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Abstract  This work deals with determining the characteristics of the flow through the penstock of the Three Gorges 

dam in China. It also allows us to understand the influence of the diameter of the water duct on the modification of the flow 

structure in the penstock. To achieve our goals, the Eulerian resolution of the Navier-Stokes equations is done by a RANS 

approach using the FLUENT calculation code. The turbulence model applied is that with two k-ɛ equations. The results 

show constant velocities upstream of the dam until approaching the water intake at a distance of about 15m upstream, 

keeping an asymmetric shape in the different sections constituting the penstock. The maximum velocities are observed on 

the innerside of the various elbow. Layers of positive pressure are also visible in the penstock away from the walls; 

suggesting substantially coaxial and positive iso-pressures in high velocity zones, with a maximum directed towards the 

center of the penstock. This phenomenon thus goes against the "high velocity-low pressure" hypothesis, and may be 

justified by the geographical arrangement of the penstock, associated with its large diameter. 
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1. Introduction 

The production of electrical energy by hydroelectric 

power stations is booming around the world. Of the 

equipment constituting these structure, the penstock and the 

turbine constitute sensitive equipment because of their 

impact on the performance of the entire structure [1]. They 

are at the origin of more than half of the studies carried out 

on these master piece according to our research. 

This work focuses on penstocks that channel pressurized 

water to the turbine. They can be mild steel, glass 

reinforced plastic (GRP), reinforced concrete (RC), wooden 

staves, cast iron and high density polyethylene (HDPE), etc. 

However, due to greater applicability and availability, mild 

steel is the most widely used [2]. For less expensive and 

rapid studies, researchers use a modern tool that facilitates 

studies in the field of fluid mechanics. 

The CFD for "Computational Fluid Dynamics" allows 

the study of complex flows encountered in engineering.  

Its development, with the digital age, now results in 

enormous  possibilities so that it is  possible to model the  
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three-dimensional flow [3]. In addition, it offers the 

possibility of taking an in-depth look at the flow, which 

helps in understanding complex phenomena. These 

phenomena may be different depending on the shape of the 

penstock, or another parameter such as the shape of the 

water intake. 

In this document, we will present studies carried out on 

the penstock of the Three Gorges dam in China. The main 

objective in this first document relates to the determination 

of the hydraulic characteristics observed on the flow 

through the penstock of this dam. Thus, we will present 

cross sections of the penstock at very precise distances, in 

order to observe the fluid layers crossing the penstock to the 

turbine inlet. 

2. Material and Methods 

2.1. Assumption of Calculation Domain 

The model of our penstock is shown in Figure 1 below for 

a maximum flow rate of 970 m3/s. The structure is made up 

of three pipe sections linked together by elbows: 

  The first section is located between the water intake and 

the first elbow; 

  The second section is the part which is found between 

the two elbows; 
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  The third section is the one between the second elbow 

and the turbine inlet. 

 

Figure 1.  Three-dimensional model with boundary condition 

The turbulence model used is k-ε Realizable because it is 

well suited to boundary layers with a strong adverse 

pressure gradient, to strong curvature and vortex flows  

and a considered isotropic. The second order equations   

are solved with the velocity-pressure coupling method 

SIMPLEC and a convergence criterion of 10-6. The function 

near walls function considered is the standard wall function, 

and the discretization scheme is Body Force Weighted. The 

approach flow is stationary and the turbulence is isotropic. 

2.2. Governing Equations 

The flow is incompressible and isothermal with constant 

viscosity, and can be described by the velocity and pressure 

field governed by the Navier-Stokes equations [4] quoted 

by [5]. The fluid is assumed to be a Newtonian fluid. We 

have:  

𝜕𝑈 𝑖

𝜕𝑈 𝑗
= 0                          (1) 

The dynamic conservation is: 

𝜕𝑈 𝑖

𝜕𝑡
+

𝜕(𝑈𝑗𝑈𝑖)

𝜕𝑥 𝑗
=

1

𝜌
 −

𝜕𝑝

𝜕𝑥 𝑖
+

𝜕𝜏 𝑖𝑗

𝜕𝑥 𝑖
        (2) 

where 𝑼𝒊  represents the velocities in 𝒙𝒊  coordinate 

directions; 𝐩  is the static pressure load, ρ the constant 

density, and 𝝉𝒊𝒋 the viscous stress tensor. For a Newtonian 

fluid: 

𝜏𝑖𝑗 = 𝜇  
𝜕𝑈 𝑖

𝜕𝑥 𝑗
+

𝜕𝑈 𝑗

𝜕𝑥 𝑖
                 (3) 

In the flows, the variations are too rapid to be described in 

time and space. Velocity details are lost. We can adopt the 

following decomposition for the pressure and the velocity: 

𝑢𝑖 = 𝑢𝑖 + 𝑢𝑖
′                      (4) 

where 𝑢𝑖  and 𝑢𝑖
′  are the average components of the 

fluctuating velocity (𝑖 = 1, 2, 3). In the same way for the 

pressure and the other scalar values: 

𝜙 = 𝜙 + 𝜙′                       (5) 

Where 𝜙 represents a scalar such as pressure, energy, or 

other concentration. 

Substituting expressions of this form for the flow 

variables in the instantaneous continuity and momentum 

equations while taking a time average, we obtain the 

average momentum equations. They can be written in the 

form of Cartesian tensor: 

𝜕𝜌
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𝜕
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 𝜌𝑢𝑖 = 0                (6) 
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Additional terms now appear that represent the effects of 

turbulence. The Reynolds stress 𝜌𝑢𝑖
′𝑢𝑗

′      , must be modeled to 

close the equation. The closing of the equation uses 

Boussinesq's approximation [6]: 

−𝜌𝑢𝑖
′𝑢𝑗

′      = 𝜇  
𝜕𝑢 𝑖
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 −

2

3
 𝜌𝑘 + 𝜇𝑡

𝜕𝑢 𝑖

𝜕𝑥 𝑖
 𝛿𝑖𝑗      (8) 

The model of the transport equations for k and ε is: 

𝜕
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 + 𝐺𝑘 + 𝐺𝑏 + 𝜌𝜀 + 𝑌𝑀 + 𝑆𝑘    (9a) 
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where: 𝐶1 = max  0,43
𝜂

𝜂+5
  ; 𝜂 = 𝑆𝜀

𝑘 ; 𝐶3𝜀 = tanh  
𝜈

𝑢
   

𝑪𝟑𝜺  represents the degree of influence of volume forces, 

𝝂  is the component of the flow velocity parallel to the 

gravitational vector, and 𝒖 is the component of the flow 

velocity perpendicular to the gravitational vector. 

In these equations, 𝐺𝑘 = −𝜌𝑢𝑖
′𝑢𝑗

′      𝜕𝑢𝑗

𝜕𝑥 𝑖
 represents the 

generator term of the kinetic energy of turbulence due to the 

mean of the calculated velocity gradient, 𝐺𝑏 = 𝛽𝑔𝑖
𝜇 𝑡

𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥 𝑖
 is 

the generator term of the kinetic energy of turbulence due to 

the volume forces, 𝑌𝑀  represents the fluctuation of the 

expansion in compressible turbulence. 𝐶1 and 𝐶2 are their 

constants. 𝜎𝑘  et 𝜎𝜀  are the turbulent Prandtl numbers for  

𝑘  and 𝜀  respectively [7] quoted by [1]. 𝑆𝑘  and 𝑆𝜀  are 

user-defined terms. 

The turbulent viscosity is given by: 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
                (10) 

The difference between the three models is in the term of 

𝐶𝜇  which is given by: 

𝐶𝜇 =
1

𝐴0+𝐴𝑆
𝑘𝑈∗

𝜀

              (11) 

The constants are given by: 

𝐴0 = 4,04 ;  𝐴𝑆 =  6𝑐𝑜𝑠𝜙 

𝐶1𝜀 = 1,44 ;  𝐶2 = 1,9 ;  𝜎𝑘1,0 ;  𝜎𝜀 = 1,2 
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3. Results and Discussion 

3.1. Mesh Geometry 

Solving the equation of conservation of mass, momentum 

and energy equations requires the use of boundary 

conditions for each dependent variable. The velocity 

conditions at the walls and at the openings are shown in 

Figure 1 above. The nearing flow is always assumed to be 

stationary. 

To better understand the evolution of the flow structure 

in the penstock, we have divided each of the sections into 

three parts as we will see below.  

We see that the velocity is constant upstream of the dam 

until near the water intake, at a distance of about 15m 

upstream. After this distance, we see a change in the flow 

structure under the influence of the water intake. 

The legends presented on the fields correspond to the 

average values existing in the entire structure.  

As the modeling is three-dimensional, Figures 2 below 

show us a longitudinal section (median plane) of the mesh 

used in the study. We have in this figure numbers 

corresponding to the different portions studied. 

 

Figure 2.  Structure of the mesh with different portions studied 

We bring out in Figure 3 the mean sensitivities of the 

meshes corresponding to four mesh structures that have 

been the subject of the study in this work. 

 

Figure 3.  Mesh sensitivity 

3.2. Velocity Fields 

From the study of the sensitivity of the mesh, we find that 

the mesh no longer has a very large impact on the profiles 

obtained from 223,600 cells as shown in Figure 3 above. 

However, we opted for the more dence mesh, of 1049946 

cells. 

To better understand the evolution of flow layers in the 

pipe so we be located in relation to each section distance, a 

longitudinal outline of the part of the structure studied is 

presented. This longitudinal section corresponds to the 

dynamic field studied, namely the velocity field and the 

pressure field. 

 

a) 

 

b) 

Figure 4.  Velocity (a) and pressure (b) field at y = 0 m 

The velocity increases as we approach the penstock. We 

then observe layers of high velocity crossing the penstock 

with an asymmetric shape to the axis of the pipe in different 

sections. The maximum velocities are on the innerside of 

the various curves, with a heavier layer at the second elbow. 

For the pressure field, the high pressure layers are 

observed in the upstream zone (reservoir) at the water 

intake. Similarly, low pressure layers are observed in the 

innerside of each curve. However, we also see layers of 

positive pressure in the penstock away from the walls. For 

an in-depth observation of these different phenomena, we 

will subsequently make cross-sections on each section of 

the penstock.  

These three transects better reflect the flow evolution in 

this section of the penstock. Observing Figure 5a and at the 
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start of this portion (x = 15m), the maximum velocities are 

observed near the walls in separate layers; the vast majority 

being on the upper side. As we move forward in the pipe. 

Thus, we have opted to make three cuts for each section. 

The entrance to the water intake is located at a distance of 

x=0m. 

3.2.1. First Section 

The three cuts of this section are located at the following 

respective distances: x = 15 m, x = 28 m which 

approximately represents the middle, and x = 40 m for the 

exit as shown in Figures 5a and 5b below. 

These layers concentrate towards the center of the 

penstock as we can see at the distance x = 28m. At the exit 

of this portion (entry of the elbow), this curve has an 

elliptical shape, and is pressed against the bottom wall of 

the pipe. Note that from the fields, we seem to be in the 

presence of three layers in the cuts presented. 

Figure 5b shows the pressure field. At x = 15 m, we 

observe a pressure force towards the center of the pipe, thus 

reflecting the effect of the concentration of the intake on the 

inlet flow. Its quadrilateral shape represents the shape of the 

socket. The flow in its evolution towards the elbow presents 

a maximum pressure towards the center of the pipe, thus 

limiting the hypothesis of high pressure low velocity.  

 

X = 15 m    a)          b)  

 

X = 28 m    a)           b)  

  

X = 40 m    a)           b)  

Figure 5.  Velocity (a) and pressure (b) field in section 1 
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At the exit of the first elbow, we seem to be in the 

presence of two layers, with the high velocity layer 

observed on the bottom wall as shown in figure 6a, at the 

distance x = 57m. 

We subsequently observe substantially coaxial 

iso-pressures with a maximum, directed towards the center 

of the penstock. However at the distance x = 40m, the low 

pressure layer is observed on the bottom wall. 

3.2.2. Second Section 

For this section, the three cuts are placed at the respective 

distances x = 57m (for the entrance), x = 70 m (for the 

middle) and x = 95 m (for the exit or the entry into the 

second elbow). 

Moving towards the middle of the portion, we seem to be 

in the presence of 3 layers, with the high velocity layer 

observed towards the upper part in the penstock. At x = 

95m, we observe several fluid layers, with a high velocity 

layer practically stuck to the upper wall (ceiling) of the 

penstock. In figure 6b, we observe the same iso-pressure as 

noted previously, with the layers of high pressure in the 

upper part of our penstock (at x = 57m). As they move 

away in the section, these layers remain at the top of the 

penstock, keeping its ovoid shape. Once again, we observe 

non-zero iso-pressures in high velocity zones; which again 

goes against the high velocity-low pressure phenomenon. 

 

X = 57 m    a)              b)  

 

X = 70 m    a)         b)  

 

X = 95 m    a)         b)  

Figure 6.  Velocity (a) and pressure (b) field in section 2 
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The velocity fields present us with several fluid layers  

at the exit of the second elbow as we can see in figure 7a 

above, at x = 112m. As you approach the turbine, the flow 

becomes symmetrical as shown in the figure above at x = 

140m. 

This new phenomenon can be justified by the 

geographical disposition of the penstock, associated with  

its large diameter. However, this is one of the objects of an 

ongoing study. 

3.2.3. Third Section 

As with the previous sections, the distances here are x = 

112 m (for the entrance), x = 125 m (for the middle) and x = 

140 m (for the exit). It should be noted that this section has 

the particularity of being arranged horizontally. 

Regarding the pressure fields, we make the same remark 

on the position of the high pressure layers. These once 

again show maximum pressure in the wake of high 

velocities. 

 

 

X = 112 m    a)         b)  

 

X = 125 m    a)         b)  

 

X = 140 m    a)         b)  

Figure 7.  Velocity (a) and pressure (b) field in section 3 
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3.3. Comparative Studies 

 

Figure 8.  Penstock velocity profile for Wang et al. [8], Tchawe et al. [9], 

and this study 

 

Figure 9.  Profile of velocities near the wall for the present study and that 

of Tchawe et al. [9] 

Several studies are carried out on penstocks and these on 

various aspects. However, the structure of the flow remains 

one of the unknown parameters of the operation of the 

structure, because it is difficult to observe. As the interest  

of these studies relates to improving the performance of the 

entire structure, they are therefore essential on such a 

structure having been the subject of enormous expenditure 

and being classified as a risk structure. It is with this logic 

that Wang et al. [8] studied the velocity of the flow in the 

penstock entrance by the ultrasonic method in the Three 

Gorges dam. We compare our results with those obtained 

within the framework of this work as shown in the figure 

below. 

The arrangement of their probes may explain the error 

observed on the curves. However, from the results obtained 

within the framework of this work, including that presented 

in Figure 5 above, we validated our model. We then 

compared the flow structure upstream of the intake with 

that obtained in a previous work; this conforts us in the 

model used as we can see in the figure 6. 

The velocity profiles are consistent towards the lower 

wall, with a peak observed in the same interval. The 

difference observed towards the upper part of the profiles is 

justified by the modifications made to the configurations of 

the structure. 

In order to present the closeness at the level of the 

dynamic field, we compared our study with that of 

Adamkowski et al. (2009) [10], as shown in Figures 10a 

and 10b below. The goal in their studies was to measure 

flow using the pressure-time method in a three-section 

curved penstock like ours, but with a reduced diameter and 

longer length. It was equally question to evaluate the results 

obtained numerically on these structure. 

Thus, the general flow structure is found on both studies 

with the high velocity layers near the walls of the intake, 

folded towards the upper part in the second section and 

concentrated towards the innerside on each elbow. Likewise, 

these layers are located towards the axis of the pipe at the 

exit of the penstock in both researches. These observations 

are only possible thanks to the numerical approach which 

allows us to visualize the structure of the flow at each point 

in the pipe. According to ASME, having fully developed 

turbulent motion requires a straight line at least 10 times the 

diameter of the pipe; which is not the case in the two 

studies. 

 

a)                                                b) 
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a)                                                b) 

Figure 10.  Velocity field in driving for Adamkowski et al. [10] (a), and the present study (b) 

4. Conclusions  

For us in this work, it was question to determining the 

dynamic field in the penstock of the Three Gorges dam   

in China, the objective being to determine the structure   

of the flow in this pipe using a numerical approach.     

We have therefore chosen the FLUENT calculation code,  

which is the most widely used in the world of hydraulic  

and particularly in hydroelectric dams. From the results 

obtained, we observe the constant velocity upstream of the 

dam until near the water intake at a distance of about 15m 

upstream. Its structure retains its asymmetric character in 

the different sections that constitute driving with maximum 

velocitys on the innerside of the different elbow. We also 

observed layers of non-zero pressure in the penstock,    

far from the walls; substantially coaxial and positive 

iso-pressures in high velocity zones, with a maximum 

directed towards the center of the penstock. A phenomenon 

that still goes against the high velocity-low pressure 

hypothesis. This new phenomenon can be justified by the 

geographical arrangement of the penstock, associated with 

its large diameter. 
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