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Abstract: For the formation of submerged hydraulic jump with a large submergence, a high velocity flow below a sluice gate is 

located near the bottom. When the main flow lifts to the water surface from the channel bottom, in some cases, the main flow is 

periodically deflected. In this case, it might be difficult for swimming fishes to migrate upstream through the hydraulic structure, 

even if the fish passage is installed at the downstream of the structure. Therefore, there is a need to the periodically deflected flow 

must be changed to a stabilized flow. In this study, the installation of baffle blocks with asymmetrical length at the downstream of 

sluice gates was proposed in order to disappear a periodically deflected flow in submerged hydraulic jump. The experiments yield 

that the periodically deflected flow can be disappeared. The artificially controlled flow has been confirmed by time averaged velocity 

and the velocity with time series. 
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1. Introduction  

In order to reduce a high velocity underflow below a 

sluice gate or flume gate, the formation of submerged 

jump in the reduction basin is useful. From view point 

of water use in the river, the operation of the sluice gate 

is controlled in order that the water level upstream of 

the gate is stabilized against changes in the water level 

downstream of the gate due to tidal fluctuations. 

According to the study by Yasuda and Tomita [1], 

when the water level downstream of the gate becomes 

high, a submerged flow with a large water level is 

formed just below the gate, and depending on the 

conditions, the mainstream is deflected periodically 

and irregularly in the stage where it rises from the 

bottom to the water surface (hereinafter referred to as 

periodic deflection flow conditions). The hydraulic 

conditions under which the periodic deflections are 

formed are experimentally investigated, and the 
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boundaries of the flow regime are logically estimated. 

The formation of periodic deflected flow conditions 

just below the sluice gate makes swimming fishes lose 

the upstream migration route, because they migrate 

toward positive flow [2]. Therefore, the stable control 

of periodic deflected flow conditions below sluice gate 

is required from the improvement against the upstream 

migration for multi-aquatic animals. For the formation 

of submerged jump, jump length, velocity distribution, 

and water surface profile were investigated by Rao 

and Rajaratnam [3, 4]. Velocity profile and velocity 

decay were compared between a free jump and a 

submerged jump [5-7]. Most of these studies have 

focused on the two-dimensional physical quantities 

for the jump in rectangular channel, and few have 

focused on three-dimensional quantities. Hager and Li 

[8] focused on the sill-control of energy dissipator in 

submerged jump, and Habibzadeh et al. [9, 10] 

focused on the effect of blocks on the formation of 

submerged jump. Further, Peterka [11] investigated 

the effect of the shape of sills and baffle blocks on the 
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formation of submerged jump. However, these studies 

focused on energy dissipator only, and the effect of 

the jump formation on the migration of aquatic 

animals was not taken account. In accordance with the 

guideline on hydraulic structures in Japan [12], 

securing the continuity of aquatic habitat is required. 

Generally, the installation of the fish passage is 

investigated. However, most of fishes lost the 

migration route in the periodically deflected flow even 

if the fish passage has been installed. The control of 

the deflected flow in submerged jump has not been 

studied except for the authors’ research [13]. The 

authors found that symmetrical installation of baffle 

blocks below single sluice gate can control periodic 

deflected flow conditions. Practically, multiple gates 

are installed in the cross-sectional direction. In 

addition, when the fish passage is installed at 

hydraulic structure with multiple sluice gates, as 

shown in Fig. 1, the fish passage is installed at the side 

of the structure as a bypass. In order to guide 

swimming fish to the fish passage, it is necessary to 

direct stabilized main flow from multiple sluice gates 

to the downstream end of fish passage. 

In this study, the deflection of the stable flow was 

investigated experimentally by installing a 

combination of asymmetrical baffle blocks 

downstream of either single or multiple gates. The 

effect of the installation of the baffle block on the 

stabilized deflection flow was revealed by time- 
 

 
Fig. 1  Schematic diagram of structure with sluice gates and 

fish passage. 

averaged velocity fields, the water surface profiles, 

and characteristics of the velocity fluctuation. 

2. Experimental Equipment 

The experiments were conducted by using a 

rectangular cross-sectional horizontal open channel 

with a width of B = 0.80 m, a length of 15.0 m, and a 

height of 0.60 m. The discharge Q, the height of the 

sluice gate opening a, and the downstream depth h4 

were adjusted to form a submerged jump. Fig. 2 shows 

the definition of the symbols. Then, x-axis is the 

downstream direction coordinate with the origin at the 

sluice gate, y-axis is the cross-channel direction 

coordinate with the origin at the center of the channel 

and the left bank side as positive, and z-axis is the 

upstream direction coordinate with the origin at the 

channel bed. In order to install three gates, four 0.03 m 

thick plates were set up as support walls for multiple 

sluice gates, and the width of each gate was settled as b 

≈ 0.227 m. 

 
(a) Side view 

 
(b) Plan view for single sluice gate 

 
(c) Plan view for three sluice gates 

Fig. 2  Definition sketch for notations. 
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In accordance with research results by Yasuda and 

Tomita [1], the flow condition of submerged jump can 

be predicted by inflow Froude number Fo ( 𝐹𝑜 =

𝑉𝑜/√𝑔ℎ𝑜; Vo: averaged velocity at vena contracta, 𝑔: 

gravity acceleration, ho: water depth at vena contracta), 

relative downstream depth h4/ho and relative upstream 

depth hu/dc (dc= √𝑞2/𝑔
3

; q: discharge per unit width). 

The experimental conditions were shown in Table 1. 

Water depths were measured using a point gauge with 

1/10 mm reading and a steel scale with 1 mm reading, 

and flow velocities were measured using a 

two-dimensional electromagnetic anemometer with an 

I-type probe (sampling time 120 sec, sampling 

frequency 20 Hz). 

3. Velocity Fields in Submerged Jump 

3.1 Plane Vectors in Submerged Jumps 

Figs. 4, 5, and 6 show velocity vectors in submerged 

jump for Cases 1, 4, and 5.  

For the velocity vectors downstream of sluice gate 

without baffle blocks, as shown in Fig. 4, if the velocity 

is recorded as a long time average (i.e., 120 seconds), 

the velocity near both sides is larger than that at the  
 

Table 1  Experimental conditions. 

Case Gate F0 [-] h4/h0 [-] hu/dc [-] 

1 Single 2.08 6.29 5.09 

2 Single 1.27 5.19 5.09 

3 Single 2.00 10.9 8.29 

4 Single 3.87 12.9 8.29 

5 Three gates 2.86 10.1 7.72 

6 Three gates 1.81 9.14 7.72 

NOTE: Case 1 ho = 0.0668 m, Case 2 ho = 0.0929 m, Case 3 ho 

= 0.0509 m, Case 4 ho = 0.0328 m, Case 5 ho = 0.0198 m, Case 

6 ho = 0.0269 m 

Type Gate xb/B wbL/B wbR/B hb/ Lb hb/ Lb 

  xb/b wbL/b wbR/b left Right 

1 Single 1.05 0.15 0.15 0.295 0.295 

2 Single 1.05 0.10 0.20 0.442 0.221 

1 Three 1.05 0.15 0.15 0.416 0.416 

2 Three 1.05 0.10 0.20 0.624 0.312 

NOTE: θ = 45°, φ= 45° (Types 1 and 2), hb for single gate = 

0.050 m, hb for three gates= 0.020 m. 

 
I: symmetric flow, II: transition flow, III: periodically deflected 

flow, IV: symmetric flow 

Fig. 3  Formation area of each flow condition including 

experimental points (solid line: boundary of flow 

condition). 
 

 

(a) z/ho = 0.749 (h4/ho = 6.29) for Case 1 

 

(b) z/ho = 3.05 (h4/ho = 12.9) for Case 4 

 

(c) z/ho = 5.04 (h4/ho = 10.1) for Case 5 

Fig. 4  Velocity vectors below sluice gate for submerged 

jump without baffle blocks. 
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(a) z/ho = 4.49 (h4/ho = 6.29), Type 1 for Case 1 

 
(b) z/ho = 4.58 (h4/ho = 12.9), Type 1 for Case 4 

Fig. 5  Velocity vectors downstream of single sluice gate 

for submerged jump with symmetric baffle blocks. 

 
(a) z/ho = 3.74 (h4/ho = 6.29), Type 2 for Case 1 

 
(b) z/ho = 9.16 (h4/ho = 12.9), Type 2 for Case 4 

Fig. 6  Velocity vectors below single sluice gate for 

submerged jump with asymmetric baffle blocks. 
 

center part. This might be caused by the formation of 

periodical deflection in submerged jump. Also, the 

mainstream lifted to the water surface is more frequent 

toward the side. As shown in Fig. 4(c), a similar 

tendency is found even if the submerged jump is 

formed below three sluice gates. 

As shown in Fig. 5, the velocity at the center part is 

always larger than that near both sides. This result 

yields that periodical deflection in submerged jump can 

be controlled as a stable flow by installing symmetric 

baffle blocks downstream of a single sluice gate. The 

height of baffle block hb is same order as gate opening 

shown in Table 1, and the installation of baffle block 

might help protection of riverbed downstream of apron 

during flood stages. 

As shown in Fig. 6, periodical deflection in 

submerged jump can be controlled as a stable deflected 

flow by installing asymmetric baffle blocks 

downstream of a single sluice gate. In Case 1, the stable 

mainstream deflects during the rise (Fig. 6(a)). For 

Case 4, as the inflow Froude number is larger (i.e., 3.87) 

than that for Case 1, the deflection is found more 

downstream than that for Case 1 (Fig. 6(b)). 

In the case of three sluice gates, the asymmetric 

baffle blocks shown in Fig. 7 (i.e., Type 1 (left side), 

Type 2 (center), and Type 2 (right side)) are installed, 

and periodical deflection in submerged jump can be 

controlled as a stable deflected flow. If a single 

asymmetric baffle block (wb/b = 0.3) is installed at the 

right side instead of Type 2 (wbl/b = 0.1 and wbR/b = 

0.2), the degree of stable deflection becomes large. The 

drag force acting on the baffle block might not be 

negligible. In the case of Type 1 and Type 2, the water 

level at the upstream end of submerged jump is same as 

in the case without baffle block, and the drag force  
 

 
Fig. 7  Velocity vectors downstream of three sluice gates 

for submerged jump with asymmetric baffle blocks (z/ho = 

7.43 (h4/ho = 9.14) for Case 5). 
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predicted from momentum equation applied to 

submerged jump is negligibly small. For multiple 

sluice gates, similar combination might be 

recommended. 

For Cases 2, 3, and 6, similar results are obtained. 

3.2 Velocity Profiles in Submerged Jumps 

Fig. 8 shows velocity profiles in submerged jumps 

without baffle block for Cases 1, 4, and 5. Here, the 

black and red marked points are plotted as the 

maximum velocity for each measurement section. For 

a single sluice gate, the velocity profiles at center part 

of channel are shown in Fig. 8(a) and (b). The stable 

mainstream is located near the bottom. While, when 

the mainstream lifts to the water surface, the 

mainstream is periodically deflected. For three sluice 

gates, as shown in Fig. 8(c) and (d), the time averaged 

velocity profile at x/h0 = 40 is different from that at 

x/h0 = 50, because the mainstream with periodical 

deflection lifts to the water surface. 

For Cases 2 and 3, similar results are obtained. 

 
(a) Case 1 at y/(B/2) = 0 

 
(b) Case 4 at y/(B/2) = 0 

 
(c) Case 5 at y/(B/2) = 0.643 

 
(d) Case 5 at y/(B/2) = 0 

Fig. 8  Velocity profiles in submerged jumps without baffle 

block for Cases 1, 4, and 5. 
 

Fig. 9 shows the velocity profiles in submerged 

jumps with symmetric baffle blocks for Cases 1 and 4. 

In the case of the velocity profile at y/(B/2) = 0, as 

shown in Fig. 9(a) and (c), by installing the baffle 

blocks, the stable mainstream lifts to the water surface 

in a short distance. For the velocity profiles at y/(B/2) 

= 0.75, the mainstream passing through the baffle 

block is located near the bottom (Fig. 9(b) and (d)), 

and the mainstream deflects to the center part. At a 

certain stage, the velocity profile is different, and the 

maximum velocity is located near the water surface. 

For Cases 2 and 3, similar results are obtained. 

Fig. 10 shows the velocity profiles in submerged 

jumps with asymmetric baffle blocks for Case 1. Then, 

the shape of baffle block shown in this figure is drawn 

from the right side of the channel to the positive 

direction of y coordinate. At the center part of channel 

(y/(B/2) = 0), the stable mainstream lifts to the water 

surface as in the case of the installation of Type 1. As 

the shape of baffle block is asymmetric, the stable 

mainstream is deflected toward the left side. The 

deflection is confirmed from the difference of the 

velocity profiles between y/(B/2) = 0.75 and -0.75 (Fig. 
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10(b) and (c)). In the case of Case 4 with Type 2, as 

shown in Fig. 11, a similar result on the velocity 

profiles in the submerged jump is obtained. 

 
(a) y/(B/2) = 0 for Case 1 

 
(b) y/(B/2) = 0.75 for Case 1 

 
(c) y/(B/2) = 0 for Case 4 

 
(d) y/(B/2) = 0.75 for Case 4 

Fig. 9  Velocity profiles in submerged jumps with Type 1 

blocks for Cases 1 and 4. 

 

 

 
(a) y/(B/2) = 0 

 
(b) y/(B/2) = 0.75 

 
(c) y/(B/2) = -0.75 

Fig. 10  Velocity profiles in submerged jumps with Type 2 

blocks for Case 1. 
 

For three sluice gates, Fig. 12 shows the velocity 

profiles in submerged jumps with the combination of 

baffle blocks (from right side, Type 2, Type 2, and 

Type 1, respectively) for Case 5. The shape of baffle 

block shown in this figure is drawn from the right side 

of channel to the positive direction of y coordinate as 

the same as Figs. 10 and 11. Since the measurement 

position of the flow velocity is in the middle of each 

baffle block, the mainstream rises to the water surface 

in a short distance. Where Type 2 baffles are installed, 

the stable mainstream is deflected to the left side. At 

the location of y/(B/2) = 0.643, the velocity of the 

main flow gradually increases when the mainstream 

rises to the water surface by combining with the flow 
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from the left side. In the case of Case 6, a similar 

result on the velocity profiles in the submerged jump 

is obtained. 

Accordingly, the suitable deflection can be 

controlled by installing Type 2 baffle blocks, even if 

the combination of baffle blocks shown in Fig. 2(c) 

are installed for multiple sluice gates. By forming a 

stable deflection, aquatic animals can be guided into 

the upstream migration route through the fish passage. 

3.3 Velocity Turbulence of Mainstream in Submerged 

Jump 

Fig. 13 shows the time-series variation of the flow 

velocity at the main stream location for Case 4. In the 

case of non-installation of baffle block, the main 

 
(a) y/(B/2) = 0 

 
(b) y/(B/2) = 0.75 

 
(c) y/(B/2) = -0.75 

Fig. 11  Velocity profiles in submerged jumps with Type 2 

blocks for Case 4. 

 
(a) y/(B/2) = 0 

 
(b) y/(B/2) = 0.643 

 
(c) y/(B/2) = -0.643 

Fig. 12  Velocity profiles in submerged jumps with the 

combination of baffle blocks (from right side, Type 2, Type 

2, and Type 1, respectively) for Case 5. 
 

flow has a large disturbance (Fig. 13(a)). When the 

mainstream rises from the bottom, the flow velocity is 

varied in the range of -0.5 < u (m/s) < 1.5. The 

formation of periodical deflection is revealed by the 

result. By installing the baffle blocks, as shown in Fig. 

13(b) and (d), the controlled mainstream becomes to be 

stable. 

For three sluice gates, the mainstream at x/h0 = 50.5, 

y/(B/2) = 0.643 has a large frequency in the case of 

non-installation of baffle block as shown in Fig. 14(a). 

In addition, since the time-series variation of the flow 

velocity is organized in a dimensional state, the range 

of variation is smaller than that of Case 4 shown in Fig. 

13. For the combination of baffle blocks (from right 
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side, Type 2, Type 2, and Type 1, respectively), as 

shown in Fig. 14(b), the controlled mainstream 

becomes to be stable. 

 
(a) x/h0 = 54.9, y/(B/2) = 0, z/h0 = 3.05 

 
(b) x/h0 = 54.9, y/(B/2) = 0, z/h0 = 4.58, Type 1 

 
(c) x/h0 = 54.9, y/(B/2) = 0, z/h0 = 4.58, Type 2 

Fig. 13  Time-series variation of the flow velocity at the 

main stream location for Case 4. 
 

 
(a) x/h0 = 50.5, y/(B/2) = 0.643, z/h0 = 5.04 

 
(b) x/h0 = 50.5, y/(B/2) = 0.643, z/h0 = 7.57 

Fig. 14  Time-series variation of the flow velocity at the 

main stream location for Case 5. 
 

 
(a) x/h0 = 54.9, y/(B/2) = 0 for Case 4 

 
(b) x/h0 = 50.5, y/(B/2) = 0.643 for Case 5 

Fig. 15  Time-series variation of the flow velocity at the 

main stream location. 
 

In order to investigate the fluctuating flow of the 

mainstream in the submerged jump, spectral analysis of 

the main stream was carried out. The typical results of 

spectral analysis are shown in Fig. 15. The results in 

Fig. 15(a) correspond to those in Fig. 13. For single 

sluice gate, when the periodically deflected flow is 
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formed, the Fourier spectrum in low frequency region 

(0.01 < f < 0.1) becomes large. By installing the baffle 

blocks with either Type 1 or Type 2, the controlled 

mainstream is formed, and the Fourier spectrum in low 

frequency region can be reduced (Fig. 15(a)). For three 

sluice gates, as shown in Fig. 15(b), the Fourier 

spectrum for non-installation of baffle blocks is larger 

than that for the combination of baffle blocks in 

frequency region of 0.01 < f < 1. The results in Fig. 

15(b) correspond to those in Fig. 14. 

In accordance with the results shown in Figs. 13, 

14 and 15, if the mainstream is controlled by the 

installation of the baffle blocks shown in Fig. 2, the 

velocity fluctuation and the fluctuation period can be 

reduced. 

4. Conclusions 

An experimental study was carried out on the 

deflection control due to either a single gate or 

multiple gates (in this case, three gates) using a 

combi- nation of asymmetrical baffle blocks in order 

to control the main flow in submerged jump below 

sluice gates. The findings of this study are as follows. 

In the case of a single gate, the asymmetrical baffle 

blocks bring the main flow toward the left side (see Fig. 

6). In the case of the three sluice gates, the 

asymmetrical baffle blocks are installed in combination 

shown in Fig. 2, and the stable mainstream can be 

pulled toward the left side, and the flow velocity 

difference between the left and right sides is confirmed 

(see Fig. 7). 

Regarding the velocity distribution of the 

submerged jump, the main flow can be controlled by 

installing the baffle block shown in Fig. 2, and 

different velocity distributions can be obtained as the 

main flow rises toward the water surface in a short 

distance (Figs. 9, 10, 11, and 12). 

It was found that the velocity fluctuation and 

fluctuation period increased in the main flow rising 

from the bottom when the periodic deflected flow was 

formed. In the mainstream controlled by the 

installation of baffle blocks shown in Fig. 2, the time 

series variation of flow velocity and spectral analysis 

revealed that the velocity fluctuation was reduced and 

the periodicity of fluctuation was controlled (Figs. 13, 

14, and 15). 

Therefore, the installation of asymmetrical baffle 

blocks can control the periodic deflected flow and 

bring the stable mainstream to the riverbank. It might 

be possible for aquatic animals to find the flow passing 

through the fish passage. In the future, systematical 

investigation might be required to find the optimum 

installation of baffle blocks. 
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