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Introduction

Hydraulic jump is used as an important energy dissipator phenomenon downstream of hydraulic
structures such as spillways, gates, and chutes. The US Bureau of Reclamation (USBR) surveyed the
state of knowledge in this field and presented practical guidelines for the design of different types of
stilling basins (Peterka 1958). However, it is always preferable to achieve maximum energy loss
with a minimum length and cost in the stilling basin. Experimental studies on the effect of gradually
diverging stilling basin walls on the hydraulic jump parameters have shown that diverging walls
cause a reduction of the sequent depth by up to 30%, a reduction of the length of the hydraulic jump
by up to 22%, and an increase in the energy loss compared with the classic hydraulic jump
(Kouluseus and Ahmad 1969; Khalifa and McCorquodale 1979; Omid et al. 2007). Hassanpour et al.
(2017) studied the characteristics of the hydraulic jump in a gradually expanding rectangular stilling
basin. They showed that the sequent depth ratio and relative length of the jump decrease with
decreasing divergence ratio. Arabhaabhirama and Abela (1971) studied radial hydraulic jumps in a
gradually expanding rectangular channel with divergence angles from 0 to 13°. The results showed
that the divergence of the walls causes reductions in the sequent depth and length of the jump and an
increase in energy loss as compared to the hydraulic jump in a straight rectangular channel.

Since the hydraulic jump changes the flow from the supercritical to the subcritical, on the
other hand, the flow depth is decreased in the expanding and diverging stilling basins in the
supercritical and subcritical conditions, respectively. The innovation of this research is the use of
divergent-convergent stilling basins to increase the performance of the stilling basins. The results of
the divergent-convergent stilling basin were compared with the classic and divergent basins as well
as previous research.

Methodology

All experiments were performed in a channel with a length of 11.0 m, depth of 0.7 m, and width
of 0.48 m. In this study, to investigate the performance of stilling basin, fourteen experiments with
different discharges were conducted on both divergent-convergent and divergent basins. As shown in
Figure (1), the length of the expansion and contraction channel was 85 cm and 65 cm, respectively.
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Moreover, the channel width was 30 cm and 48 cm at the first of expansion and contraction,
respectively.
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Fig. 1-The experimental stilling basin a) divergent basin; b) divergent-convergent basin

Results and Discussion

As shown in Table (1), in maximum discharge(Q=66.1 lit/s ), the maximum ratio of flow
depth (y2/y1) and jump length (Lj/y1) in the divergent basin are 6 and 24, while these values
in the divergent-convergent channel are 5.83 and 20.83, respectively. On the other hand, the
maximum value of 4E/E1 in the divergent and divergent-convergent basins is 0.70 and 0.73,
respectively. The results show that with increasing the Froud number the flow depth ratio
(y2/y1) and jump length (Lj/y1) increase in both divergent-convergent and divergent ponds
gradually, but both of these values in the divergent-convergent basin are always less than
those in the divergent basin. For example, for the Frl = 6.96, the flow depth ratio in the
divergent basin is 7.06 and decreases to 5.88 in the divergent-convergent basin (reduction of
17%). Furthermore, for Frl = 6.96, the Lj/y; is 21.18 and 27.94 in the divergent-convergent
and divergence basins, respectively.

To evaluate the performance of the divergent-convergent and divergence basins, the
results were compared to the classic basin. The maximum y,/y; and Lj/y; in the divergent-
convergent basin decrease by 35.5% and 95.7%, respectively, compared to the classical
basin, while for the divergent basin the reduction is 31.7% and It is 69.9%. Furthermore, the
energy loss ratio (AE/E1) in divergent-convergent and convergent basins has increased by
23.9% and 19. 8%, respectively. The results indicate that the performance of divergent-
convergent basins is much better than divergent and classic basins. Finally, several equations
were developed to predict the flow depth ratio and jump length ratio in the divergent-
convergent basins.
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Table 1-The hydraulic jump characteristics

NO Q Divergent basin Divergent-convergent basin
(Lit/s)
E E E 2 ¢ = E E E 8 Z ¢
T oo o 2 2 3§ 3 T @ o 8 2 & I
1 66.1 6.29 104 031 073 070 6.00 24.00 6.69 112 030 082 073 583 20.83
2 58.0 6.47 099 030 068 069 6.44 25.11 6.06 091 027 064 071 532 18.09
3 56.0 668 100 030 071 070 6.63 26.05 6.24 092 026 066 072 544 19.11
4 54.5 699 1.04 029 075 072 6.88 26.83 650 095 025 070 073 558 1953
5 53.5 725 108 029 079 073 7.09 26.58 661 09 024 072 075 548 19.05
6 49.5 711 100 029 071 071 7.24 27.63 659 091 023 067 074 550 1875
7 45.0 731 097 027 070 072 743 28.57 6.47 083 022 061 074 539 1895
8 41.0 696 086 025 061 071 7.06 27.94 696 086 021 065 075 583 21.18
9 40.0 710 087 026 061 071 745 28.79 744 092 022 070 076 641 21.88
10 38.0 741 088 024 064 072 758 29.03 741 088 021 067 076 645 2161
11 320 768 082 023 059 072 830 31.48 690 072 019 053 074 6.03 20.69
12 29.5 871 092 023 069 075 936 34.04 794 081 018 063 078 6.80 24.00
13 255 959 094 022 073 077 1050 38.50 832 078 017 061 078 755 2591
14 23.5 955 0.89 020 068 077 1026  39.47 884 080 017 063 079 800 2850
Conclusions

Hydraulic jump is used as an important energy dissipator downstream of hydraulic structures such
as spillways, gates, and chutes. The innovation of this research is to use divergent-convergent stilling
basins to increase the performance of the stilling basins. The results indicate that in the divergent-
convergent basin, the depth ratio (y2/yl) and jump length (Lj/yl) decrease by 35.5% and 95.7%
compared to the classical basin, respectively. The reduction of these values for the divergence basin
is just 31.7% and 69.9 %, respectively. Furthermore, the energy loss in divergent-convergent and
divergent basins has increased by 23.7% and 19. 8%, respectively. Finally, several equations were
recommended to predict the ratio of conjugate depths and jump length using dimensional analysis
and two analytical and regression methods. In light of this study, it can be concluded that divergent-
convergent settling basins with smaller dimensions and greater energy loss are much more suitable
alternatives for classical and divergent basins.
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Table 1-Range of experimental parameters

Variables Q Fr; 1 Yo V,
(m%/s) (cm)  (cm) (m/s)
Range of 23.5-66.1 6.05-10.5 1.9-5 16-30 3.6-4.59
parameters
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Table 2-The suggested equations for depth ratio

Researcher(s) Type of Stilling Equations
Basin
Bélanger (1828 Classic jum 1
ger (1828) JmP %=E(—1+ 1+48F?)
Herbrand (1973)  Sudden divergent y 5 1
2 - [e— —_— —
y. B'' 2B
Alhamid (2004) Sudden divergent ;2 _ %(\/1 4 8IF2(1+ 0.25In B)(+nF)] — 1)
1
Matin et al. Sudden divergent y2 1 5 2 ip2
(2008) ;—E(\/1+8E —1) B2 =K7'F} K
1
Varaki et al. Gradual divergent 1y, 0.5444
(2014) 5, = 0309 + 1)34542( + 1) 704197 (FP5175) (;) +1.4396
Hassanpour etal.  Gradual divergent V2 ( r )
— =0.832(F;) +1.998(B) — 1.25(—) + 0.432
(2017) y, ~ VBRE HL998(B) 125 ()
B=b2/b1

Divergent
Conversion

b;=0.48m

Ogee Spillway pjergent Convergent

Conversioy S Conversion

b1=0.3m i b»=0.48m
| ] 1
— =

L;=0.85m L>=0.65m L;=1.40m
= = =

Fig. 2-Stilling Basin A) Gradual divergent; B) divergent-convergent
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Table 3-Collected data for gradual divergent and divergent-convergent

NO Q (Lits)

Gradual divergent

Divergent-convergent

yl(m) y2(m) Lj(m) V1i(m/s) V2 (m/s) yl(m) y2(m) Lj(m) VI1i(m/s) V2 (m/s)
1 66.1 0.050 0.300 1.200 4.407 0.508 0.048 0.280 1.000 4.590 0.590
2 58.0 0.045 0.290 1.130 4.296 0.476 0.047 0.250 0.850 4113 0.546
3 56.0 0.043 0.285 1.120 4.341 0.479 0.045 0.245 0.860 4.148 0.538
4 54.5 0.041 0.282 1.100 4.431 0.483 0.043 0.240 0.840 4.225 0.524
5 53.5 0.040 0.280 1.050 4.515 0.494 0.042 0.230 0.800 4.246 0.531
6 495 0.038 0.275 1.050 4.342 0.465 0.040 0.220 0.750 4.125 0.513
7 45.0 0.035 0.260 1.000 4.286 0.450 0.038 0.205 0.720 3.947 0.505
8 41.0 0.034 0.240 0.950 4.020 0.446 0.034 0.200 0.720 4.020 0.483
9 40.0 0.033 0.246 0.950 4.040 0.425 0.032 0.205 0.700 4.167 0.487
10 38.0 0.031 0.235 0.900 4.086 0.426 0.031 0.200 0.670 4.086 0.474
11 32.0 0.027 0.224 0.850 3.951 0.381 0.029 0.175 0.600 3.678 0.458
12 29.5 0.024 0.220 0.800 4.184 0.362 0.025 0.170 0.600 3.933 0.435
13 25.5 0.020 0.210 0.770 4.250 0.331 0.022 0.166 0.570 3.864 0.405
14 23.5 0.019 0.195 0.750 4.123 0.328 0.020 0.160 0.570 3.917 0.388

RIN G119 dxog 9 [Ron—| 5719 4o 92 53 Ob 2 4 bgr e Syl dplbme-t Joui
Table 4-Calculation of flow characteristic in for gradual divergent and divergent-convergent basin

NO

O©CoO~NOUIhWNBE

Q
(Lit/s) Fr1

Gradual divergent basin

Divergent-convergent basin

El E2 AE (AEED) (y2iyl) (Ljlyl) Frl E1 E2 AE (AEEl) (y2iyl) (Ljlyd)

(m (m) (m) (m (m) (m)
661 629 104 031 073 0.70 600  24.00 669 112 030 082 073 583  20.83
580 647 099 030 068 0.69 644 2511 606 091 027 064 071 532  18.09
560 668 1.00 030 071 0.70 663  26.05 624 092 026 066 0.72 544 1911
545 699 104 029 075 0.72 688  26.83 650 095 025 070 0.73 558  19.53
535 725 108 029 079 0.73 709 2658 661 096 024 072 075 548  19.05
495 741 100 029 071 071 724 2763 659 091 023 067 074 550  18.75
450 731 097 027 070 0.72 743 2857 647 083 022 061 074 539 1895
410 696 086 025 061 0.71 706  27.94 696 086 021 065 0.75 588  21.18
400 710 087 026 061 0.71 745  28.79 744 092 022 070 0.76 641  21.88
380 741 088 024 064 072 758  29.03 741 088 021 067 0.76 645 2161
320 768 082 023 059 0.72 830 3148 690 072 019 053 0.74 603  20.69
295 871 092 023 069 075 936  34.04 794 081 018 063 078 680  24.00
255 959 094 022 073 077 1050 3850 832 078 017 061 078 755 2591
235 955 089 020 068 0.77 1026 39.47 884 080 017 0.63 0.79 800 2850
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Fig. 3-Variation of hydraulic jump characteristics in terms of Froude number A) Depth ratio, B)Length
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Table 5-Percentage of variation for secondary depth, jump length and energy loss in different basins

Q Variation between divergent- Variation between gradual Variation between gradual
convergent and classic basins divergent and classic basins (%) divergent and divergent-
(%) convergent basins (%)

(AE/E1)  (y2lyl) (Ljlyl) (AE/E1)  (y2lyl) (Ljly1) (AE/E1)  (y2lyl) (Ljlyl)
66.10 23.79 -35.51 -95.79 19.89 -31.75 -69.96 4.87 -2.86 -15.20
58.00 24.96 -37.69  -104.76 23.42 -13.65 -47.47 2.02 -21.16 -38.85
56.00 24.55 -38.31  -100.76 23.05 -13.61 -47.31 1.94 -21.74 -36.29
54.50 25.86 -35.55 -97.58 24.26 -10.00 -43.86 2.12 -23.23 -37.34
53.50 27.22 -37.79  -101.96 25.53 -6.45 -44.72 2.26 -29.44 -39.56
49.50 30.26 -28.51 -88.65 27.42 2.33 -28.01 3.92 -31.58 -47.37
45.00 29.49 -31.84 -88.20 27.89 4.26 -24.81 2.22 -37.70 -50.79
41.00 30.05 -22.91 -71.99 25.65 -2.42 -30.35 5.92 -20.00 -31.94
40.00 25.23 -29.07 -93.64 19.05 -9.30 -47.14 7.63 -18.09 -31.60
38.00 24.35 -27.86 -99.00 20.47 -8.81 -48.15 4.89 -17.50 -34.33
32.00 26.79 -25.11 -86.05 24.45 9.00 -22.27 3.09 -37.48 -52.16
29.50 29.69 -12.50 -63.10 27.20 18.28 -14.98 3.43 -37.67 -41.84
25.50 23.78 -14.88 -76.43 23.14 17.45 -18.73 0.83 -39.16 -48.60
23.50 17.80 -29.38 -98.26 15.95 -0.85 -43.14 2.20 -28.29 -38.50
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Table 6-Suggested equations for hydraulic jump parameters in divergent-convergent basins

Equation R? RMSE MAE
b
Y2 = —0.473 + 0.884F, + 0.037 = 0.973 0.132 0.117
i}l b}’1
2T = 328 +3.408F, + 0.052(=)  0.957 0.60 0.52
Y1 Y1
10 - ) 30 _
A s --"I‘IQ“ 28 4 B 8 r,,-"' P Q,&Q\‘
o * _.-"I ﬁ‘l} e e -
d _r'}‘ 26 o R 1
8 _‘ll,r";;h 24 - 1/"'- 3 ',_."’;,vi‘
o e ’ = n ,-“"'" '
E 7 e - = ..
Dt t-c0! it — -Convergen
E P RRAS0:273 ‘(r?gf:slmn:nﬁud) 5:. 16 4 R?=0.957* (regression methnd)
5 1 R*=0.984 Divergent-convergent A Ri=0.979 +Divergent-convergent
(analytical retliod) uy (@analgtical methad)
4z 12
4 5 6 7 B ° 10 12 14 16 1B 20 22 24 26 28 30
yzfy 1(Observed) Lj /y 1(Observed)

Fig. 6-A comparison between observed and calculated data at divergent-convergent basins a) flow depth
ratio, b) jump length ratio
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