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effects of the surface roughness and favourable pressure gradient tends to increase the 

turbulence intensity in a region close to the bed at 0.2 < y/h < 0.4. Then, in the rest of the 

outer layer (y/h > 0.4) NZPG data indicate to be less turbulent that FPG ones. This could 

be because of the tendency of the flow to be re-laminarized due to the favorable pressure 

gradient effect. The maximum deviation of the FPG from NZPG occurs near the free 

surface around y/h = 0.9. Figure 4.24(b) also represents that from the channel bed up to 

about y/h ˂ 0.2, turbulence intensity decreases gently and then increased slightly up to 

about y/h ˂ 0.4, then keep decreasing up to the free surface. In addition, from both 

Figures 4.24(b) it can be noted, that the roughness effect is more effective than FPG 

effect in case of increasing in uRMS. It can be conclude from these two Figures that the 

streamwise turbulence intensity of the rough FPG flow is faced with a systematic 

deviation from the smooth FPG flow for the entire depth.  
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Figure 4.24 Streamwise turbulence intensity in (a) inner scaling and (b) outer 

scaling for the FPG flow over rough and smooth beds. 
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decreases slightly towards the free surface. The most important aspect of this figure is 

that the vertical turbulence intensity is significantly affected by favourable pressure 

gradient. This could be related to the existence of non-zero wall-normal velocity, which 

produced a downward velocity (Song and Chiew, 2001). One can note that the surface 

roughness increases the vertical turbulence intensity and causes a right side shift in the 

profiles. The maximum deviation of the vertical turbulence intensity due to the roughness 

is about 30%, while the deviation due to the pressure gradient changes from zero to 60%. 

Therefore, it can be noted that combined effects of the surface roughness and FPG will 

enhance turbulence productions. From Figure 4.25 and Table 4.2 it can be seen that for 

rough FPG cases even any small increase in ks
+
 (3%) can amplify the vertical turbulence 

intensity. In addition, from y/h = 0.6 towards the depth, the free surface effects dominates 

over pressure gradient and roughness effects therefore, vertical turbulence intensity 

slightly decreases. 

 

Figure 4.25 Vertical turbulence intensity in the outer scaling, for FPG over rough 

and smooth beds. 
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4.4.1.3 Reynolds Shear Stress 

The Reynolds shear stress distributions in outer variables for the rough FPG open 

channel flow are shown in Figure 4.26. This figure includes NZPG velocity profile at 

section L5 over rough bed as well as a FPG velocity profile over a smooth bed. In Figure 

4.26, the magnitude of the Reynolds shear stress has a small value close to the bed. At y/h 

 0.3, vu   increases until it reaches a maximum at around y/h ≈ 0.4 and decrease non-

linearly towards the free surface. This trend agrees well with the gradually accelerated 

data by Song and Chiew (2001). In order to discuss the surface roughness effect, the 

smooth bed FPG profiles will be compared with the rough bed profiles. It can be seen 

from Figure 4.26 that the rough profiles are shifted to the right side with higher 

magnitude of the Reynolds shear stresses due to the roughness effect. For the test station 

L2, the value of ks
+
= 65.8 which is slightly higher than the value obtained in test station 

L3 (ks
+
 = 64.8). The higher ks

+
 values of station L2 lead to higher values of the Reynolds 

shear stress in station L2 compared to station L3. A small increase of in the ks
+
, therefore 

result into 20 % - 32% increases in the Reynolds shear stress. In addition, a comparison 

between the rough NZPG profile and the rough FPG profile shows that the Reynolds 

shear stress for the rough NZPG decreases towards the free surface. However, the 

combined effects of the surface roughness and FPG will increase the Reynolds shear 

stress in the region 0.25 < y/h < 0.45. The reason is that the local wall shear stress 

decreases as flow accelerate. The occurrence of the maximum shear stress above the bed 

in FPG flow appears to be in contrast with the conclusion one may infer from Eq. (2.14). 

According to this equation, regardless of the types of the bed (smooth or rough), the bed 

shear stress τw should be higher than the Reynolds shear stress due to the negative 
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pressure gradient (∂P/∂x ˂ 0); therefore the maximum shear stress should form near the 

bed.  

  

Figure 4.26 Reynolds shear stresses profiles subject to smooth and rough FPG. 

4.4.2 Adverse Pressure Gradient Over Rough Open Channel Flows 

The combined effects of the roughness and adverse pressure gradient on the open 
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profiles of the mean velocities of rough APG flows are located on the left hand side of 

the rough NZPG and smooth APG profile. The combined effects of APG and roughness 

are to further reduce velocity (U) consistent with the flow deceleration. Similar results 

was reported by Yang and Chow (2008) and Tsikata and Tachie (2013). Velocity defect 

profiles are plotted and presented as an inset in Figure 4.27. The APG and rough NZPG 

defect profiles deviate from the smooth APG profile for the (0.1 < y/δ < 0.8). All of the 

rough profiles are shifted downward, which indicates that the roughness effects dominate 

over the pressure gradient effect. In addition, surface roughness shows its effects very 

clearly on the range y/δ < 0.7, especially in the near wall region. The APG profiles fall in 

between the smooth APG and Rough NZPG deducing that the roughness decreases the 

magnitude of the velocity deficit while the APG increases it. Close to the free surface 

(y/δ > 0.9) all effects are absorbed by the selected length and velocity scaling. 

The distributions of the streamwise mean velocity in the inner coordinates for the 

rough APG open channel flows are displayed in Figure 4.28. All rough APG profiles 

agree with the classical log-law in the range of 300 < y
+
 < 800. However, for the test 

station L8, which has the lowest value of Π (~ 0.464), the log-law region seems to be 

extended 200 < y
+
 < 1500) and the wake region is slightly smaller than that for other 

rough APG profiles. Two important aspects can be discussed separately in Figure 4.27. 

First, all rough APG profiles deviate to a downward shift from the presented smooth 

APG profile. This phenomenon is expected due to the significant value the roughness 

function (ΔU
+
 = 15), which represented in Equation (2.10). In comparison, with the 

smooth wall APG data, the rough wall APG profiles show smaller wake region. The 

reason might be due to the smaller values of Π for rough APG (1.25, 1.92, and 1.47 for 
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L7, L8, and L9 respectively) in comparison with those for rough APG (0.604, 0.464, and 

0.643 for L7, L8, and L9 respectively). The second aspect is that the NZPG profile is 

located above the APG profiles, which indicates a consist increase of the friction velocity 

with adverse pressure gradient (see Table 4.2). The NZPG mean flow velocity profiles 

seems to follow the standard logarithmic trend in the region 30 < y
+
 < 400, and APG 

effects shift this region to approximately 300 < y
+
 < 1000. Figure 4.28 and Table 4.2 

represent changes in the profiles due to the combine effects of the APG and roughness 

effects. These changes can be seen for different parameters such as u
*
, Π, ks

+
. For 

example, from the smooth NZPG flow to smooth APG, the friction velocity increases 

about 5%, while it increases about 24% from the rough NZPG flow to the rough APG 

flow. It also can be seen that, the combined effects of roughness and APG, cause the log 

region to be extended and makes the wake region smaller. 

 

Figure 4.27 Streamwise mean velocity and the velocity defect profiles for the 

APG flow over a rough bed. 
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Figure 4.28 APG velocity profiles over smooth and rough bed. 

4.4.2.2 Turbulence Intensity 

4.4.2.2.1 Streamwise Turbulence Intensity 

The effects of roughness and APG on the streamwise turbulence intensities are 
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increases in the range of 0.05 ˂ y/h ˂ 0.3. However, in the smooth APG flow streamwise 

turbulent intensity increases in a smaller range of 0.05 ˂ y/h ˂ 0.2. The test station L9, 

which is located at 5.6d from the decelerating bed slope (Reθ = 9461), seems to be more 

turbulent in the region 0.4 > y/h > 1.0. This is due to the higher depth of the flow in this 

0 

5 

10 

15 

20 

25 

30 

35 

1 10 100 1000 10000 

U
+
 

y+ 

R-NZPG-L5 
S-APG-L8 
R-APG-L7 
R-APG-L8 
R-APG-L9 
Log-law 

ΔU
+
=1

5 



 

84 

station in comparison with other stations and also the highest value of ks
+
 (~ 100) which 

obtained for this station. It can be conclude from Figure 4.29(a and b) that streamwise 

turbulence intensity is higher thought the flow for rough APG case in comparison with 

the smooth APG and rough NZPG, and the maximum deviation takes place in the outer 

region where the peak values of turbulence intensities occur. The results obtained for the 

pressure gradient parameter (β) in the case of rough APG show that the flow conditions is 

non-equilibrium as β varies from 0.94 to 0.77 along the decelerating ramp. This condition 

may results a non-linear distribution of turbulence intensity for rough APG flow as it can 

be seen in Figures 4.29(a) and (b). 
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Figure 4.29 Streamwise turbulence intensity profiles in (a) inner and (b) outer 

scaling, over smooth APG flow. 
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station profiles of Figure 4.30 show that, the vertical turbulence intensity decreases 

almost linearly trough the depth towards free surface. The near bed region is very 

important zone of open channel boundary layer flow in terms of turbulence production. In 

Figure 4.30 the vertical turbulence intensity is higher throughout the flow for all rough 

APG cases. The test cases L7 (at 3.2h) and L8 (at 4.2h), have almost the same values of 

ks
+
; 89.8 and 89.5 respectively, thus their profiles overlap each other. However, the test 

case L9 (at 5.6h), which has the largest value of ks
+
 (= 100), deviates further from the 

smooth APG profile, and seems to be more turbulent. This value of ks
+
 accompanying 

with the APG generate more turbulence in station L9. Moreover, Figure 4.30 shows that 

the maximum deviation of vertical turbulent intensity of the rough APG flow from the 

smooth ones is in the region (y/h < 0.5). However, close to the free surface, the vertical 

turbulence intensities for all APG flow cases tend to attain similar constant value. 

Overall, Figure 4.30 reveals that for open channel flow, although values of vertical 

turbulence intensity for rough NZPG and smooth APG flows are approximately similar, 

but the combine effects of the roughness and APG significantly increase the turbulence 

level in the entire depth. 
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Figure 4.30 Vertical turbulence intensity in outer scaling, for APG over a rough 

surface.  

4.4.2.3 Reynolds Shear Stress 
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2
 and the vertical axis scaled with total depth (h) are shown in Figure 4.31. 

Recently, Tsikata and Tachie (2013) reported that the Reynolds shear stresses are 

substantially larger over rough walls compared to these on the smooth walls in turbulent 

boundary layer. For decelerating flows over rough surfaces, the Reynolds shear stress 

profiles have a convex shape in the region 0.2 > y/h > 0.4 as shown in Figure 4.31. The 

maximum value of the Reynolds shear stress is observed at y/h ~ 0.3. A gradual decrease 

of the Reynolds shear stress is observed close to the free surface. It can be noted from 

Figure 4.31 and Table 3.2 that, as Reθ increases from 7935 for station L7 to 9461 for the 

station L9, respectively. The Reynolds shear stress profiles of the smooth APG and rough 

0 

0.02 

0.04 

0.06 

0.08 

0.1 

0.0 0.2 0.4 0.6 0.8 1.0 

v
R

M
S
/U

e 

y/h 

R-NZPG-L5 

S-APG-L8 

R-APG-L7 

R-APG-L8 

R-APG-L9 



 

88 

NZPG shows similar distribution through the depth, however, the combination of the 

roughness effect and APG effect, generated higher values of the Reynolds shear stress. 

  

Figure 4.31 Reynolds shear stresses subject to FPG for smooth surface. 
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Buschmann and Meinert (1999) is used. The reason for choosing this approach is that this 

method is independent of Reynolds number and would be appropriate for use in 

determining the friction velocity in smooth open channel flows, especially when there is 

no data obtained in the viscous sub layer (Balachandar et al. 2002). In this method, a plot 

of Ln(u) versus Ln(y) was provided and the best fit line was found.  

                (4.2) 

The constants αL and β can be found from the selected fit line. Then below 

equations were used to find the friction velocity and power-law constants. 

   
      

   
      (4.3) 

       
            

    
     (4.4) 

Using the determined friction velocity, U
+
 versus y

+
 was plotted and then the best 

power trend was found for the plot. The computed constants C and α for the power-law 

Eq. (2.25) for all smooth test cases are listed in Table 4.3. The data of this Table for the 

case of NZPG can be compared with the results of Tachie (2001) which determined for 

two cases of smooth flat plate experiments. In the case of the formulation proposed by 

George and Castillo (1997) which he applied, the constants C and α found to be 8.8 and 

0.133 respectively. These values are very close to the average values of C and α which 

have been found for the data of this study. With the formulation proposed by Buschmann 

and Meinert (1999) which is used in this study, the average values of C and α (for three 

test stations L4, L5 and L6) found to be 9.17 and 0.129 correspondingly. 

Figures 4.32(a, b and c) show the velocity distributions in terms of inner 

coordinates for three NZPG experiments over a smooth surface OCF. The corresponding 

fits to the power-law and logarithmic law (κ = 0.41 and B = 5.1) are also shown in these 
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figures for comparison. For all three test stations considered on the smooth surface (L4, 

L5, and L6), the power-law formulation shows wider range of velocity profile in the 

overlap region (50 < y
+
 < 300) than log-law. With the coefficients obtained for the NZPG 

flow over the smooth surface (see Table 4.3), equation (2.25) for the test stations L4, L5, 

and L6 found to be U
+
=7.97y

+0.1514
, U

+
=8.83y

+0.1338
, and U

+
=10.32y

+0.1042
, respectively. 

As it can be seen from the Table 4.2, as Reθ decreases, the values of the constant C 

increases, however the constant α decreases. By the averaging of the constant values  C 

and α) it can be found a general power-law velocity profile for all three NZPG test 

stations as: 

                  (4.5) 

Figures 4.33(a, b, and c) present the mean velocity profiles for three test stations 

(L1, L2, and L3) over a smooth FPG using inner coordinates, as well as the matching 

power-law fit and the classical log-law. It should be noted that for all three Figures 

4.33(a, b, and c) due to the existence of the small wake region, both power-law and log-

law show an extended overlap region. In addition for the test station L3, it is difficult to 

distinguish power-law from the log-law in the overlap the most part of the outer region. 

With the coefficients obtained for the FPG flow over the smooth surface (see Table 4.3), 

equation (2.27) for the test stations L1, L2, and L3 found to be U
+
=8.82y

+0.1357
, 

U
+
=9.15y

+0.1291
, and U

+
=9.55y

+0.1222
, respectively. The general power-law velocity profile 

for all three stations with the average values of C and α for the FPG data of this study 

found to be: 

                    (4.6) 

The region of the velocity profile fitted by the log-law is compared to that of the 

power-law in the inner coordinates for the APG open channel flow, is demonstrated in 
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Figure 4.34(a, b, and c). Both power-law and log-law represent a smaller wake region for 

APG flow in comparison with the FPG and the NZPG flows. In the region 30 < y
+
 < 150 

the power-law and the log-law are closely matched. The maximum deviation of friction 

velocity obtained by power-law from that for log-law for the test stations L7, L8, and L9 

is 1.9%, 0.5%, and 1.2% respectively. This observation supports the conclusion reported 

by Buschmann and Gad-el-Hak (2003) and Akinlade and Bergstrom (2007). With the 

coefficients obtained for the APG flow over the smooth surface (see Table 4.3), equation 

(2.27) for the test stations L7, L8, and L9 found to be U
+
=6.75y

+0.2042
, U

+
=7.07y

+0.1908
, 

and U
+
=6.63y

+0.2006
, respectively. A slight Reynolds number dependency is observed 

from the obtained constants. The general power-law velocity profile for all three APG 

flow cases of this study with the average values of C and α is: 

                   (4.7) 

4.5.2 Power-law Analysis for Open Channel Flow Over Rough Bed 

The flow conditions for all of the rough surface test cases include friction velocity 

and power-law constants are given in Table 4.4 for the NZPG, FPG and APG open 

channel flows. Balachandar et al. (2002) reported that the method proposed by 

Buschmann and Meinert (1999) cannot predict the friction velocity with an acceptable 

accuracy, therefore another approach will be used for rough surface flow experiments. 

Kotey et al. (2003) reported that the power-law formulation proposed by George and 

Castillo (1997) is appropriate to apply on the rough surface experiments and can predict a 

good estimate of the friction velocity. In the current study, the power-law formulation 

proposed by George and Castillo (1997) will be used to determine the friction velocity 

over rough surface OCF experiments (NZPG, FPG, and APG). The determination of the 

skin friction coefficient using the power-law profiles proposed by George and Castillo 
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(1997) required the determination of four coefficients Ci, E, γ and ξ, as given in the 

equation (2.36). The comparison of the log-law and power-law for NZPG, FPG, and APG 

flows over rough surface open channel flow will be presented in this section. Table 4.4 

presents the required values as well as the obtained friction velocities using by George 

and Castillo power-law approach. In comparison with the data of Table 4.3, the power-

law constants listed in Table 4.4 reveals that the power-law constants are dependent of 

pressure gradient and roughness. The FPG flows contain the maximum values of the 

constant CR and the minimum values of the constant γR. Whereas the APG flows have the 

minimum values of CR and the maximum values γR. The optimized power-law fits in the 

inner coordinate will be discussed in this section.  

Figure 4.35 shows the experimental data in terms of inner coordinates for NZPG 

open channel flow experiments over a rough surface. The power-law determined from 

Eq. (2.38) and logarithmic law (κ = 0.41 and B = 5.1) are included in Figures 4.35(a, b, 

and c) for comparison. As it can be seen from Figure 4.35(a, b, and c) the power-law 

formulation shows the velocity profile in the overlap region over wider range than log-

law. In the test station L4, the power-law and the log-law deviate from the experimental 

data in a wide region. In addition, the maximum error in determining the friction velocity 

occurs for this test station with Δu
*
 = 3.7. This station has highest value of ks

+
 (~ 80) 

among all of the NZPG test cases. However, the data of the test station L5 and L6 given 

in Figure 4.35 (b and c), which have the same values of ks
+
 (= 75), show a well matched 

power-law velocity profile with that for log-law in a wider overlap region (50 < y
+
 < 

400). With the coefficients obtained for the NZPG flow over the rough surface given in 

Table (4.3), equation (2.38) for the test stations L4, L5, and L6 found to be 
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U
+
=2.054y

+0.2878
, U

+
=1.896y

+0.2985
, and U

+
=1.99y

+0.2853
, respectively. By the averaging of 

the constant values it can be found a general power-law velocity profile for all three 

NZPG test stations as: 

                    (4.8) 

Figure 4.36 presents the mean velocity profiles on a rough surface FPG for three 

test stations (L1, L2, and L3) using inner coordinates. Both power-law and classical log-

law are included in Figures 4.36 (a), (b), and (c) for comparison. It can be seen from the 

Figure 4.36(a) that power-law and log-law are well matched in the range of y
+
 < 200, and 

they show a very small overlap region in this station. This region for the experimental 

data of Figure 4.36 (b) is 50 < y
+
 < 400, and for the data of Figure 4.36(c) is 70 < y

+
 < 

1000. Therefore, it can be conclude that as ks
+
 and wake parameter changes, the deviation 

of the power-law from the log-law can be different. This represents that a common region 

which described by both the log-law and power-law relations is various for different flow 

conditions. It should be noted here that the good agreement between measurements and 

fitted profile is remarkable in Figure 4.36(c). With the coefficients obtained for the FPG 

flow over the rough surface given in Table 4.4, Eq. (2.25) for the test stations L1, L2, and 

L3 found to be U
+
=5.37y

+0.1435
, U

+
=4.07y

+0.1627
, and U

+
=5.61y

+0.137
, respectively. The 

general power-law velocity profile for all three stations with the average constant values 

for the rough surface FPG open channel flow (data of this study) found to be: 

                   (4.9) 

The region of the velocity profile fitted by the log-law is compared to that of the 

power-law in the inner coordinates for the rough surface APG open channel flow, is 

demonstrated in Figure 4.37. It should be noted here that data points in the range of y
+
 < 

200 were not considered due to the difficulties in finding the virtual origin. Therefore, it 
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was difficult to fit power-law on rough wall data in that range. It is observed that CR 

diminishes with the combined effects of the APG and surface roughness, whereas γR 

increases with APG and roughness. This is agree well with the results reported by Tsikata 

and Tachie (2013). They concluded that the lower CR is related to the reduction in the 

mean velocity produced by roughness, and higher γR is due to the larger wake component 

subjected to the APG. For the whole velocity profile from the inner layer to the outer 

region include wake zone, the log-law and the power-law are well matched in all of the 

test stations. From Figures 4.37(a), (b), and (c) and also Table 4.4, it can be seen that the 

friction velocity obtained from the log-law and the power-law for the APG open channel 

flow over a rough surface have very small deviation in comparison with most of the 

experimental data of this study  Δu
*
 ≤ 1.7). With the coefficients obtained for the APG 

flow over the rough surface open channel flow given in Table 4.3, equation (2.38) for the 

test stations L7, L8, and L9 found to be U
+
=0.2771y

+0.4614
, U

+
=0.4421y

+0.3941
, and 

U
+
=0.4772y

+0.3873
, respectively. It can be noted that the experimental data of rough 

surface APG open channel flow of this study have the smallest values of (Ci/E) and the 

largest values of  γ+ξ). The general power-law velocity profile for all three APG flow 

cases of this study with the average constant values is: 

                     (4.10) 
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Figure 4.32 Mean velocity profile in inner variables and their corresponding fits 

using log-law and power-law for smooth NZPG open channel flow. 
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Figure4.33 Mean velocity profile in inner variables and their corresponding fits 

using log-law and power-law for smooth FPG open channel flow. 
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Figure 4.34 Mean velocity profile in inner variables and their corresponding fits 

using log-law and power-law for smooth APG open channel flow. 
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Figure 4.35 Mean velocity profile in inner variables and their corresponding fits 

using log-law and power-law for rough NZPG open channel flow. 
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Figure 4.36 Mean velocity profile in inner variables and their corresponding fits 

using log-law and power-law for rough FPG open channel flow. 
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Figure 4.37 Mean velocity profile in inner variables and their corresponding fits 

using log-law and power-law for rough APG open channel flow 
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Table 4.1 Summary of Flow Parameters 

Test condition Test station u
*
 (m/s) Π ε (mm) ks

+
 ΔU

+
 

SMOOTH 

L1 0.013 0.475 - - - 

L2 0.014 0.302 - - - 

L3 0.014 0.199 - - - 

L4 0.018 -0.268 - - - 

L5 0.018 -0.366 - - - 

L6 0.019 -0.391 - - - 

L7 0.019 1.251 - - - 

L8 0.020 1.192 - - - 

L9 0.021 1.476 - - - 

ROUGH 

L1 0.023 -0.502 0.55 70.5 7.0 

L2 0.021 0.203 0.43 65.8 7.0 

L3 0.021 -0.165 0.45 64.4 7.0 

L4 0.027 0.115 0.8 79.2 9.0 

L5 0.025 0.386 0.9 75 9.0 

L6 0.025 0.439 0.8 75 9.0 

L7 0.031 0.604 0.12 89.8 15.0 

L8 0.031 0.464 0.13 89.5 15.0 

L9 0.032 0.643 0.14 100 150 
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Table 4.2 Summary of the FPG and APG Flow Experiments 

Test condition 

Test 

Station 

u
*
 (m/s) Π ε (mm) ks

+
 ΔU

+
 K10

-6
 β 

SMOOTH 

L1 0.013 0.475 - - -  - 

L2 0.014 0.302 - - - 5.25 - 

L3 0.014 0.199 - - - 4.55 - 

L7 0.019 1.251 - - - -  

L8 0.020 1.192 - - - - 1.93 

L9 0.021 1.476 - - - - 1.73 

ROUGH 

L1 0.023 -0.502 0.55 70.5 7.0  - 

L2 0.021 0.203 0.43 65.8 7.0 7.79 - 

L3 0.021 -0.165 0.45 64.4 7.0 6.08 - 

L7 0.031 0.604 0.12 89.8 15.0 -  

L8 0.031 0.464 0.13 89.5 15.0 - 0.94 

L9 0.032 0.643 0.14 100 150 - 0.77 
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Table 4.3 Summary of .Friction Velocity and Power-law Constants for Smooth 

Surface Data 

Test 

Condition 

Test 

station 
Reθ 

u
*
 (m/s) Δu

*
 

(%) 
C α 

Log-law Power-law 

FPG 

L1 3221 0.013 0.0128 1.5 8.824 0.1357 

L2 2240 0.014 0.0135 3.5 9.15 0.1291 

L3 2106 0.014 0.0142 1.4 9.55 0.1222 

NZPG 

L4 4769 0.0175 0.017 3.4 7.973 0.1514 

L5 4257 0.018 0.0182 1.6 8.8364 0.1338 

L6 3422 0.019 0.0192 1.4 10.324 0.1042 

APG 

L7 4060 0.019 0.0186 1.9 6.7465 0.2042 

L8 4267 0.02 0.019 0.5 7.0702 0.1908 

L9 4320 0.021 0.0207 1.2 6.6258 0.2006 
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Table 4.4 Summary of Friction Velocity and Power-law Constants for Rough 

Surface Bata 

Test 

Condition 

Test 

station 
Reθ 

u
*
 (m/s) Δu

*
 

(%) 
CR γR E ζ 

Log-law Power-law 

FPG 

L1 2206 0.0198 0.0192 3.0 5.371 0.1435 1.64 0.0078 

L2 4461 0.021 0.205 2.3 4.701 0.1627 1.95 0.0336 

L3 4262 0.023 0.0225 2.1 5.607 0.137 1.70 0.0148 

NZPG 

L4 3088 0.027 0.026 3.7 2.054 0.2878 3.88 0.1364 

L5 4601 0.025 0.0245 2.0 1.896 0.2985 4.66 0.1647 

L6 4637 0.025 0.0246 1.6 1.998 0.2853 5.17 0.1811 

APG 

L7 7935 0.031 0.0315 1.6 0.277 0.4614 24.35 0.2572 

L8 7826 0.0305 0.031 1.6 0.442 0.3941 15.99 0.2033 

L9 9461 0.028 0.0275 1.7 0.477 0.3873 13.88 0.1867 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusion 

This study was undertaken to provide better understanding for the turbulence 

structure of the non-uniform open channel flow. Particularly, the combined effects of the 

non-uniformity due to pressure gradient as well as surface roughness in open channel 

flow are investigated. The experiments were carried out in an laboratory flume and two 

component laser Doppler velocimetry technique is used to measure the velocity and 

turbulence parameters at various locations. Three types of the flow were used to maintain 

non-uniform flow conditions accelerating, decelerating, and near zero pressure gradient 

(flat plate). The flow in the present study is affected by the upstream conditions and can 

be described as a connected flow system. Conclusions related to the non-uniformity 

effects on the smooth and rough bed are presented in this chapter.  

5.1.1 Effect of Non-uniformity on Smooth Bed Open Channel Flow 

Inspection of the velocity profile shows slight increase in the streamwise mean 

velocity from FPG flow to NZPG flow. On the APG ramp the flow decelerate and the 

velocity are reduced. The velocity distributions in all measurement locations obey to the 

classical logarithmic law of the wall. The overlap region exist 50 < y
+
 <300 for FPG and 

NZPG cases. On the decelerating ramp, under the APG flow, the velocity distributions 

are found to have a larger wake and to deviate from the log law at y
+
 > 300. A reduction 

of the streamwise turbulent intensity distributions were found for FPG flow case at y/d < 

0.3 in comparison with the uniform OCF (Roussinova et al., 2008). However, the 

opposite trend was found for the APG case where an increase in the turbulence intensity 
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is observed. Different values of the pressure gradient parameters (β) for both favourable 

and adverse pressure gradient flow cases confirms that the flow is in non-equilibrium 

condition. This suggest that the length of the accelerating ramp was short to establish 

gradually accelerating flow. In this case the velocity profiles do not conform to the 

standard boundary layer trends. The upstream effect was significant for the flow over flat 

plate which was mildly accelerated. The effect of the non-uniformity on turbulence 

intensities and Reynolds shear stresses was further investigated. Both turbulence intensity 

and Reynolds shear stress are found to have higher values in comparison with NZPG and 

FPG. 

5.1.2 Effects of the Non-uniformity on Rough Bed Open Channel Flow 

Significant changes in mean velocity profiles and turbulence intensities were 

observed for the combined effects of the surface roughness and pressure gradient. The 

effect of roughness on the turbulence structures is found to be predominant through most 

of the flow depth. A difference in the values of the roughness equivalent height (ks
+
) are 

found for all test cases due to the various flow conditions such as bed slope and friction 

velocity (all the cases are in the fully rough region). In addition, for all FPG, NZPG, and 

APG flows the boundary layer parameters such as δ, δ
*
, and θ were increased in Rough 

bed experiments. The rough FPG results show the complete loss of the wake region in 

comparison with the smooth ones. The pressure gradient decreases the turbulence in mid-

depth. However, in the inner layer, roughness enhances the turbulence level and improve 

the flow development. Therefore, to attain equilibrium condition, rough surface beds 

need shorter length of the ramp in comparison with the smooth beds. Moreover, for all 

test cases the combined effects of the surface roughness and non-uniformity causes an 
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increasing in both streamwise and wall normal turbulence intensities and as well as 

increasing in the Reynolds shear stress for all test cases.  

5.1.3 Power-law Analysis 

The results of the power-law analysis show that the power-law is applicable for 

the velocity profile obtained in both smooth and rough bed non-uniform open channel 

flow . Both approaches which used in the current study could predict the friction velocity 

with an acceptable accuracy (Δu
*
 < 3.0). The power-law constants are found to be 

dependent of both pressure gradient and surface roughness. For the smooth results, the 

power-law constants are also found to be similar for NZPG and FPG (ΔC = 1.4% and Δγ 

= 0.6%), but the roughness effect make larger differences for those constants (ΔC = 60% 

and Δγ = 49%). However, for the APG power-law constants are significantly different 

than other test cases.  

5.2 Recommendations for Future Works 

On the basis of above conclusions and understanding of the non-uniform open 

channel flow, the following recommendations are relevant to future work: 

1. Investigate a numerical analysis with the same flow fields to enable 

comparison with the results of this study. 

2. Study of the effect of non-uniformity on the longer accelerating and 

decelerating ramps to achieve equilibrium flow conditions. 

3. Examine the other types of the surface roughness on the inclined and 

declined bed. 

4. Perform a similar experimental study with higher bed slopes. 
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5. Perform PIV measurements on the discontinuity areas where two 

succession beds are connected.  

6. Further study of the effect of the various Reynolds number on the non-

uniform open channel flow. 
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APPENDIX A 

UNCERTAINTY ESTIMATES 

The uncertainty estimates in the LDV measurements is presented in this section. 

The uncertainty in the determination of the frequency of each burst signal is one of the 

main sources of error in the LDV measurements. In addition, the uncertainty in the beam 

spacing calculation can be another important source of error in the LDV measurements. 

The uncertainty in statistical quantities will also depend on the sample size (N). In this 

experimental study, at each measurement station, 10000 validated samples were acquired.  

A methodology for estimating uncertainty in LDV measurements was developed 

by Yanta and Smith (1973) and Schwarz et al. (1999). Tachie (2001) and Faruque (2009) 

outlined this methodology. In order to estimate the uncertainty of the various parameters, 

following relationships were used: 

The uncertainty in the streamwise component of the mean velocity: 

  

 
      

  
 

 
 
 

 
 
 

 
   

     (A.1) 

The uncertainty in the vertical component of the mean velocity: 

  

 
      

  
 

 
 
 

 
 
 

 
   

     (A.2) 

The corresponding expression for the streamwise and vertical components of turbulence 

fluctuation and the Reynolds shear stress are, respectively: 
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    (A.5) 

Here, σo is the error due to uncertainty in the determination of the beam-crossing angle, N 

is the number of samples and R is the shear stress correlation coefficient. Following 

Tachie (2001) a value of σo = 0.4 is adopted in the current study. Results of the 

determination of uncertainty estimates for different flow conditions are given in Tables 

A.1 and A.2.   

Typical estimates for uncertainties for the turbulence intensities like mean 

velocity and its fluctuations are shown in Tables A.1 and A.2. As it can be seen from 

these tables, the values are very similar to those obtained by Tachie (2000) and Faruque 

(2009), in their open channel flow LDV measurements.  

Table A.1 Typical uncertainty estimates for smooth bed experiments 

Test 

Condition 

Test 

station 

U 

(%) 

V 

(%) 

uRMS 

(%) 

vRMS 

(%) 

      

(%) 

FPG 

L1 0.40 0.40 0.093 0.19 2.02 

L2 0.40 0.40 0.093 0.18 2.23 

L3 0.40 0.40 0.102 0.19 2.73 

NZPG 

L4 0.40 0.40 0.056 0.153 3.37 

L5 0.40 0.40 0.058 0.16 3.23 

L6 0.40 0.47 0.053 0.14 4.38 

APG 

L7 0.40 0.43 0.053 0.19 5.81 

L8 0.40 0.40 0.055 0.18 7.22 

L9 0.40 0.40 0.058 0.18 5.55 
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Table A.2 Typical uncertainty estimates for rough bed experiments 

Test 

Condition 

Test 

station 

U 

(%) 

V 

(%) 

uRMS 

(%) 

vRMS 

(%) 

      

(%) 

FPG 

L1 0.40 0.40 0.036 0.07 2.58 

L2 0.40 0.40 0.092 0.21 2.23 

L3 0.40 0.40 0.084 0.17 4.76 

NZPG 

L4 0.40 0.40 0.065 0.18 3.00 

L5 0.40 0.40 0.053 0.16 3.74 

L6 0.40 0.40 0.057 0.18 3.51 

APG 

L7 0.40 0.40 0.068 0.23 2.86 

L8 0.40 0.40 0.066 0.22 3.00 

L9 0.40 0.40 0.078 0.25 2.52 
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