Effects of tailwater depth on spillway aeration
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Abstract

Hydraulic structures such as spillways or weirs with their water-air controlling mechanisms are not only important for
their structural properties but also for their effects on downstream ecology. Tailwater depth is an important factor affecting
dissolved oxygen transfer and aeration rates of spillways. In this study, effects of tailwater depths and discharge values on
the aeration efficiencies of laboratory-model smooth and stepped spillways were investigated. Changes of tailwater depths
affect the dissolved oxygen transfer rates and aeration efficiencies are affected more than 100%, resulting in supersaturated
dissolved oxygen concentrations. Tailwater depth is a significant parameter in the design of the spillway and the stilling
basin of dams. Therefore, this value should be estimated correctly.
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Introduction

Dissolved oxygen (DO) affects water quality directly.
Spillways with their water-air controlling mechanisms are
not only important for their structural properties but also for
their effects on stream ecology (Aras and Berkun, 2006).
The concentration of DO in water has long been a significant
concern in water quality management and certain minimum
levels are necessary for the maintenance of aquatic biologi-
cal systems and for either separate treatment or concurrent
assimilation of treated municipal and industrial wastewaters
(Ling et al., 2010; Baylar et al., 2009; Baylar et al., 2010; Aras
and Berkun, 2010).

Downstream DO concentrations are affected by various
factors such as flow rates, water temperature, and hydraulic
characteristics of weirs and channels. Tailwater depth is an
important factor for spillway aeration. Aeration efficiency
increases with the increasing tailwater depth (Chanson, 1994).
The effect of tailwater depth is limited since an infinite depth
for bubble penetration does not exist. An average maximum
tailwater depth can be determined for the combinations of flow
and dropping heights, to assess a potential depth value of the
limiting aeration efficiency. Popel (1974) noted that aeration
efficiency remains constant where downstream water depth
is greater than 2/3 times than the falling height. Avery and
Novak (1978) stated that tailwater depth should be 0.6 times
greater than falling height to have an effect on DO transfer
efficiency. Previous experimental and field research studies,
by Balachandar et al. (2000); Mossa et al. (2003); Tsai et al.
(2004); Sui et al. (2008); Sankar et al. (2008) and Aras and
Berkun (2008), have provided equations and graphs to show the
effects of tailwater depths on aeration.

Avery and Novak (1978) gave hydraulic jump models for
weirs and cascading spillways and noted that oxygen deficiency
is a function of the Reynolds number; effect of tailwater depth
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is important and effect of channel width is negligible for the
optimum aeration efficiency. The following equation resulted
from Avery and Novak’s (1978) modelling studies:

1 1.115
Ex = 1_(1+0 24x10’4F"78R°‘53) ©

where:
E,: aeration efficiency at 20°C,
F: Froude numberd

R: Reynolds number

Nakasone (1987) worked with 3 different laboratory-model
aeration systems to describe the aeration efficiency for different
flow regimes (Table 1) and found that tailwater depth should

be included in the formulas to calculate aeration efficiency
along with the falling height and discharge. Aeration efficiency
increased until a certain flow rate and then decreased. Optimal
flow rate was given as 235 m*h™! and optimum tailwater depth
was 30% of the falling height. The following equations were
developed:
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1.5 H.<12mand ¢g>0.65m*s"-m™ for;
Eyy = 1—expl-0.28(D + H. )" ¢ HO" ] @

1.5 H.>12mand g > 0.65 m*s™-m™ for;
E,=1- exp[— 030(D + HC)().816q—o.sozHo.zm] 5)

Nakasone (1987) developed the following equation taking the
tailwater depth into account:

ln}" — kNlAHkJVZquN3d,O.3IU (6)
This equation can be converted into the following form for

hydraulic structures having DH>12 m and g,_>0.065 m*s™
(Nakasone, 1987):
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. Table 1 Inr=592="——a°" @)
Tailwater depth measured by Nakasone (1987) W°-3"3 !
on various weirs
Structure Q (m*s™) h (m) h_(m) where:
104 503 067 H_: critical water depth
1.54 5.00 0.85 ¢: unit discharge
1.32 4.89 1.01 D: drop height
H: falling height
2.33 444 151 r: deficit ratio
0.16 5.71 0.30 k,,: coefficient
1.89 4.75 0.96 AH: height difference
1.01 4.66 1.07 4, unit width discharge
0.70 490 0.79 d: tailwater depth
0.93 4.90 1.54
0.81 478 0.90 These equations were verified in some models and prototype
013 573 0.20 work for 0.011 to 7.8 m*s™! discharges, 0.24 to 5.8 m fall-
007 539 0.00 ing heights and 0.25 to 7.5 m tailwater depths. Nakasone’s
: . . (1987) results showed that the aeration efficiency increases
1.67 4.80 1.03 with increasing tailwater depth. It was indicated that aeration
0.25 5.55 0.45 efficiency is independent of the pool depth in cases where the
0.23 5.63 0.26 tailwater depth is greater than maximum penetration depth of
2.81 4.09 1.71 air bubbles (Brattberg and Chanson, 1998; Rein, 1998). Watson
Borgharen 1.32 4.84 1.06 et al. (1998) examined the oxygen transfer rates in the labora-
Spillway 3.00 4.69 0.89 tory for a smooth spillway with a small elevation. Aeration
1.09 501 071 efficiency increased with tailwater depth. Kim and Walters
0.39 538 0.48 (2001) worked with small-scale prototypes in the laboratory
033 571 034 and indicated that the oxygen-deficit ratio is a function of the
0.52 541 0.45 tailwater depth, weir height, Froude number and fall height.
0.56 5.35 0.60 Materials and methods
0.67 5.27 0.67
1.04 4.97 0.92 This study was carried out using a laboratory model weir.
0.19 5.62 0.32 Experimental set-up comprised an open channel consisting
0.68 5.25 0.68 of a non-recirculated mechanism. Channel dimensions were: 400
1.17 478 0.95 cm length x 15 cm height x 7.5 cm width. A pump causes water
1.48 4.66 111 to flow from the main tank to the edge of the channel. Water
0.83 4.96 075 passes through a damper and reaches the spillway. Overflowing
155 296 112 water from the spillway flows along the channel and travels
- - - into the discharge measuring bucket system (Fig. 1). Dissolved
0.52 529 0.56 oxygen concentrations were measured at the upstream and
0.57 5.19 0.59 downstream ends for various flow rates using an oxygen meter
0.51 5.17 0.55 (HACH HQ10) at 10°C water temperature. Calculated deficit
Lith Weir 7.83 1.52 7.48 ratio and aeration efficiency values were converted to 20°C.
6.01 1.73 6.90 Two different weirs were tested, one being a smooth weir
Hague Cascade 0.0273 1.00 0.66 with 15 cm height, 10 cm length and 7.5 cm width and the second
(where h: fall height and h, : tailwater depth) a 4-step weir with 13.5 cm height, 12 cm length and 7.5 cm
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Table 2
Tailwater depths on smooth spillway
Discharge Measure- E, h_(m) Measure- E, h,_ (m)
(es™) ment No. ment no.

1 1.376 0.019 9 1.398 0.023
2 1.376 0.019 10 1.420 0.022
3 1.376 0.019 11 1.398 0.021
0 =010 4 1.398 0.020 12 1.442 0.021
! 5 1.398 0.020 13 1.442 0.023
6 1.398 0.020 14 1.464 0.023
7 1.420 0.022 15 1.464 0.023

8 1.420 0.022
1 1.420 0.025 9 1.509 0.026
2 1.420 0.025 10 1.532 0.026
3 1.442 0.025 11 1.532 0.027
0.=015 4 1.464 0.025 12 1.532 0.026
L 5 1.464 0.025 13 1.532 0.027
6 1.486 0.025 14 1.555 0.027
7 1.486 0.026 15 1.555 0.028

8 1.509 0.026
1 1.464 0.028 9 1.555 0.030
2 1.464 0.028 10 1.578 0.032
3 1.509 0.028 11 1.578 0.032
0.=020 4 1.486 0.029 12 1.602 0.032
3 5 1.509 0.028 13 1.602 0.032
6 1.532 0.029 14 1.625 0.032
7 1.532 0.030 15 1.625 0.033

8 1.555 0.030
1 1.486 0.035 9 1.578 0.037
2 1.509 0.036 10 1.578 0.038
3 1.509 0.036 11 1.602 0.038
0.-032 4 1.532 0.036 12 1.625 0.039
4 5 1.509 0.035 13 1.649 0.038
6 1.509 0.035 14 1.673 0.039
7 1.555 0.036 15 1.697 0.039

8 1.555 0.036
1 1.722 0.037 9 1.821 0.039
2 1.722 0.037 10 1.846 0.040
3 1.746 0.037 11 1.846 0.040
4 1.771 0.038 12 1.871 0.040
Q=040 5 1.771 0.038 13 1.871 0.041
6 1.771 0.038 14 1.897 0.041
7 1.796 0.039 15 1.897 0.040

8 1.821 0.039

width. Smooth and stepped spillways were composed of steel
and timber. The nature of the crest profile is an ogee profile.

A 50 m® main water tank provided water to the system with
a 6.5 mg-L"! DO concentration so that a greater than 2.5 mg-(!
difference between upstream and downstream DO saturation
concentrations could be obtained, in order to accurately calcu-
late the aeration efficiency (Aras, 2009).

Tailwater depth and aeration efficiency values were inves-
tigated for 5 different discharge values. Tailwater depths were
measured and compared and aeration efficiency was found for
each discharge value. Tailwater depth was controlled using a
ruler.

Results and discussion

Measured tailwater depths on the toe are listed in Table 2
and 3 and dissolved oxygen saturations downstream of the
spillways are provided in Figs. 2 to 3. In Figs. 4 to 7, the
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Figure 2
Dissolved oxygen saturations downstream
of the smooth spillway
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relationships between aeration efficiencies and tailwater spillways for the same discharge values are compared in

depths are analysed and in Figs. 8 to 9, the effect of Figs. 10 to 11.
discharge on the tailwater depths are investigated. Tail- In the model, water jet velocity and penetration depth
water depth differences between smooth and stepped increased with discharge at the downstream end. At the point of
Table 3
Tailwater depths on stepped spillway
Discharge Measure- E,, h_(m) Measure- E,, h_(m)
(&/s) ment no. ment no.
1 1.442 0.016 9 1.509 0.020
2 1.442 0.016 10 1.509 0.021
3 1.464 0.017 11 1.532 0.022
0 =010 4 1.464 0.019 12 1.509 0.023
! 5 1.464 0.019 13 1.532 0.023
6 1.486 0.019 14 1.509 0.022
7 1.486 0.020 15 1.555 0.023
8 1.464 0.020
1 1.464 0.022 9 1.578 0.025
2 1.486 0.023 10 1.602 0.026
3 1.509 0.023 11 1.602 0.026
0.2015 4 1.532 0.024 12 1.625 0.026
2 5 1.532 0.024 13 1.625 0.027
6 1.555 0.025 14 1.649 0.027
7 1.555 0.025 15 1.673 0.027
8 1.578 0.025
1 1.509 0.023 9 1.625 0.029
2 1.509 0.024 10 1.649 0.030
3 1.532 0.024 11 1.673 0.030
0.=0.20 4 1.532 0.025 12 1.697 0.031
3 5 1.555 0.026 13 1.722 0.031
6 1.578 0.028 14 1.746 0.032
7 1.578 0.027 15 1.771 0.032
8 1.602 0.028
1 1.555 0.026 9 1.673 0.034
2 1.555 0.027 10 1.673 0.035
3 1.578 0.027 11 1.697 0.035
0.-032 4 1.602 0.029 12 1.722 0.036
4 5 1.602 0.030 13 1.746 0.036
6 1.625 0.032 14 1.771 0.036
7 1.625 0.032 15 1.771 0.036
8 1.649 0.033
1 1.746 0.027 9 1.871 0.033
2 1.771 0.028 10 1.871 0.034
3 1.771 0.028 11 1.871 0.035
0.=040 4 1.796 0.029 12 1.897 0.035
3 5 1.796 0.030 13 1.922 0.036
6 1.821 0.031 14 1.948 0.037
7 1.821 0.032 15 1.948 0.037
8 1.846 0.033
150.0 17 003
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Dissolved oxygen saturation downstream of the stepped spillway Effect of tailwater depth on aeration efficiency for smooth

spillway (Q, = 0.10 £s7)
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Figure 7
Effect of tailwater depth on aeration efficiency for stepped
spillway (Q, = 0.40 £s™)

diving, bubbling length increased with the increasing discharge
and bubble formation.

For the stepped spillway model, flow regime changes with
the discharge values. When the flow passes from the steps
(nappe flow), aeration happens with the formation of a water jet
and a hydraulic jump. But on the step edges the flow is smooth
(skimming flow) for large flow rates (Aras, 2009) (Figs. 2-11).

In the experimental set-up, aeration efficiency is increased
by more than 100%, resulting in supersaturated dissolved
oxygen concentrations. The average aeration efficiency was
between 120% and 130%. This can be seen in Figs. 2 and 3.
Figures 4 to 7 shows that aeration efficiency is a direct func-
tion of tailwater depth. Aeration efficiency increases with
the depth of the tailwater at both low and high flow rates.
Also, tailwater depth increases with the discharge
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The relationship between discharge and tailwater depth for
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Comparison of tailwater depths for the spillways (Q, = 0.10 £-s™)

0o

0m :w

00 _MMHW
ha

0.02

0.01 A

0 T T T T T T T T T T T T T

1 2 3 4 ] B 7 8 9 m 1 12 13 14 15
Measurement No

—+ Smooth—8—Stepped

Figure 11
Comparison of tailwater depths for the spillways (Q, = 0.40 £-s™)

(Figs. 8 and 9). Tailwater depth is greater for a smooth spill-

way than a stepped spillway due to the steps. This can be seen
in Figs. 10 and 11.
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Conclusions

An exact equation to predict the dissolved oxygen balance of
streams has not been developed in previous research, although
a wide range of laboratory and field studies have been under-
taken and results usually presented in tables or in the form of
empirical formulas.

In this study, supersaturated oxygen concentrations indi-
cating higher than 100% aeration efficiencies were found and
related graphs and equations have been provided. Duration of
air bubbles in the water influenced the oxygen transfer rates
downstream of the weir and duration time was dependent on
the penetration depth of the air bubbles.

Tailwater depth is an important factor for weir aeration.
Aeration efficiency increased with the tailwater depth. £, val-
ues changed in the range of 1.376 to 1.897 for tailwater depth
changes in the range of 0.019 m to 0.040 m. In the stepped
spillway, aeration efficiency increased with increasing tailwa-
ter depth. £, values changed in the range of 1.442 to 1.948 for
tailwater depth changes in the range of 0.016 m to 0.037 m.

This study has shown that dissolved oxygen concentration
increased with discharge in both the flat and stepped spillway.
The amount of dissolved oxygen showed a gradual increase
in value for the first 4 flow rates and a sudden increase was
observed at discharges from 0.32 to 0.40 m*s™'. The reason for
this was the change in the flow regime.

The value of the tailwater depth is related to falling height
and discharge. Because a fixed height for the model spillways
was adopted, tailwater depth is directly dependent on the
discharge rate and flow regime. Aeration rate increased with
increase in tailwater depth at the toe of the spillway.

In general, tailwater depth in a smooth spillway was greater
than tailwater depth in a stepped spillway. This was due to
the stepping action of the water flow. While this relationship
is more clearly apparent at high flow rates, some exceptional
cases occurred at low flow rates. Values were close to each
other at low discharge and some values were higher for the
stepped spillway in some of the measurements taken at the
same flow rate.

Tailwater depths are important to predict oxygen transfer
at spillways. Optimum tailwater depth to optimise oxygen
transfer may be estimated from former laboratory studies and
equations. Too much or too little aeration at the downstream
end of spillways can have a negative impact on ecosystems.

In addition, accurate estimation of the tailwater depth is one
of the major parameters in reducing the cost of the hydraulic
structure.
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