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The Derivation of Energy Dissipation Equation for 
Adverse-Slopped Stepped Spillway
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Abstract: The analysis of energy dissipation rate plays a major role in the problem of inclined stepped
spillways. In this paper, the derivation of relative energy dissipation equation on adverse-slopped stepped
spillways has been considered. Step length (L), step height (h), the adverse-slope of step ( ), ratio  , ratio 

and energy dissipation rate for each step ( ) were used to derive the equation. Using Bukingham pi theorem
and dimensional analysis, five dimensionless parameters in the form of a dimensionless function was derived.
The multiple linear regression (using SPSS software) was used to calculate unknown coefficients of the
equation. The equation was applied to simulate relative energy dissipation. The results by predictions were in
good agreement with the measurements. 

Key words: Adverse-Slopped Stepped  Spillway   Energy  Dissipation Equation  Bukingham Pi Theorem
 Dimensional Analysis  Multiple Linear Regression 

INTRODUCTION

Contrary to the belief that the use of stepped
channels for energy dissipation purposes is a new
concept (developed along with the introduction of new
construction techniques, e.g., roller compacted concrete, Fratino et al. analyzed energy dissipation at the base
gabions), stepped chutes have been used since antiquity. of a stepped spillway under nappe flow as follows [2]:
Stepped channels were designed to contribute to the
stability of structures (e.g. overflow weir) and to dissipate
flow energy. In fact, the technique of stepped channels (2)
was developed independently by several ancient
civilizations. Some 16 dams with stepped spillways were
built during ancient times, ranging in height from 1.4mto
50 m, width from 3.7m to 150 m, maximum discharge up to (3)
about 9000 cumec, and with  step  height  varying  from
0.6 m to 5 m while the number of steps varied from 2 to 14.
In these spillways, steps  increase  energy  dissipation Chamani and Rajaratnam investigated energy
rate and decrease necessity of stilling basin for energy dissipation for nappe flow on inclined steps. Their
dissipation which will decrease dissipaters dimensions at relationship is as following [3]:
downstream. Studying of the effect of different parameters
on energy dissipation rate has been subject of various
researches. Chanson developed the following expression (4)
valid for free flow spillways and nappe flow with fully
developed hydraulic jump [1]:

(1)
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(5) including Peyras et al., Rice and Kadavy, Yasuda and

Yashuda et al. have derived a general expression for Takahashi et al., Hunt and Kadavy, and Felder and
the energy loss at the base of a stepped spillway with Chanson have examined flat-sloped (2(H):1(V) or flatter)
skimming flow, regardless of whether the flow is uniform stepped spillways [10-18]. In above mentioned papers,
or not [4]: equation for effect of adverse-slopped steps hasn't been

(6) has been studied. 

Boes and Minor suggested the following equation
for the non-uniform flow in skimming regime [5]: In this research, dimensional analysis and multiple

(7) based on a physical model of stepped spillway with

Boes and Hager introduced a relationship for the rate of are as following: step number (n), step length (l), spillway
energy dissipation in skimming regime as following [6]: height (P), adverse-slope of each step( ). The spillway

(8)

Yazdani assumed uniform flow all over the spillway
and the rate of energy dissipation was suggested as a
function of this drag coefficient as follow [7]:

(9)

(10)

Another relationship has been presented for C  asD

following [8]:

(11)

Kavianpour and Masoumi presented an expression
which was derived to determine the rate of energy
dissipation for non-uniform flow regime as follow [8]:

(12)

Hunt and Kadavy studied the effect of spillway slope
on energy dissipation [9]. They found that many of
researches studies were performed on steeper (2(H):1(V)
or steeper) stepped spillways, but a few researchers,

Ohtsu, Chanson and Toombes, Boes and Hager, Gonzalez,

presented. In this research, the effect of this parameter

MATERIALS AND METHODS

liner regression has been used. Presented equations are

adverse-slopped. Applied parameters in the experiments

model was 871(mm) to 3594.2(mm) high and covering flow

of  to . Steps ranged from 8 to 30 in

numbers. The Ratio (  was 0.421, 0.526, 0.631, 0.736,

0.842 in amount. Five different values were selected for :
5, 10, 15 and 20 in degrees. Neglecting the effect of air
entrainment on energy dissipation, relative energy
dissipation is function of step numbers (n), step height
(h), step length (l), critical depth on spillway crest (y ),c

adverse-slopped of step ( ), and energy dissipation
coefficient of each step (a). On the other hand, it can be
written:

(13)

Which E is energy loss between downstream and
upstream of spillway and E  is energy amount justU

upstream of spillway.  is called relative energy

dissipation. According to Bukingham pi theorem, five
dimensionless parameters must be derived. These
dimensionless parameters are as following:

(14)

At lost, equation (13) can be written following relation:

(15)

Multiple liner regression technique was applied to
calculate k, x , x , x , x , and x exponents which was done1 2 3 4 5

using SPSS software. Extending multiple linear regression
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technique to dependent variable y  and independent software. Final result of software output is presented ini

variables x , x , …, x  yields the following relation table 1. According to table 1, equation (17) can be written1 2 k

equation: as follow:

(16)

Which ( ) is a constant value and ( , ..... ) are0 1 2 k

coefficients of independent variables. According to
equation (16), equation (15) should be liner by taking Final form of equation (15) can be derived from
logarithm from both side of equation (15): equation (18) as following:

(17)

Relation between the logarithm of dependent variable Final   results    of    comparison    are    presented    in
and   independent   variables   was   derived   using   SPSS tables 2 and 3.

(18)

(19)

Measured and calculated (from eq. (19)) values of
relative energy dissipation are compared in figures 1 to 4.

Table 1: SPSS output for coefficient of equation (17)

Model Amount of coefficient Standard Error Sig.

Log (k) -8.111 E-02 0.005 0
5.091 E-02 0.001 0
2.750 E-03 0.001 0.002
8.484 E-02 0.004 0
-2.424 E-02 0.004 0
1.59 E-02 0.0035 0

Table 2: Comparison of measured and calculated values of   for 

n=10 n=30
---------------------------------------------------------- ------------------------------------------------------------
Measured Calculated Measured Calculated
----------------------- ------------------------ Correlation ----------------------- ---------------------- Correlation
µ s µ s coefficient µ s µ s coefficient

=5 0.93 0.03 0.88 0.08 0.998 0.94 0.029 0.90 0.016 0.991
=10 0.94 0.03 0.88 0.007 0.99 0.94 0.025 0.91 0.014 0.998
=15 0.93 0.022 0.88 0.005 0.995 0.95 0.022 0.92 0.012 0.997
=20 0.92 0.017 0.88 0.004 0.999 0.95 0.022 0.91 0.013 0.993

Table 3. Comparison of measured and calculated values of   for 

n=10 n=30
---------------------------------------------------------- ------------------------------------------------------------
Measured Calculated Measured Calculated
----------------------- ------------------------ Correlation ----------------------- ---------------------- Correlation
µ s µ s coefficient µ s µ s coefficient

=5 0.97 0.007 0.88 0.003 0.999 0.93 0.043 0.84 0.022 0.993
=10 0.97 0.007 0.88 0.002 0.99 0.93 0.044 0.84 0.024 0.999
=15 0.96  0.01 0.88 0.003 0.999 0.93 0.045 0.85 0.022 0.998
=20 0.97  0.007 0.88 0.002 0.995 0.93 0.045 0.85 0.021 0.991
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Fig. 1: Comparison of measured and calculated of relative energy dissipation for (h/l)=0.421 and n=10

Fig. 2: Comparison of measured and calculated of relative energy dissipation for (h/l)=0.421 and n=30

Fig. 3: Comparison of measured and calculated of relative energy dissipation for (h/l)=0.842 and n=10
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Fig. 4: Comparison of measured and calculated of relative energy dissipation for (h/l)=0.842 and n=30
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indirect effect. According to figures 1 to 4, predicted rates
are in good agreement with measured data. The quantity
of fitness is presented in table 2. Amount of correlation

coefficient between  and  are more than 0.99

for all cases that shows very high capability of equation
(19) for amount of energy dissipation for adverse-slopped
stepped spillways.

CONCLUSION

The Derivation of energy dissipation equation for
adverse-slopped stepped spillway has been studied in
this paper. Dimensional analysis and multiple liner
regression technique (using SPSS software) were applied
to derivate the equation. Five dimensionless parameters

( ) were obtained.

Finally, the relation between relative energy dissipation
and the pis was derived. There was good agreement
between predicted and measured data.
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