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Abstract. Triangular channel sections are the most used one among others while transmitting surface water from urban passages, roads as well as bridges. Deposition of sediment inside this channel section reduces the flow cross section area and increase the flow roughness which causes reduction of flow discharge passing through the channel. Considering current limited experimental investigation and lack of numerical data, performing such an experimental research in this field can be helpful to find out the most fundamental concepts of sediment transport in these channel sections. This research studies conditions of incipient motion velocity in open channel flow with isosceles right triangle section by using physical modelling and dimensional analysis. In this study 10 sizes of non-cohesive sediment particles e.g. d50= 0.21, 0.35, 0.71, 1, 1.6, 2.68, & 4.06mm and some road/concrete aggregate material size of d50= 5.55, 7.93 & 11.11mm have been tested. Herein, the incipient motion condition for each particle size is examined. Using the analysis of experimental results, one graph is drawn and a unit equation is obtained based on the critical velocity approach for calculating incipient motion velocity of sediment particles. The derived equation is compared with other incipient motion equations in rigid boundary channels. It shows that section of the channel has a significant impact on incipient motion of sediment particles. This is clearly reveals the effect of cross sectional shape on sediment transport in rigid boundary channels highlighted by Mohammadi, (2005). The present data set may also be useful for the modelling and design of fixed bed channels with a limited deposition condition.
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1. INTRODUCTION
Channels are one of the important man-made structures provided during human history. This is due to the fact that they carry water from sources to the consumers and this transmission process is inevitable to supply human demands for water resources. Moreover, channels are used to direct surface water from civilized towns to rivers and dams. Excessive deposition of sediment in surface waters gathering channels is a major problem in all over the world. Poor quality of the collected surface water, water supplies damage, sedimentation in channels and reservoirs, etc are the reasons that show the necessity of understanding the processes of sediment transport in channels. Incipient motion is an important parameter in sediment transport models in rigid boundary channels. These models were developed based on self-cleansing velocity. Incipient motion models in rigid boundary channels differ from incipient motion models in loose boundary channels. Generally, incipient motion equations in loose boundary channels predict more critical velocity than incipient motion equations in rigid boundary channels (Safari et al., 2011). Butler et al. (1996a&b) proposed a suitable sediment transport model in sewers using the incipient motion equation of Novak & Nalluri (1984). There are some more works in literature for the subject investigated by ASCE (1966), Mayerle (1988), Loveless (1992), and others.

2. INCIPIENT MOTION IN RIGID BOUNDARY CHANNELS 

Critical velocity ([image: image2.png]Ve



) or shear stress [image: image4.png](7,



) is normally used to describe the incipient motion of sediments in both rigid and loose boundaries.

2.1. CRITICAL VELOCITY APPROACH
Craven (1953) studied conditions for the initiation of motion for sediment particles in pipe flow. The conclusion was that the designer must ensure:
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(1)
where, Q is the flow discharge, D is the diameter of the pipe channel, d is the sediment particles median size, g is the acceleration due to the gravity and s is the sediment relative density. For circular channels, equation (1) can be rearranged as:
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where [image: image9.png]


 is the critical velocity. 

Novak & Nalluri (1975) carried out experiments in free surface flumes with rectangular and circular cross sections and proposed:
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where: R is the hydraulic radius, a and b depend on the bed characteristics and whether there are single or touching particles.

Novak & Nalluri (1984) proposed the following equation based on experimental works in circular and rectangular channels using different sizes of non-cohesive sediments:
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El– Zaemey (1991) conducted experiments in a circular channel having a flat rigid bed utilizing several sizes of non-cohesive sediments and obtained the following equation:
[image: image16.png]
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Ab Ghani et al. (1999) carried out other sorts of experiments. The experiments were conducted to study the effects of sediment deposit thickness on the incipient motion of particles in a rigid rectangular channel. The results showed that the deposit thickness significantly affects the channel ability to erode the sediment deposits. Following equation was then proposed:
[image: image18.png]









(6)

Using experimental data given by Mohammadi (2005), Safari et al. (2011) studied on incipient motion in rigid boundary channels in a V-shaped bottom channel and proposed following equation:
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2.2. CRITICAL SHEAR STRESS APPROACH
Ippen & Verma (1953) investigated the motion of discrete particles along a fixed bed covered with uniform sand. Experiments were conducted in a rectangular flume. A curve was suggested to identify the effect of all variables involved in the incipient motion. To bring all points on their plot approximately to Shields line, the following empirical relation was suggested:
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where [image: image24.png]


 is the mean bed shear stress, ρ is the fluid density, [image: image26.png]


 is the particle Reynolds number, [image: image28.png]


 is the sub-layer thickness and [image: image30.png]


 is the overall Nikuradse equivalent sand roughness. Mohammadi (2005) carried out a research in the field of incipient motion condition in rigid boundary channels, based on the critical shear stress approach. Sediment incipient motion experiments were conducted in two types of V-shaped bottom channels. It was found that a simple relationship between two parameters, [image: image32.png]


 and the dimensionless critical shear stress, [image: image34.png]t.(=1./pg(s — 1)d



), best describes the phenomenon. Following equations were then obtained for the V-shaped bottom channels:
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herein sand size of d50=0.87mm and gravel size of d50=7.72mm were used, respectively.

3. EXPERIMENTAL APPARATUS AND METHODOLOGY

3.1. APPARATUS
The experiments were carried out under uniform flow conditions in a 15m long glass-walled rigid tilting flume having a working cross section of 300 mm wide 500 mm deep. The flume rotated about a central pivot and was supported by two hydraulic jacks which formed part of a motorized slope control system. Experimental channel were built inside the flume. It was made from glass with a cross section of isosceles right triangle (see Fig. 1). The present experiments are carried out on a tilting long flume of the Faculty of Eng., The University of Urmia.
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Fig. 1: Cross sectional shape of the experimental channel
The sediments used were non-cohesive and uniform with sizes ranging from 0.11 mm to 11.11 mm which are commonly found in the surface water gathering channels (see Fig.2). Water discharges were measured by an ultrasonic flow meter (namely, UF5000).
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Fig. 2. Non-cohesive and uniform sediment sizes
3.2. THRESHOLD CONDITION MEASUREMENTS FOR SEDIMENT PARTICLES
A series of tests was carried out for 10 sizes of materials, sand sizes of d50=0.21, 0.35, 0.71, 1, 1.6, 2.68, 4.06mm and road/concrete aggregate sizes of d50=5.55, 7.93, 11.11mm. In this purpose, total of five channel bed slopes were managed (e.g. 0.1%,0.15%, 0.2%,0.3%, 0.4%). For each channel bed slope, a discharge was set and then the uniform flow established by adjusting the downstream tailgate. The threshold condition was then studied visually as well as using a sand trap prepared on the downstream end of falling water flow. It was done by increasing the flow discharge in 1 lit/s increments. When the threshold condition occurred, the discharge and slope were then recorded. Previously, obtained stage-discharge results are used to estimate the corresponding normal flow depths.

4. ANALYSIS
The general version of function used by Novak & Nalluri (1975 & 1984), El-Zaemey (1991), Ab Ghani et al. (1999) and Safari et al. (2011), for incipient motion in rigid boundary channels, as given in equations (3-7), is like below equation:
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By adding results of experiments on the chart that its axes are two dimensionless parameters (d/R versus [image: image43.png]./ gdls — 1)



),and curve fitting from points, a new equation drives for incipient motion of sediments in isosceles right triangle section channels (see Fig. 3).
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Fig. 3. Results of experiments and new equation for incipient motion
As it can be seen in Fig. 3, with utilising all new data the following equation is then derived:
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In Fig.4, equation (12) that obtained from experimental data is compared with incipient motion equations in rigid boundary channels namely, Equation (4) of Novak & Nalluri (1984), Equation (5) of El-Zaemey (1991), Equation (6) of Ab Ghani et al. (1999) and Equation (7) of Safari et al. (2011).
It can be seen that there is a little difference between results of this research and other investigations. The main reason for these differences, is the difference in the definitions of incipient motion among researchers and the present section of the channel. In comparison of incipient motion equations in rigid boundary channels, Equation (12) of present study predicts the highest and Equation (4) of Novak & Nalluri (1984) predicts the lowest critical velocity. Also from Fig. 4, it can be seen that nearest prediction of incipient motion to this study, is equation (7) given by Safari et al. (2013) and that is because of the same method of the experiment as well as the near sections.
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Fig. 4. A comparison of Equation (12) with incipient motion equations.
5. CONCLUDING REMARKS
On the basis of the described previous sections the following results are derived:

1. Equation (12) proposes for computing the incipient motion critical velocity of flow in isosceles right triangle section rigid boundary channels (e.g. roadside channels).

2. A comparison of incipient motion equations in rigid boundary channels, Equation (12) predicts the higher and Equation (4) of Novak & Nalluri (1984) equation predicts lower value of critical velocity.

3. A nearest prediction of incipient motion to the present study, is equation (7) given by Safari et al. (2013).

4. In comparison of experimental channel section with other channels, it can be seen that the channel cross section has a significant impact on incipient motion of sediment particles.

5. In channels with isosceles right triangle section, because in the proximity of bottom, walls are close together, there is a very weak flow passing, so in order to reach incipient motion of sediment a higher velocity is needed.

6. The present data set presented in this research work may be useful for the modeling an design of fixed bed channels with a limited deposition condition.
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