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Abstract: In this work, we perform a numerical study of a water flow over a stepped spillway. This flow is described by the 
Reynolds averaged Navier-Stokes equation (RANS) associated with the turbulence -k $  model. These equations are solved using a 
commercial software based on the finite volume scheme and an unstructured mesh. The air-water flow was modeled using volume of 
fluid (VOF) and multiphasic methods. The characteristics of the flow were investigated including the total pressure, the velocity 
profile, etc.. We analyze the effects on the flow structure of the steps and countermarch inclination, the air injection through the 
countermarch into the water flow and the dynamics water discharges. Results show that the inclination of the countermarch relative 
to the vertical and the air injection into the water flow increase the total pressure in the neighbourhood of the steps. 
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Introduction�� 
Water flow over spillway has been extensively 

studied because of its relevance in engineering proble- 
ms such as in storage and detention dams.  In a dam 
spillway, the water flow velocity reaches very high 
values causing the cavitation erosion of the spillway 
walls. Studies of water flows over a stepped spillway 
are very complex because these flows involve a num- 
ber of phenomena such as air entrainment, cavitation, 
turbulent boundary layer, free surface flow and com- 
plex geometry[1]. In the following, we attempt to report 
some experimental and numerical studies on water flow 
along stepped spillway. Based on experimental works, 
Sánchez-Juny[2] showed the existence of four different 
zones inside which the flow occurs. In the first zone, 
immediately downstream of the crest of the spillway, 
the water is clear and without aeration process. In the 
second zone, adjacent to the preceding one, the water is 
clear and described by a typical U-shape and an aera- 
tion process occurs, starting from the edges of the cha- 
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nnel. In the third area, the aeration process begins 
where the water is foamy and white. In the fourth zone, 
the flow is completely aerated and the white water 
phenomenon appears. In order to analyze the influence 
of the size of the countermarch on the flow structure, 
the air concentration and the rate of energy dissipation, 
Felder and Chanson[3,4] conducted a study on five ste- 
pped spillway configurations, two with countermarch 
of the same size and three with countermarch of diffe- 
rent sizes. The results show that for low flow rates, the 
air concentration in the flow is, in the case of the con- 
figuration with countermarch of different sizes, supe- 
rior to the one with the configuration for which the 
countermarch has the same size. For the stepped spill- 
way with countermarchs of different sizes, the air con- 
centration is superior to all those of other configura- 
tions. Moreover, the rate of energy dissipation does 
not really depend on the stepped spillway configura- 
tion considered in this study. Therefore, increasing the 
number of steps of the same size leads to a decreasing 
of the energy dissipation of the flow. It will be noted 
that in the case of the stepped spillway configuration 
for which steps have the same size, regardless of the 
flow regime, the rate of energy dissipation and the air 
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concentration decreases as the discharge increases. The 
increase in the number of steps generates an increase 
in water thickness in the stilling basin and a reduction 
in the length of hydraulic jump[5]. For instance, for a 
stepped spillway made up of 32 steps, the water thick- 
ness in the stilling basin increased by 71% and the 
value of the length of hydraulic jump is reduced by 64% 
compared with a conventional spillway. 

Numerous experimental studies based on the 
similarity of Froude ( )Fr  and Morton ( )Mo  numbers 
were performed to analyze the scale effect on the two- 
phase air water flows. These studies highlighted that 
the choice of the criteria to assess scale effects is cri- 
tical because some parameters such as void fraction, 
turbulence intensity, or bubble size, are likely to be 
most affected by scale effects, even in relatively large 
laboratory models[6]. Based upon a literature review[7], 
Pfister and Chanson[6] have highlighted that the rele- 
vant scaling parameter of an  air water flow is the air 
concentration, while the non-dimensional numbers Fr , 
We , Re , Mo , and some limiting values of Re  or 
We  reduce scale effects. No scale effect has been ob- 
served by these authors at full scale only, using the 
same fluids in prototype and model. 

Numerical simulations of air-water flowing on 
stepped spillway were performed using the Reynolds 
Averaged Navier-Stokes equations (RANS)[1,8-12] or 
the Saint Venant equations[13] coupled with turbulent 
models such as standard -k $ [1,8,11,14,15], RNG -k $ [11] 
Reynolds stress[10,16], realizable -k $ [8,9], SST -k F [9], 

2 -v f [9] and LES[9]. These equations are very difficult 
to solve, so various works on this flow type were 
carried out by using a commercial code such as 
Fluent[8], or Flow-3D[10,11] and others. These software 
are based on the finite volume method, the volume of 
fluid (VOF) method[9,15], Tru VOF[10,17] or the mixture 
model[8,9]. Numerical studies showed that the ski- 
mming flow regime[1,8,9,12] is divided into a main flow 
described by a uniform stream over the outer edges of 
the steps[1,8,9] and a secondary flow characterized by 
eddies located in the space defined by the main flow, 
the step and the countermarch. For instance, a dis- 
charge value equal to 0.03 m3/s, leads to negative 
pressure on the edges of the steps[8]. This negative 
pressure causes the cavitation phenomenon and con- 
sequently the deterioration of the stepped spillways. 
Qian et al.[9] analyzed the influence of four turbulence 

models: realizable -k $ , -k F  SST, 2 -v f  and LES 
on the mean velocity of the water flow. The results are 
compared with those obtained by PVC. The turbulence 

model 2 -v f  underestimates the mean velocity value 
of the iso-velocity cells, while the mean velocity 
values obtained by the realizable -k $  and the -k F  
SST models are superior to those measured by the PIV 
system. The LES model leads to results different from 

the experimental results. Bombardelli et al.[11] simula- 
ted a non-aerated flow over a stepped spillway using 
the -k $  and RNG -k $  turbulence models combined 
with the Tru VOF method. Results of velocity field and 
water flow thickness obtained with these two tur- 
bulence models are close. Numerous studies[18-21] on 
water flows over stepped spillway showed that flows 
over stepped spillways can be classified into three re- 
gimes depending on the discharge value and the step 
geometry: nappe flow regime, observed for small dis- 
charge values, characterized by a succession of over- 
falls jumping from one step to another. The increase 
in the discharge value generates the development of 
eddies located in the space delimited by the main flow, 
the step and the countermarch. Between this type of 
skimming flow and the nappe flow regime, there exists 
a range of discharge values for which the flow is cha- 
racterized by a significant aeration, splashing, and 
chaotic appearance and the flow properties vary from 
step to step. 

Wei et al.[22] developed a diffusion model to pre- 
dict the air concentration distribution in the self-aera- 
ted open channel flows. The air-water flow is regarded 
as consisting of the low flow region, where the air 
concentration is lower than 0.5 and the upper flow 
region, where the air concentration is higher than 0.5. 
They noted two different diffusion processes: one in 
which the air bubble diffuses in the water flow by 
turbulent transport fluctuations in the low flow region, 
in the other process the water droplets and free surface 
roughness diffuse in the air in the upper region. 

In water flowing along a stepped spillway, the air 
quantity entrained by the flow and the air bubbles in the 
water flow contribute to the reduction of cavitation ero- 
sion. The air entrainment causes a reduction of the 
shear stresses in the fluid and on the wall of the spill- 
way. Dong and Lee[23] indicated that friction factor in a 
stepped channel flow is considerably greater than that 
in a smooth channel flow. Moreover, the energy dissi- 
pated in the flow over a stepped spillway is superior to 
the one in a flow on a smooth spillway. Chen et al.[24] 
carried out a study in order to analyze the influence of 
the dam slop and of the ogee at the spillway toe on the 
energy dissipation rate. They showed that the energy 
dissipation rate increases as the dam slope decreases. 
In addition, the energy dissipation ratio of the stepped 
spillway without ogee is much greater compared with 
that of the stepped spillway with ogee. So, the ogee 
can improve the energy dissipation rate and conseque- 
ntly contribute to the reduction of the cavitation phe- 
nomenon. Many studies[18,21], mainly experimental, 
have shown that the resistance on the walls of spillway 
can be reduced by using, for example, special concrete 
or by air injection into the water flow. 

Although the study of flowing water on stepped 
spillways have been the subject of various studies, it 
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appears, to our knowledge, that the effect of the incli- 
nation of the steps, the countermarchs and the injection 
of air into the water flow on the characteristics of the 
flow have not been studied. The aim of this paper is to 
perform a numerical study of water flowing over a 
stepped spillway. The RANS associated with the tur- 
bulence -k $  model were solved using the software 
Fluent. The air-water two-phase flow was modeled 
using VOF and multiphasic models. We analyzed the 
effects of the dynamic water discharge, the inclination 
of the steps and the air injection into the flow on the 
main characteristic parameters of the flow. 
 
 
1. The physical model and mathematical formula- 

tion 
 
1.1 The physical model 

The physical model is a stepped spillway inclined 
to the horizontal by an angle of o53  and made up of 
13 steps (Fig.1). The spillway crest shape is identical 
to that of a standard waterways experiment station 
(WES). This spillway is linked to the vertical wall of 
an approach channel (0.25 m*0.827 m) by a rounded 
corner of three radii equal respectively to 0.0485 m, 
0.0194 m and 0.00388 m. The five steps counted from 
the spillway crest have different sizes ((0.015 m*  
0.02 m), (0.018 m*0.024 m), (0.0225 m*0.03 m), 
(0.03 m*0.04 m), and (0.0375 m*0.05 m)), the other 
steps have the same size (0.045*0.06 m). An ogee of 
radius 0.28 m ensures the connection between the 
bottom of the spillway and a horizontal channel with 
the length of 0.20 m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Scheme of the physical model 
 

In Fig.1, Where evH , bH  are the height of the 

spillway and the horizontal channel respectively, rL  
is the distance between the approach channel and the 

-y axis, L  is the distance between the end of the app- 

roach channel and the origin o  of the Cartesian frame 
of reference located on the top of the crest at the loca- 
tion of the radius equal to 0.0485 m. 

1.2 Hypothesis 
(1) The transfers are two-dimensional and per- 

manent. 
(2) The physical properties of the air-water fluids 

are constant. 
(3) The fluid is incompressible. 

 
1.3 Governing equations 

The water flow equations over the stepped spill- 
way presented above are expressed by the RANS. 
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where �  is the air-water density, P  is the pressure, 

U , V  are the velocity components in the x  and y  

directions, g  is the acceleration of gravity, ?  is the 

dynamic viscosity, t?  is the turbulence viscosity 
which can be derived from the turbulent dissipation 
rate $ : 
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where C? , 
1

C$ , 
2

C$ , k�  and $�  are empirical con- 

stants: = 0.09C? , 
1

= 1.44C$ , 
2

= 1.92C$ , = 1k�  

and = 1.3$� . 
We simulated this flow by the VOF and the mul- 

tiphasic methods. We use first, the VOF method for 
the analysis the effects of the inclination of the steps 
on the flow and then, the multiphasic method to dete- 
rmine the effect of the injection of air into the water 
flow on the main characteristic parameters of the flow. 
The VOF method is based on a volume fraction F [25]: 
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where a�  and w�  are respectively air and water den- 

sity, a? , w?  are air and water dynamic viscosity re- 
spectively. 

The multiphasic model is based on the volume 
fraction equation[25]: 
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where k  is the phase, k�  and k�  are respectively 

the volume fraction and the density of the phase k , 

Mku  is the diffusion velocity for the mixture flow, mu  
is the velocity of the mass centre of the mixture flow. 
 
1.4 Boundary conditions 

Inlet boundary 
 

= rx L� , r dH y H� / / , 0( , ) =U x y U         (11) 
 

d fH y H/ / , atm( , ) =P x y P                 (12) 
 

Outlet boundary 
 

=x L , 1evH y H� / / � , atm( , ) =P x y P         (13) 

Water-air interface 
 

rL x L� / / , 1 fH y H� / / � , atm( , ) =P x y P    (14) 
 

Wall boundary conditions 
 

rL x L� / / , 0 mevH y� / / , ( , ) = ( , ) = 0U x y V x y  
(15) 

 
 

2. Computational domain and meshing 
The computational domain includes the entire 

spillway (the stepped spillway, the approach channel 
and the horizontal channel). The Eqs.(1)-(6) were dis- 
cretized using an implicit scheme based on the finite 
volume method. The pressure implicit with splitting of 
operator (PISO) algorithm was applied to link the pre- 
ssure and the velocity fields. The equations were sol- 
ved using the software Fluent. An unstructured mesh 
consisting of two-dimensional quadrilateral cells   
(65 396 cells and 66 885 nodes) made by Gambit was 
implemented to fit the complex domain. Non uniform 
mesh was employed. The space steps x
  and y
  are 
equal to 0.0015 m in the vicinity of the wall of the 
entire spillway, then varie between 0.003 and 0.004 in 
the entire domain. 
 
Table 1 Effect of the mesh size on the maximum velocity 

Mesh size max /V ms�1 

50 540 2.52 

55 674 2.47 

61 700 2.43 

66 885 2.40 

102 800 2.37 

245 347 2.34 

 
 
3. The grid independence study 

Mesh dependency tests have been conducted to 
ensure the accuracy of solutions. For this purpose, six 
different non uniform mesh 50 540, 55 674, 61 700, 
66 885, 102 800 and 245 347 are employed for the 
numerical simulation. The results for maximum velo- 
city value are presented in Table 1. It is observed that 
a refinement of the grid from 66 885 to 245 347 does 
not have a significant effect on the results in terms of 
the maximum velocity and the difference between the 
maximum velocities of these two grids is found to be 
less than 2.5%. Considering both the accuracy and the 
computational time the grid 66885 were adopted for 
the following calculations. 
 
 
4. Validation 

We will apply the software to a problem dealt 
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with in the literature[1], whose subject is nearest to that 
of this work[1]. Computations were performed for a 
stepped spillway where the dynamic height is equal to 
0.097 m corresponding to a dynamic water discharge 
of 6.8×10�2 m2/s. We plotted in the Fig.2, the evo- 
lution of the water thickness along the spillway com- 
puted by the software used in this study and the one 
reported by Chen et al.[1]. An analyze of the Fig.2 
shows that the water thickness along the spillway is in 
good agreement with the one reported in Ref.[1]. As 
can be seen in Figs.3 and 4 our results concerning the 
velocity distribution in the vicinity of the step 5 and 
the static pressure distribution are in good agreement 
with those of Chen et al.[1]. It will be noted that for the 
static pressure the maximum discrepancies between 
ours results and those of Chen et al.[1], located at =x  
0.033 m of the step (Fig.4) is about 16%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Evolution of the water thickness along the spillway 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 (Color online) Evolution of the velocity vectors (m/s) in 

the vicinity of the step 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Evolution of the static pressures in the vicinity of the  

step 5 
 
 

5. Results and discussion 
Computations were performed for a dynamic hei- 

ght equal to 9.7×10�2 m corresponding to a dynamic 
water discharge equal to 6.8×10�2 m2/s in order to 
analyze the flow structure and the effects of the steps 
inclination and the air injection into the water flow on 
the pressure field[26]. 

The flow over the stepped spillway is composed 
of a main flow and a secondary flow (Fig.5). The 
water flowing from one step to the next can be descri- 
bed by a jet impacting a plane wall. This result is in 
agreement with the one reported by Chen et al.[1] and 
Cheng et al.[8]. We observe that the main flow is deve- 
loped between the air-water interface and a plane ad- 
jacent to the step edges. The flow velocity increases 
along the stepped spillway. This increase is induced 
by the effects of the gravity and the conversion of the 
water potential energy into kinetic energy. The secon- 
dary flow is due to the effect of the step walls on the 
main flow. It is described by eddies located in the 
zone delimited by the main flow, the step and the 
countermarch.  

The pressure field in the secondary flow consists 
of two cells: one located in the vicinity of the step and 
the other in the neighbourhood of the countermarch 
(Fig.6). This result is in agreement with the one repo- 
rted by Cheng et al.[8]. We note that the pressure in the 
main flow is superior to the one in the secondary flow. 
The maximum pressure is found in the center of the 
pressure cell located along the step, the minimum pre- 
ssure values are found in the center of the pressure 
cell near the countermarch. This pressure reaches 
negative values on the countermarch. The higher pre- 
ssure values are in the area of impact of the water flow 
on the step and in the boundary between the main flow 
and the secondary flow. 

In order to analyze the influence of the dynamic 
water discharge on the pressure, we carried out cal- 
culations for three dynamic heights: 0.097 m, 0.07 m 
and 0.04 m corresponding to three dynamic water dis- 
charges respectively equal to 6.8*10�2 m2/s, 2.9* 
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Fig.5 (Color online) Evolution of the velocity vectors along the spillway (m/s). 2 2= 6.8 10 m /smq �*  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 (Color online) Evolution of the pressure field along the spillway (Pa). 2 2= 6.8 10 m /smq �*  

 
Table 2 Influence of the dynamic water discharge on the 

total pressure 

/q 10�2m2s�1 max /P 103Pa min /P 102Pa 

0.6 0.781 �3.19 

2.9 1.210 �4.41 

6.8 1.990 �4.93 

 
10�2 m2/s and 0.6*10�2 m2/s. The pressure pattern in 
the flow, are the same as the one described previou- 
sly[26]. We note that the increase of the water discharge 
from 0.6*10�2 m2/s to 6.8*10�2 m2/s leads to an in- 
crease in the maximum value of the total pressure from 
7.81*102 Pa to 1.99*103 Pa and a reduction of the 
minimum value of the pressure from �3.19*102 Pa to 
�4.93*102 Pa (Table 2). These negative pressures can 

provoke an erosion of the wall by the cavitation phe- 
nomenon. In order to avoid the negative pressure in 
the vicinity of the walls of the spillway, we analyze 
first the influence of the inclination of the step and of 
the countermarch then the air injection into the water 
flow on the structure of the flow and the main para- 
meters of the flow. 
 

5.1 The influence of the inclination of the step and the 
countermarch 
Twelve configurations have been considered[26]. 

Four configurations are defined by the inclination of 
the step to the horizontal. The inclination angle is var- 

ying from 
o11�  to 

o16 . Four configurations are 
above the countermarch inclination to the vertical 

( o11�  to o16 ). The other configurations have been 
obtained by a combination of those mentioned above. 
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To simplify the redaction, in the following: we use 
“negative in- clination” to note the configuration for 
which the in- clination angle of the step to the 
horizontal is negative, and “positive inclination” to 
note the configuration for which the angle to the 
horizontal is positive. We use the same denominations 
for the configurations chara- cterized by the 
inclination of the countermarch to the vertical. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7 (Color online) Distribution of the total pressures in the 

vicinity of the steps 12 and 13. Influence of the inclina- 

tion of the step. 2 2= 6.8 10 m /smq �*  

 
In the case of the inclination of the step, we note 

those for “the positive inclination” ( o0 , 
o16 ), the total 

pressure is weakly modified (Figs.6 and 7(b)). The 
pressure is superior to the one obtained in the case of 
horizontal steps (Figs.6 and 7(a)) for the “negative 
inclination”. In the case of the inclination of the coun- 
termarch, the increase of the countermarch angle from 

o0  to o16  in the “positive inclination” causes a de- 
crease of the pressure values from �4.93*102 Pa to 
�8.71*102 Pa (Figs.6 and 8(a)). The increase of the 
inclination angle in the “negative inclination” of the 
countermarch from o0  to o16  provokes an increase 
of the pressure of �4.93*102 Pa to �2.61*102 Pa 
(Figs.6 and 8(b)). The effect of the inclination angle of 
the step on the pressure is less important than the one 
obtained for a vertical countermarch (Table 3). The 
variations of the inclination of the countermarch in- 
crease the total pressure for the “positive and negative  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 (Color online) Distribution of the total pressures in the 

vicinity of the steps 12 and 13. Influence of the inclina- 

tion of the countermarch. 2 2= 6.8 10 m /smq �*  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 (Color online) Distribution of the total pressures in the 

vicinity of the steps 12 and 13. Influence of the inclina- 
tion of the step and the countermarch. = 6.8mq *   

10�2 m2/s 
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inclination”. In conclusion, the negative values of pre- 
ssure in the vicinity of the step wall can be avoided by 
using a higher inclination angle of the countermarch 
to the vertical in the “negative inclination” case. In the 
case of a spillway made up of steps and countermarchs 
inclined respectively to the horizontal and to the verti- 
cal, the flow parameters and the pressure are similar to 
those obtained for a stepped spillway with inclined 
steps and vertical countermarchs or inclined counter- 
marchs and horizontal steps (Fig.9). 
 
Table 3 Influence of the step and the countermarch inclina- 

tion on the pressure 

Angle/ o  min /P 102 Pa 

Step Countermarch 

�16 �4.74 �2.61 

�11 �4.83 �3.08 

0 �4.93 �4.93 

 11 �4.78 �7.19 

 16 �4.78 �8.71 

 
5.2 The influence of the air injection 

We considered two positions of air injection in 
the water flow: (P1) and (P2) located on the counter- 
march respectively at 0.009 m and 0.051 m from the 
bottom of the step[26]. Results show that the water flow 
parameters are not depending on the air injection rate 
for air flow rate values inferior to 0.45*10�3 m2/s. 
Consequently, we carried out calculations for two 
values of air flow rate: 0.72*10�3 m2/s and 1.35*  
10�3 m2/s. We note that the minimum value of the 
pressure is equal to �2.96*102 Pa without the air in- 
jection (Table 4). 
 
Table 4 Influence of the air injection position and the rate 

of the air injection on the total pressure 

Position of the 
air injection /aq 10�3m2s�1 min /P 102Pa 

P1 and P2 
0.72 �1.86 

1.35 �1.06 

P1 
0.72 �2.95 

1.35 �1.98 

P2 
0.72 �2.09 

1.35 �0.92 

Without the 
air injection 

0 �2.96 

 
The air injection position on the countermarch 

does not significantly influence the structure of the 
main flow such as those of the total pressure (Fig.10). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10 (Color online) Distribution of the total pressures in the 

vicinity of the steps 12 and 13. Influence of the air in- 
jection flow rate and the injection position: =aq  

3 21.35 10 m /s�*  

 
Moreover, the values of the flow parameters such as 
the pressure increase as the air flow rate injected into 
the water increase. For instance, when the air injection 
is through P1 and P2, the total pressure in the flow is 
superior to the one obtained without air injection 
(Table 4). A comparative study of the total pressure 
values in the case of the P1 and P2 air injection posi- 
tions shows that the largest increase of the total pre- 
ssure is obtained when air is injected through the P2 
position (Figs.10(a) and 10(b)). For example, for an 
air flow rate of 1.35*10�3 m2/s injected through the P1 
position, the minimum pressure value is equal to 
�1.06*102 Pa. In the case of the P2 position, the pre- 
����������!����
�����¥¦*102 Pa. These values increase 
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to �0.92*102 Pa when the air is injected simultaneou- 
sly through the P1 and P2 positions. We note that the 
air injection into the water flow through the P1 posi- 
tion leads to an increase of the pressure in the water 
flow notably in the vicinity of the wall of the spillway 
contributing to reduction of the cavitation phenomenon 
(Table 4). For the air injection position P1, the mini- 
mum value of the total ���������������������������¦§* 
102 Pa to �1.06*102 Pa for an air flow rate equal re- 
spectively to 0.72*10�3 m2/s and 1.35*10�3 m2/s. In 
the P2 position, the total pressure reached �1.98*  
102 Pa for an air flow rate equal to 1.35*10�3 m2/s. 
Results presented above show that the position of the 
air injection has stronger influence than the air flow 
rate of air injection. 
 
 
6. Conclusions 

We simulated water flowing over a stepped spill- 
way using the standard -k $  model associated, on the 
one hand, with the VOF method in order to analyze 
the effects of the step inclination on the flow structure 
and, on the other hand with the multiphasic method for 
the case of the air injection into water flow. Computa- 
tion was performed with the software Fluent. The 
water flow along the stepped spillway includes, on the 
one hand, a main flow in the zone delimited by the 
water-air interface and a tangent plane to the steps edge 
and on the other hand, a secondary flow located in the 
vicinity of the step corner. The inclinations of the 
countermarch and the step respectively to the vertical 
and to the horizontal, the flow rate of air injection into 
the water flow and the injection position located on 
the countermarch influence significantly the flow stru- 
cture, notably the pressure pattern and its values. From 
this work it can be concluded: 

The inclination of the countermarch (positive or 
negative) provokes an increase in the pressure values 
in the flow. 

The inclination of the countermarch provokes for 
positive values of the inclination angle a decrease of 
the minimum pressure. 

The total pressure increases in the water flow with 
the air flow rate injected through the P1 position. 
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