follows Cameron[9], Dwivedi et al.[10], who deployed 
similar bed packing arrangements. Finely divided 
scales were attached to the flume sidewall for the 
measurement of water depth along the flume and to 

 
 
 
 
 
 
 
 
 
 
 
ensure flow uniformity. There were four rulers within 
the observation area three rulers at 0.5 m, 1.0 m and 
1.5 m upstream of the target particle, and one ruler at 
0.5 m downstream from the target particle. 

Prior to the commencement of an experiment, the 
target particle was placed at a pre-determined location. 
Then the flow rate was increased slowly at a constant 
rate until the target particle’s entrainment occurred. 
After each flow adjustment, the flow rate was kept 
constant for 10 s. Due to the consideration of flow 
stability, each flow measurement was conducted in  
10 s prior to the particle entrainment. For each protru- 
sion height, five entrainment experiments were 
conducted, resulting in 20 runs in total. The flow 
characteristics were the ensemble-average value of the 
five repeated experiments. For all experiments, a 
constant flow depth = 203 mmH  was maintained 

along the flume throughout each test run to avoid the 
low relative submergence effect reported by Rouzes et 
al.[19]. The summary of the flow conditions for 
different particle protrusions is shown in Table 1. The 
fluid Reynolds number avg( = / )Re u H    and the 

Froude number were calculated based on the uniform 
flow depth and PTV-measured flow velocity, which 
were also calibrated using the corresponding 
cross-sectional average values. The results indicate 
that the flow is subcritical and fully turbulent for all 
the tested runs. In the present study, the status of 
entrainment is defined as when the particle is 
completely dislodged from its setting pocket. Slight 
vibrations of the target particle may occur prior to 
entrainment in some (but not all) experiments. As the 
main focus of this study is the “complete” entrainment, 
any particle vibration/ oscillation that did not induce a 
subsequent complete dislodgement is beyond the 
current scope and not further analysed and discussed. 
 
 
2. Time-averaged flow characteristics 

In this section, four flow parameters are investi- 
gated, including the time-averaged streamwise 
velocity ( )u , time-averaged vertical velocity ( )v , 

turbulent kinetic energy (TKE) and Reynolds shear 
stress ( ) . TKE represents the turbulence level and  

 

 
 
Fig. 2 (Color online) The schematic diagram of particle setup. The orange circle, blank circle and grey shape indicate the target 

particle, bed roughness, and support device 
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reflects the energy extracted from the mean flow, as 
defined by Eq. (1). Reynolds shear stress potentially 
reflects the threshold entrainment condition and is 
defined by Eq. (2). 
 

2 21
TKE = ( + )

2
u v                                                       (1) 

 

= u v                                                                       (2) 

 
where   is water density, u  and v  denote the 

instantaneous streamwise and vertical velocity fluc- 
tuation, respectively, and the overbar indicates a 
time-average quantity. Both the spatial distribution 
patterns and the vertical profiles of the abovemen- 
tioned parameters are analysed. The former focuses on 
the parameter distribution along the flow direction and 
the latter is focused on the comparison of the vertical 
profiles between different protrusions. Papanicolaou 
et al.[20] classified the submergence of a particle 

/H D into high submergence ( / > 3.0)H D , inter- 

mediate submergence (1.0 < / < 3.0)H D  and low 

submergence ( / < 1.0)H D . According to this defini- 

tion, the target particle belongs to the high submer- 
gence range, which means that bed roughness has an 
insignificant influence on the near-surface velocity. 
Thus, the flow velocity in the upper region is 
reasonably homogenous (e.g., / = 3.000 - 5.000Z D ). 
As the main focal point of the present study is particle 
entrainment, the flow field in the near-bed region 
below / = 3.000Z D  ( Z  is the elevation from the 
theoretical bed level 0Z ) is presented and discussed. 

 
2.1 Spatial distribution of the mean flow parameters 

Figure 3 demonstrates the distribution of time- 
averaged streamwise velocity ( )u , time-averaged 

vertical velocity ( )v , TKE and Reynolds shear stress 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

( = )u v      in a vertical plane at the flume’s 

centreline for all four particle protrusion heights. The 
figure is arranged as a matrix of subplots; that is, each 
line displays the distribution of one variable (e.g., u ) 
for different protrusion heights, and each row displays 
the distribution of different variables for the same 
protrusion height. The coordinate system is norma- 
lised by the roughness height D . 

The first two rows of subplots in Fig. 3 show the 
spatial distribution of time-averaged streamwise ( )u  

and vertical velocity  ( )v , respectively. It can be 

seen that the protruded target particle provides a 
sheltered region (i.e., the recirculation zone) down- 
stream of the particle, wherein the streamwise velocity 
is obviously reduced. Above / = 1.5 - 2.0H D , the 
vertical velocity becomes negative, indicating that 
downward flow is commonly distributed in the upper 
region. In contrast, positive time-averaged vertical 
velocities tend to occur near the target particle, and in 
particular, the maximum values are concentrated at 
the upper corner and sheltered area, which indicates 
the occurrence of flow separation and recirculation, 
respectively. Since the particle is highly protruding 
from the surrounding roughness particles, the 
approaching flow climbs over the surface of the target 
particle. Comparing the data for different protrusion 
heights shows that although the general distribution 
patterns of u  and v  are similar, the magnitudes of 
both variables reduce with increasing particle protru- 
sion, provided that the bed arrangement regarding 
interaction with surrounding bed roughness elements 
is not altered. 

The subplots in the third row of Fig. 3 show the 
spatial distribution of the time-averaged TKE. A 
uniform pattern is observed upstream of the target 
particle. However, the value of TKE is higher above 
and downstream of the target particle. The zone of 
enhanced TKE starts from the top half of the target  

 
Table 1 Summary of test conditions 

 
 

/(m3s1) 
 

/mm 
 

 /mm 
 

/mm 
 

/mm 
  

/(ms1)

 
(103)

    

Case 1 0.028 203 30 40 16.0 0.53 0.31 25.4 978 0.0028 0.34 

Case 2 0.024 203 30 40 18.0 0.60 0.27 21.9 747 0.0160 0.30 

Case 3 0.022 203 30 40 20.0 0.67 0.24 19.9 597 0.0100 0.27 

Case 4 0.019 203 30 40 21.3 0.71 0.21 17.4 450 0.0060 0.24 

Note:  denotes flow rate,  is flow depth measured from  below the roughness elements,  is the diameter of the 

target particle,   is the diameter of the roughness spheres,   is the absolute protrusion height of the target particle 
measured from the roughness top,  is defined as the relative protrusion height,   is the cross-sectional average 

velocity calculated from the flow rate,   is flow Reynolds number,  is particle Reynolds number,  is Shields 

parameter and  is Froude number calculated based on  and .. 
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particle and extends further downstream for a distance 
of 1.25D  approximately. This distance only varies 
slightly for different protrusion heights, but the 
intensity drops significantly with increasing protrusion. 
Taking / = 0.53P d  as an example, in the near-bed 
region, the mean value of the TKE is roughly    
0.013 m2/s2 and the greatest value of TKE is    
0.027 m2/s2, which is located at the downstream side 
of the particle’s top. The TKE magnitude almost 
doubles due to the protrusion-induced turbulence (e.g., 
flow separation and recirculation). The observation of 
the high value of TKE downstream of the particle is 
generally consistent with the research of Lacey and 
Rennie[21], who used a cubic-shaped obstacle. As they 
suggested, the high value of TKE at the wake region 
of the obstructed object is related to the formation of 
the shear layer. 

The fourth row of Fig. 3 shows the spatial 
distribution of the time-averaged Reynolds shear 

stress = u v    . The main finding in this figure is 

that negative Reynolds shear stress occurs above the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

target particle. According to Eq. (2), Reynolds shear 
stress is proportional to the value of u v  . The 
occurrence of negative Reynolds shear stress indicates 
that the distribution of turbulent events around the 
target particle has changed, showing either ejection 
motions ( < 0u ,  > 0v ) or sweep motions ( > 0u ,

< 0v ). The variation of Reynolds shear stress is more 
directly related to both coarse-grained and fine- 
grained particles. This observation is discussed in 
detail in the later analysis of turbulent events around 
the particle regarding quadrant motion. Another 
finding is that the time-averaged Reynolds shear stress 
increases downstream of the target particle. The 
concentrated high Reynolds shear stress suggests the 
existence of a shear zone downstream of the particle, 
which is consistent with the observations of Lacey and 
Rennie[21], Lacey and Roy[22]. Taking / = 0.53P d  as 
an example, in the vertical direction, the shear zone 
exists between / =H D 0.5, 1.0 and is not attached to 
the bed; thus, the underlying roughness particles were 
sheltered. This result is consistent with the conclusion 
of Raus et al.[19] that the higher protrusion of the 

 

 

 
Fig. 3 (Color online) Spatial distributions of time-averaged streamwise velocity , vertical velocity , TKE and Reynolds 

shear stress  for different particle protrusion heights. The plane is located at the flume’s centreline. Flow 

direction from left to right 
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coarse particle has less impact on the entrainment of 
underlying fine particles. Comparing all four protru- 
sion heights shows that the negative stress zone 
around the target particle enlarges with increasing 
particle protrusion, and the general Reynolds stress 
magnitude also decreases in this process. More speci- 
fically, the positive Reynolds shear stress immediately 
downstream of the particle exhibits a more pro- 
nounced decrease with increasing particle protrusion 
than the general Reynolds shear stress. 
    Generally, the presence of the protruded particle 
disturbs the flow and turbulence distribution in the 
longitudinal direction. Therefore, seven locations were 
selected to analyse the vertical profiles of the flow 
parameters, i.e., / =x D 1.5, 1.0, 0.5, 0, 0.5, 1.0 
and 1.5. The negative sign denotes upstream locations 
with respect to the target particle, and the positive sign 
represents downstream locations. Those profiles are 
analysed in the following sub-section. 
 

2.2 Vertical profiles of time-averaged flow chara- 
cteristics 

    For the flow over a rough bed, the time-averaged 
streamwise velocity profile follows the logarithmic 
law at a lower region of the flow depth, as defined by 
Eq. (3) 
 

*

1
= ln +

s

u Z
Br

u k
 
 
 

                                                    (3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

where u  is the time-averaged velocity at vertical 
elevation Z ,   is the von Karman constant, taken 
as 0.4, *u  is shear velocity, which can be defined 

from a fitted logarithmic function, sk  is the rough- 

ness height, taken as D  in the present paper and Br  
is the constant of integration. The profiles of the 
time-averaged streamwise velocity at selected loca- 
tions are presented in Fig. 4. The time-averaged 
streamwise velocity profiles show a similar pattern at 
different particle protrusions. For each protrusion 
height, the profiles of the time-averaged streamwise 
velocity at different longitudinal locations collapse 
well above / = 1.0Z D . 

The logarithmic function (Eq. (3)) is used to fit 
the velocity above / = 1.000Z D , as shown by the 
red dashed line in Fig. 4. The velocity in the range of 
1.000 < / < 3.000Z D  fits well with the logarithmic 
law. The values of u   and Br  were found through 

the bi-square method. For four different protrusion 
heights ( / =P d 0.53, 0.60, 0.67 and 0.71), the values 
of u  are 0.040 m/s, 0.032 m/s, 0.030 m/s and  

0.028 m/s, respectively; the values of Br  are 7.25, 
7.80, 8.20 and 6.40, respectively. The value of 2R  is 
around 0.98 for each protrusion case, indicating a 
reasonable fitting result. Below / = 1.000Z D , the 
velocity profile deviates from the fitted logarithmic 
distribution at the near-particle region because of the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 4 (Color online) Vertical profile of time-averaged streamwise velocity at different locations along the flow direction.
axis is in logarithmic scale 
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influence of particle protrusion. With further distance 
downstream from the particle ( / = 1.5)x D , the 

impact of the particle protrusion becomes weak, and 
the velocity starts recovering to the logarithmic 
distribution. According to the research of Dey et al.[23], 
the recovery distance of the time-averaged velocity 
was roughly 8d , which is much larger than the value 
in the present study. It is obvious that the velocity has 
not been completely recovered at = 1.5x D  (Fig. 4). 
The limited observation window in the present study 
(with 3.0D  width in a streamwise direction ) makes 
it hard to decide the exact recovery distance of 
velocity, thus further investigation might be required. 
Since the present study is focused on the near-particle 
flow field, the discovery distance of the velocity is not 
considered here. Besides, the velocity profiles at 

/ =x D 1.5, 1.0 are quite comparable. This simi- 
larity reflects that the approach flow upstream of 

/ = 1.0x D  is steady and uniform for all the tested 
protrusion cases. It should also be noted that in Fig. 5, 
the flow velocity will not necessarily reduce to zero 
over the top of bed roughness particles (i.e.,  

/ = 0.200Z D ), to which the velocity measurement is 
truncated. Although it is usually assumed that the fluid 
velocity is zero/or approaching to zero at the solid 
boundary which is flat and non-slip, this rule seems 
not to be preserved if we consider the existence of a 
rough surface (see Fig. 4). A possible explanation is 
that a series of cavity flows occur between different  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

roughness particles, which complicates the velocity 
distribution at the surface along the centreline. This 
complication might be enhanced with coarser target 
and roughness particles. This phenomenon underpins 
the selection of 0.2D  beneath the roughness top as 
the theoretical bed level. 

In Fig. 5, the time-averaged vertical velocity 
profiles show negative values in the upper region of 
flow depth (approximately / > 2.000Z D ) but gra- 
dually increase to be positive towards the bed. The 
boundary between the upper and lower flow regions 
varies for different particle protrusions and horizontal 
locations without a clear trend. Comparatively, posi- 
tive vertical velocity tends to be more predominant 
when close to and immediately above the target par- 
ticle. The existence of positive time-averaged vertical 
velocity is different from the findings of Cameron[9], 
Dwivedi et al.[10], who used similar experimental 
setups but only observed negative vertical velocities. 
The main reason is that those studies used relatively 
small protrusion heights of the target particle ( /P d 
0.26) . Therefore, it is reasonable to conclude that the 

presence of a highly protruding particle changes the 
adjacent flow pattern more significantly than deeply 
embedded particles, especially in terms of vertical 
fluid motion. In the near-particle region ( / =x D 0.5, 
0, 0.5), the time-averaged vertical velocity reaches a 
maximum value at the particle’s top. However, with a 
higher protrusion height, the required vertical velocity  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 5 Vertical profile of time-averaged vertical velocity at different locations along the flow direction 
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component at the moment of entrainment reduces, 
indicating a less threshold for particle motion due to 
the reduced embedment. This reduction is in 
accordance with the reduction of the approaching flow 
strength at entrainment. 

As mentioned previously, the spatial distribution 
of time-averaged flow parameters is homogenous in 
the upper region of flow depth. This characteristic is 
also seen in the TKE distribution, where the influence 
of longitudinal location and protrusion height 
diminishes for / > 2.000Z D  approximately. In Fig. 
6, the vertical profile of the TKE at different longitu- 
dinal locations generally follows a similar pattern. The 
peak TKE value is located close to the particle top. 
Comparing the TKE distribution for different pro- 
trusion heights shows that, from / = 0.53P d  to 

/ = 0.71P d , the maximum TKE value decreases 
from 0.22102 m2/s2 to 0.1102  m2/s2, which is 
similar to the trends of flow velocities. This result 
indicates that the particle entrainment with a lower 
protrusion requires more turbulence energy and 
momentum to be transferred to the exposed particle. 
In general, although the near-bed TKE magnitude is 
enhanced due to the particle protrusion and the 
corresponding turbulence field, its maximum value is 
also highly related to the mean approaching flow 
velocity at the moment of entrainment. 

The vertical distribution of the time-averaged 
Reynolds shear stress is shown in Fig. 7. Except at the 
particle’s centre ( / = 0)x D , the vertical distribution 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pattern of the time-averaged Reynolds shear stress is 
similar to the trends of TKE. The extrapolation of 
Reynolds shear stress distribution is widely used to 
obtain the bed shear stress and is further used as an 
indicator for the threshold entrainment condition. 
Following this method, the threshold shear stress was 
derived from the linear extension of the profiles in the 
upper region to the theoretical bed (red dashed lines in 
Fig. 7). Approximately, the threshold bed shear stress 
was 0.90 N/m2, 0.55 N/m2, 0.45 N/m2 and 0.30 N/m2 

for / =P d 0.53, 0.60, 0.67 and 0.71, respectively. 
The threshold shear stress decreases as the protrusion 
height increases, as expected from previous  
research[5, 8] and also aligns with the analysis of 
previous variables in this study. However, it is found 
in Fig. 6 that Reynolds shear stress just above the top 
of the particle may turn either positive or negative and 
does not show a clear relationship with the protrusion 
heights (increases from Figs. 7(a) to 7(d)) or approach 
flow strength (decreases from Figs. 7(a) to 7(d)). In 
Fig. 7(d), Reynolds shear stress at / = 0x D  starts 
becoming negative at a relatively long distance above 
the particle, which is significantly different from other 
cases. This phenomenon indicates that Reynolds shear 
stress might not be the predominant factor deter- 
mining the initial movement of a highly protruding 
particle. As Reynolds shear stress is used to represent 
turbulent fluctuations in fluid momentum, the results 
in Fig. 7 indicate that the turbulent events at the 
particle top behave anomalously due to the flow 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 6 Vertical profile of time-averaged TKE at different locations along the flow direction
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separation and the corresponding flow field variation. 
More analysis in terms of those turbulent behaviours 
is needed. 

In summary, the protrusion of a coarse particle 
results in a substantial disturbance to the nearby flow 
field, but the extent of disturbance at the moment of 
entrainment is also dependent on the general flow 
strength, e.g., mean approaching flow velocity. Due to 
the presence of a protruded particle, strong turbulent 
events occur at the near region of the particle. 
Although it is obvious that threshold Reynolds shear 
stress decreases above and towards the particle, the 
lack of a clear relationship with particle protrusion 
suggests a more complex mechanism of particle 
entrainment. Therefore, the analysis of particle entrain- 
ment and the corresponding flow condition requires 
information on both general flow strength and 
microscopic structures. 
 
 

3. Turbulent events around the protruding particle 
    Further analysis of the near-particle turbulent 
events is conducted during the time before the instant 
of entrainment and focuses on the flow quadrant 
motions. The vertical location closest to the particle 
top is selected for the analysis of turbulent events. 
This location was chosen because strong turbulence 
was observed here (Fig. 6). Specifically, the vertical 
locations are / =Z D 0.625, 0.675, 0.725 and 0.775 
for / =P d 0.53, 0.60, 0.67 and 0.71, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    As described in the introduction, the velocity 
fluctuation in the streamwise direction u  and in 
vertical direction v  can be classified into four 
quadrants: outward interactions (Q1), ejections (Q2), 
inward interactions (Q3) and sweeps (Q4). In this 
section, the results of quadrant analysis at the same 
seven locations as used for the profiles are presented. 
Two parameters were usually used to characterise the 
quadrant events: the fraction of the shear stress in the 

thi  quadrant, 
,
F
i H

S  , and the duration factor of the ith 

quadrant, 
,
F

i H
T  . The former indicates the relative 

contribution of the turbulent events to the Reynolds 
shear stress, and the latter is used to assess the 
predominant quadrant during a specific time. The 
following equations define these parameters: 
 

, ,=1

1
= ( , )

Nf
i H i Hi

T I u w
N

                                               (4) 

 

, ,=1

1
= ( , )

Nf
i H i Hi

S I u w
Nu w

 
                                        (5) 

 

where = 1,2,3,4i  represents the quadrant number, 
N  is the total number of the velocity data during the 
study period, u and w denote the temporal fluctuation 
of streamwise and vertical velocity, respectively. The 
variable ,i H

I   on the right-hand side of Eqs. (4), (5) is 

a function that can expressed as: 

 

 
 
Fig. 7 (Color online) Vertical profile of time-averaged Reynolds shear stress along the flow direction 
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Fig. 8 (Color online) Duration factor in longitudinal direction of top particle region 
 

 
 
Fig. 9 (Color online) Shear stress faction at the particle top 
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, ( , ) = 1
i H

I u w   if rms rmsu w Hu v                              (6a) 

 

, ( , ) = 0
i H

I u w   otherwise                                         (6b) 

 
where rmsu  and rmsv  are the root mean square (rms) 
values of the streamwise and vertical velocity fluc- 
tuations, respectively. H  is termed the hole size, 
which can be used to eliminate insignificant velocity 
fluctuations. The value of hole size H  varied in 
different studies[16, 18, 23]. Here, for the aim of com- 
parison with previous entrainment experiments with 

similar setups[9-10], = 0H  was applied. Generally, 
the function 

,i H
I   is used to trigger cumulative mea- 

surements based on the judgement of the turbulence 
fluctuation at each moment in a specific duration. The 
duration factor and fractional shear stress are pre- 
sented in Figs. 8, 9, respectively. 

From Fig. 8, the longitudinal distribution of the 
duration factors at different particle protrusion heights 
is shown. At the upstream locations ( 1.5 < / <x D

0.5)  and downstream locations (0.5 < / < 1.5)x D , 
the sweep turbulent events (Q2) and ejection events 
(Q4) are predominant (comprising approximately 
60-70 percentage of the total turbulent events). More 
specifically, sweep events are predominant upstream 
of the target particle, while ejections and sweep events 
are comparable downstream of the particle. This result 
is consistent with findings from previous studies in 
which the turbulent events around large spherical 
roughness were investigated[18, 23]. At the upstream 
particle region, the occurrence of sweep events is less 
frequent as particle protrusion increases, whereas the 
relative duration of inward interactions slightly in- 
creases with increasing particle protrusion. In contrast, 
in the downstream region, the relative duration of each 
turbulent event remains similar for different particle 
protrusions. The occurrence of each turbulent event 
seems to be comparable and shows no specific trend 
between different particle protrusions at / = 0x D . 
Nelson et al.[15], Papanicolaou et al.[24] showed that 
ejections and sweep events have a high probability of 
occurrence in the flow over a uniformly sized rough 
bed, which is observed at upstream and downstream 
locations. This result suggests that the approaching 
turbulent flow is well developed. However, at the near 
particle region, the protruding particle causes the 
redistribution of turbulent events. While approaching 
the particle top, the outward interaction (Q1) and 
inward interaction (Q3) become predominant, and the 
ejection (Q2) and sweep (Q4) events have less occu- 
rrence compared to Q1 and Q3. This phenomenon can 
be clearly seen at the particle top ( / = 0)x D . 

In Fig. 9, the shear stress fraction of each qua- 
drant is comparable at both downstream and upstream 
regions for different particle protrusions. Although 
ejection events are less frequent than sweep events, 
the relative contribution of these two events to the 
Reynolds shear stress is roughly the same. Upstream 
and downstream of the target particle, the sweep and 
ejection events positively contribute to the Reynolds 
shear stress, and the outward and inward interactions 
negatively contribute to Reynolds shear stress. In 
contrast, the contribution of each quadrant event to the 
shear stress are reversed near the particle. This finding 
is because the averaged Reynolds shear stress is 
negative at the particle top. It is also observed that the 
positive and negative fractions tend to negate each 
other at the particle top, which explains the low 
Reynolds shear stress at this location. These results 
reveal that the particle protrusion leads to a variation 
of turbulent event distribution at the near particle 
region. If the quadrant analysis was conducted at a 
single location, the role of turbulent events on the 
particle entrainment might be misunderstood. Thus, 
caution needs to be exercised when linking local 
quadrant events to particle entrainment. 

Nelson et al.[15] found that the flow velocity 
measured approximately 0.1 s before particle entrain- 
ment is highly correlated with the particle entrainment. 
On that basis, the velocity measurement during the  
0.1 s before entrainment in this study is used to 
identify the representative turbulent event. For this 
analysis, the data of repeated experiments were 
combined to ensure the reliability of statistics. Figure 
10 presents the relative occurrence of turbulent events 
associated with particle entrainment along the longi- 
tudinal direction. 

As shown in Fig. 10, inwards interactions and 
ejections rarely occurred at upstream locations 
compared to outward interactions and sweep events. 
The occurrence of sweep events decreases at the 
near-particle region, whereas the occurrence of 
outward interactions increases at this region. The main 
finding here is that the outward interaction events, 
which are less frequent on average (roughly 20% of 
the total events, see Fig. 8), have a higher occurrence 
during particle entrainment. In contrast to the present 
result, Cameron[9], Dwivedi et al.[10, 25] found that 
outward interactions were less frequent compared to 
sweep events in their entrainment experiments. Sweep 
events feature high-speed fluid being directed down- 
wards towards the target particle, resulting in 
“Bernoulli” lift compared with outward interactions. 
The particle protrusion has a range of [0,0.25]   in 
the experiments of Cameron[9], Dwivedi et al.[10, 25], 
which is much lower than the values in present study. 
While the target particle highly protrudes over 
surrounding particles in the present study, the  
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approaching flow tends to climb over the obstruction 
(Fig. 3) and cause vertical acceleration of fluid. As a 
result, it can be expected that the outward interaction 
event occurs more frequently than in the cases with 
less protrusion heights. The outward interactions 
correspond to the negative Reynolds shear stress. Near 
the target particle, the predominance of outward 
interactions during particle entrainment indicates that 
the low Reynolds shear stress may not be entirely 
responsible for particle dislodgement. However, 
Cecchetto et al.[16] noted that outward interactions 
were also important for particle dislodgement, espe- 
cially when other moving particles are around the 
target particle. They also mentioned that the Bernoulli 
principle does not entirely explain the vertical forces. 
Outward interaction events associated with upward 
vertical velocities also provide drag-based vertical 
forces[9]. Overall, outward interactions and sweep 
events have positive streamwise velocity fluctuation, 
corresponding to the strong drag force exerted on the 
target particle[26-27]. Thus, the drag-based mechanism, 
different from the Reynolds shear stress associated 
with the strong velocity gradient, may contribute 
significantly to particle entrainment under the present 
experimental conditions. This result also suggests that 
the threshold Reynolds shear stress may not accurately 
predict the entrainment condition of a highly pro- 
truding particle. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 

The disturbance to the flow field caused by an 
exposed coarse particle is crucial for analysing the 
particle’s entrainment condition. The experimental 
results in this study show that the particle protrusion  
leads to a substantial change of the nearby flow 
characteristics; in turn, the change of the near-bed 
flow characteristics influences the entrainment of the 
protruded coarse particle. The main findings are 
summarised as follows: 
    (1) Within the tested protrusion range (0.53 <

/ < 0.71)P d , the distribution of flow characteristics 
exhibits a considerable degree of similarity between 
different protrusion heights. However, the magnitude 
of flow parameters at entrainment is dependent on the 
approach flow strength at that instant, which is 
inversely proportional to the protrusion height. 
    (2) At the near-particle and downstream locations, 
the vertical profiles of time-averaged streamwise 
velocity deviated from the logarithmic law due to the 
protrusion of the target particle. Upward flows are 
generally observed in the near-bed region, with peak 
time-averaged vertical velocity occurring above the 
protruded particle. 

(3) TKE values are high above the protruded 
particle, which is consistent with the presence of the  
 

 

 
 

Fig. 10 (Color online) Relative occurrence of entrainment events at the particle top 
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protruded particle leading to strong momentum 
transfer. A separated shear zone forms downstream of 
the target particle. 

(4) Low Reynolds shear stress was observed 
above the protruded particle for all the tested pro- 
trusion heights. Counter turbulent events (i.e., out- 
wards interactions and inward interactions, and 
sweeps and ejections) tended to annul each other at 
the near particle region, leading to a reduction of 
Reynolds shear stress. 
     (5) The turbulent events associated with entrain- 
ment showed the prevalence of outward interactions 
(Q1) and sweep events (Q4). This finding indicates 
that the drag force associated with strong longitudinal 
velocity may play an important role in the initial 
dislodgement of protruded particles. It further 
suggests that shear stress may not accurately predict 
the threshold entrainment condition. 

It should be noted that a simplified regular bed 
arrangement was used in this study to enhance 
understanding of the effect of particle protrusion on 
the nearby flow field. More investigation using 
naturally distributed sediment particles under 
laboratory situations is recommended. Despite the 
qualitative nature of the current findings, the general 
trend of entrainment mechanism for different pro- 
trusion heights is discovered, which facilitates the 
further derivation of quantitative formulas when wider 
parameter ranges become available. Another limi- 
tation of this study is that the lateral flow structure 
still remains unknown. With the existing experimental 
setup, the particle entrainment primarily follows the 
longitudinal and vertical direction. Such particle 
movement process indicates that the two-dimensional 
PTV is appropriate for the current situations. However, 
three-dimensional flow structures should be examined 
for more complex scenarios in which entrainment 
requires significant lateral movement, e.g., with 
different alignments of downstream particles. 
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