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Abstract: This study focuses on improving the safety of embankment dams by considering the 
effects of vibration due to powerhouse operation on the dam body. The study contains two main 
parts. In the first part, ANSYS-CFX is used to create the three-dimensional (3D) Finite Volume (FV) 
model of one vertical Francis turbine unit. The 3D model is run by considering various reservoir 
conditions and the dimensions of units. The Re-Normalization Group (RNG) k-𝜀𝜀 turbulence model 
is employed, and the physical properties of water and the flow characteristics are defined in the 
turbine model. In the second phases, a 3D finite element (FE) numerical model for a rock-fill dam is 
created by using ANSYS®, considering the dam connection with its powerhouse represented by four 
vertical Francis turbines, foundation, and the upstream reservoir. Changing the upstream water 
table minimum and maximum water levels, standers earth gravity, fluid-solid interface, hydrostatic 
pressure, and the soil properties are considered. The dam model runs to cover all possibilities for 
turbines operating in accordance with the reservoir discharge ranges. In order to minimize stresses 
in the dam body and increase dam safety, this study optimizes the turbine operating system by 
integrating turbine and dam models. 

Keywords: dynamic analysis; rock-fill dam; Francis turbine; finite element model; k-𝜀𝜀; 3D numerical 
model 

 

1. Introduction 

A dam is continuously in harmonic motion due to environmental factors, such as wind, water 
waves, floods, and earthquakes. In addition, the operation of a dam powerhouse produces harmonic 
motion that affects dam stability. Dams can be classified according to different criteria. Based on 
materials used in construction, dams are categorized into masonry, concrete, and embanked dams 
(earth and rock-fill). In addition to the main dam structure, dam appurtenances such as spillways, 
conduits, and powerhouses are necessary for the dam. According to Bosshard, more than 80% of the 
total constructed dams in China are embankment dams [1]. In Québec, Canada, embankment dams 
account for about 73% of the total dams in this territory. Most of the past dam failures and incidents 
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happened at sites with embankment dams. Thus, more studies are required to increase the safety of 
embankment dams. A revolution in technology occurred in the late 19th century when an electric 
generator was driven by a hydro-turbine on Fox River in Wisconsin, USA [2]. This invention gave 
birth to hydropower technology. 

1.1. Vibrations of Turbines and Powerhouses 

The powerhouse represents one of the main parts of the dam used to generate hydroelectric 
power at low cost. The detection of the hydraulic characteristics in reaction turbines is the key to 
determining the effect of turbine operation on the dam body [3]. Based on a literature review, 
numerous investigations have been conducted utilizing those tools to simulate the flow behavior in 
the draft tube of turbine sand to inspect the critical conditions, such as the vortex rope and vibration [4,5]. 
Researchers have studied pressure pulsation in Francis hydraulic turbine units and discussed the 
cavitation phenomenon problem [6,7]. 

Jošt and Lipej built a three-dimensional (3D) numerical model for a Francis turbine unit to 
predict the vortex rope in the draft tube based on numerical flow analyses by performing two 
analyses, both with and without cavitation effects [8]. Another study reported a numerical analysis 
of the cavitation turbulent flow in a Francis turbine under partial load operation using the k–ω shear 
stress transport turbulence model in the Reynolds-averaged Navier-Stokes equations [9]. Qian et al. 
simulated 3D multiphase flows in a Francis turbine to calculate pressure pulsation in the spiral casing, 
draft tube, runner front, and guide vanes using fast Fourier transform [10]. Anup et al. investigated 
the hydrodynamic effects of pressure fluctuation in the draft [11]. The cause of rotor-stator interaction 
simulation under partial load operation, using analyzing 3D transient state turbulence flow 
simulation in a Francis tube, was investigated. The 3D Navier-Stokes computational fluid dynamics 
(CFD) solver ANSYS-CFX was used to analyze the flow through a vertical Francis turbine with 
different loads in situ. Most lately, Luna-Ramírez et al. calculated the pressure on the blades of a 
200 MW Francis hydraulic turbine to locate the failure on the blade surface based on CFD [12]. There 
are also several other studies analyzing the Francis turbine using the advantages of computational 
features [13–16]. 

1.2. Powerhouse Vibration Analysis 

Caishui studied the pressure distribution in the flow pattern within a powerhouse using the 
fluid dynamics method [17]. Caishui developed a mathematical model for a specific powerhouse 
station to find the velocity distribution and the pressure pattern distribution under three operating 
conditions (one-unit load, two-unit load, and full load rejection). The results of the study showed a 
good flow pattern at the inlet with steady water level fluctuation. Wel and Zhang created a 3D 
numerical model for a powerhouse body using ANSYS software to determine the stress and strain in 
the powerhouse body, and pressure, acceleration, and the frequency within the powerhouse [18]. 
ANSYS software is an American engineering solution based in Canonsburg, PA, USA. They 
concluded that most vibration was generated because of the static and dynamic disturbance of the 
hydraulic turbine blades. 

1.3. Vibration Effect on Dam Body 

Fenves and Chopra simplified the analysis procedure of the fundamental vibration mode 
response of concrete gravity dam systems for two cases: (1) dams with reservoirs of impounded water 
supported by a rigid foundation rock, and (2) dams with empty reservoirs supported by a flexible 
foundation rock [19]. In 1992, Gazetas and Dakoulas analyzed the vibration effect on a rock-filled 
dam depending on the diagrams presented by the effect of vibration, represented by the acceleration, 
displacement, shear strain, and seismic coefficients with time [20]. The authors discussed changes in 
these parameters with the change in depth, starting from the crest of the dam. Finally, a dimensionless 
graph was used in primary engineering designs to determine the peaks of the parameters. Bouaanani 
et al. presented a numerical technique based on the procedure derived by Fenves and Chopra to 
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calculate the earthquake influence that includes the hydrodynamic pressure on the rigid gravity 
dams, by suggesting closed-form formulas used to solve fluid–dam interaction problem [21]. The 
dam-reservoir interaction effect is represented by one of the following three assumptions: 

(1) The physical properties of the water that represents the mass of the reservoir added to the dam 
are defined. 

(2) The dam-reservoir interaction is described using the Eulerian approach introduced by 
Bouaanani and Paultre. The variables used are the displacements in the dam, as well as the 
velocity and pressure potential in the water [22]. 

(3) The dam-reservoir interaction is represented by the Lagrangian approach. The dam-reservoir 
behavior is expressed in terms of displacement and functions, with some constraints suggested 
excluding the zero-energy mode [23–25]. 

Considering the complexity of the dam-reservoir-foundation geometry, most of the recent 
studies used two-dimensional (2D) numerical models to analyze the seismic effect on the dynamic 
behavior of concrete dams [26–28] and embanked dams [29,30]. Most of these studies depended on 
the FE method concept. 

Anastasiadis et al. created a 2D model for a high rock-filled dam. In this study, a model analysis 
method was performed depending on the mode shapes evaluated for the symmetric part of the dam 
body [31]. The study depended on a special computer program MAP-76. Subsequently, with the 
analysis of Pine flat, the dam was considered a numerical model. This technique was applied to the 
dam body and the outcomes were compared with results related to direct methods of analysis. 

With software developments and computer speed improvement, many researchers have 
analyzed the seismic effect to understand their dynamic behavior by using realistic 3D FE models 
instead of 2D models to represent dams [32]. Hariri-Ardebili and Mirzabozorg studied the effect of 
four water levels coupled with a seismic effect on the dynamic behavior of arch dams [33]. In another 
attempt, Hariri-Ardebili and Seyed-Kolbadi developed 3D FE models to represent three types of 
concrete dams (gravity, buttress, and arch dams). These two studies clearly defined the 3D boundary 
conditions for the dam-reservoir foundation interaction system [34]. 

Dakoulas studied the longitudinal vibration on concrete-faced rockfill dams that cause 
compressive stress with a joint opening in the concrete slab panels [32]. A 3D hyperbolic model for 
the rockfill was used to determine the behavior of the dams subjected to longitudinal and vertical 
vibrations. The analysis considered the flexibility of the rocks and possible dynamic settlements of 
the rockfill. The dynamic settlements effect was examined, and comparisons were made to the 
response from upstream to downstream and combined vibrations. 

Some researchers estimated the dynamic behavior of concrete dams or rockfill dams and verified 
their results by comparing 3D and 2D models [35,36]. Other researchers compared the model results 
with in situ dynamic test data. However, comparing 2D and 3D models is not considered a valid 
strategy to verify the results because both models are prepared by the researcher. In addition, 2D 
models represent only one part of the dam and cannot represent irregular dams. 

A dam is presented to create the head difference between the headrace (the water surface 
elevation upstream of the dam) and the tailrace (the water surface elevation downstream of the dam). 
The penstock is comprised of pipes or tunnels that direct flow to the turbine system. The hydro-
turbine itself is a mechanical device whose rotation is driven by the extraction of energy from the 
flow. The electric generator converts mechanical energy into electrical energy and its rotation is 
driven by a shaft attached directly to the rotating hydro-turbine. Finally, the draft tube is a diffuser 
that collects the flow after it exits the turbine and deposits it on the lower side of the dam. The hydro-
turbine is categorized into impulse turbines (Pelton type) and reaction turbines (Francis and Kaplan 
types). Based on head available between upstream and downstream of the dams, most turbines used 
at the powerhouse are reaction turbines. Turbine operation is a source of vibration that affects the 
dam and powerhouse stability. 

The seismic effect on dam bodies was studied by civil engineering researchers in order to assess 
their dynamic behavior. Many researchers [26,37,38] developed 2D numerical models for simulation 
of dynamic behavior of dam bodies. Other researchers [39,40] developed 3D numerical models that 
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are more capable and accurate than the 2D models. The vibrational effect produced by the hydraulic 
turbines was studied by mechanical engineering researchers to assess their hydraulic performance 
due to powerhouse operation. Mechanical researchers [3,8,10–17,41–45] focused on modeling and 
analysis of pressure distribution on the turbine draft tube. There is no comprehensive study 
connecting the vibration effect on the dam body, including the powerhouse and the vibration effect 
generated by operating the turbines inside the powerhouse. 

1.4. Research Objectives 

This study conducts 3D numerical modeling based on the finite element (FE) technique to assess 
the dynamic behavior of selected embankment dams. The hydraulic performance of the reaction 
turbines in the powerhouses of the selected embankment dam is assessed using 3D numerical 
modeling based on the finite volume technique. In the first part of this study, one reaction Francis 
turbine from Temenggor powerhouse is selected as a case study. ANSYS-CFX is used to develop a 
3D numerical model of the turbine unit. The turbine model is run under a real head and discharge 
data obtained from a site visit are used to find the hydraulic performance of the turbine units. 

In the second part of this study, a 3D FE numerical dam model is developed to calculate the 
principal stress of the dam-reservoir-foundation system with the change in water levels from the 
maximum drawdown to the flood level. The hydrostatic pressure and gravity are defined according 
to the water level considering the foundation depth (127 m) and the dam-reservoir-foundation 
interaction. The soil physical properties of the dam-foundation are estimated from engineering 
reports and water physical properties are defined. The results are obtained from the integration of 
3D numerical finite element dam models with 3D numerical finite volume turbine models. The results 
cover all the possibilities that may arise from the operation of the powerhouses, including maximum 
and minimum water levels for the case of full inlet gates openings. The results of the 3D dam models 
include the principal stress distributions in both dams and powerhouses. The results of the 3D dam 
model outline an operating program for running the turbine units that minimizes the stresses on the 
dam and powerhouse bodies to increase the project life.  

2. Description of the Dam and Surface Powerhouse 

The Temenggor dam is a rock-fill dam located in a narrow valley in Sungai Perak about 200 km 
northeast of Ipoh, Gerik, Perak, Malaysia. The surface power station of Temenggor dam contains four 
vertical Francis turbines with a 348 MW installed capacity, with a separated surface powerhouse [46]. 
The 3D evaluation of the dam behavior under dynamic loading is crucial. Table 1 and Figures 1 and 2 
outline the important information pertaining to the Temenggor dam, which was crucial for the 
construction of a 3D FE model. 

Table 1. Dimensions and hydraulic information for the Temenggor Dam. 

Item Unit Value 

Location  5°24′24″ N 
101°18′4″ E 

Dam Dimensions 
Dam Height m 127 
Crest length m 258 
Crest width m 18 

Hydraulic Information 
Power house   

Type of turbines  Vertical Francis 
Number of units  4 
Install capacity Mw 4 × 87 = 348 
Length of unit m 260 
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Penstock diameter m 5.5 
Maximum upstream water level m 248.42 
Minimum upstream water level m 236.5 

Downstream water level m 142 
Maximum powerhouse discharge m3/s 4 × 100 = 400 

 

 

 

 
Figure 1. Top view of the Temenggor dam with surface powerhouse. 
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Figure 2. Downstream of Temenggor dam with outlet of the power-station. 

3. Modelling Procedure 

The formulation of the model was conducted and the procedure was implemented using 
ANSYS® environment, by connecting the ANSYS static structural part that represents the 3D 
embanked dam model with ANSYS-CFX part, including one turbine unit of the powerhouse that 
represents main part of the dam. This combination was used to find the effect of the operating turbine 
to the dam body. Figure 3 shows the ANSYS software graphical user interface (GUI )options 
(connection between CFX and static structural parts).  

 
Figure 3. The connection between ANSYS-CFX solution and static structural setup. 

3.1. Model Validation 

Validation of the ANSYS-CFX model was conducted in two stages. In the first stage, the pressure 
pattern and velocity distribution in a selected turbine unit were predicted using the ANSYS-CFX 
model and compared with the predicted values obtained using the Newmark numerical method. The 
comparison is shown in Table 2. Data used in running ANSYS-CFX model were adopted from Wel 
and Zhang [18]. In the second stage, the predicted dam stability due to the vibrational effect was 
conducted using the ANSYS dam-powerhouse model and the results were compared with the forced 
vibrational test conducted by Jafari Davoodi on the Masjed-Soleiman (MS) embankment dam [35] 
and the results are shown in Table 2. 
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Table 2. Three-dimensional (3D) finite volume (FV) turbine and 3D finite element (FE) dam models 
validation results. 

ANSYS-CFX Turbine Model Validation Compared with 
Wel and Zhang Turbine Model Results 

ANSYS Dam Model Validation 
Compared with Masjed-Soleiman 
(MS) Embankment Dam (Forced 

Vibration Test) 
Velocity 
vector V 

(m/s) 

Velocity 
vector V 

(m/s) 

Pressure 
distribution P 

(kPa) 

Pressure 
distribution P 

(kPa) 

Frequency f 
(Hz) 

Frequency f 
(Hz) 

0 0 −475 −480 3.58 3.5 
4.9375 5 −160 −160 3.91 3.9 
9.875 10 155 160 4.38 4.4 

14.8125 15 470 480 4.75 4.7 
19.75 20 785 800 6.21 6.1 

24.6875 25 1100 1120 7.02 6.9 
29.625 30 1415 1440 8.17 8.1 

Notes: V and P represent the velocity vector and the pressure results in the Ansys-CFX Turbine model, 
respectively adopted from Wel and Zhang; f represents the frequency results in the ANSYS dam 
model, and f is the frequency that was adopted from forced vibration test. 

3.2. Three-Dimensional Numerical Finite Volume Turbine Modelling 

In this study, a vertical Francis turbine of the Temenggor powerhouse was selected as the case 
study. A 3D FV numerical model was created and simulated using ANSYS-CFX to represent the 
turbine unit. The 3D vertical Francis turbine numerical model included the runner included the 
blades, and the shaft was defined as a submerged rotational body. Additionally, the water field 
contained the inlet, penstock, spiral case, and draft tube with outlet were defined. Figures 4 and 5 
outline the dimensions and mesh details of the turbine model. 

 
Figure 4. 3D model of vertical Francis unit with dimensions. 

Spiral case 
Francis turbine 

 
Draft 

Two outlets = 3m×3m 

Total length on unit = 260 m 

Penstock 

inlet 
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Figure 5. 3D model of vertical Francis unit with mesh details. 

3.3. Three-Dimensional Numerical Finite Element Dam and Reservoir Modelling 

Based on the shape of the Temenggor rock-fill dam and its connection with the four turbines 
that represent the powerhouse downstream the dam, ANSYS-Static structural was used to create its 
3D form with a linear appearance and behavior. The model used 127 m assumptions of the foundation 
depth equal to the dam height according to Fenves and Chopra [19] with minimum and maximum 
upstream water levels listed in Table 1. Figures 6 and 7 outline the 3D FE model of the Temenggor 
dam with a 127 m foundation base in a full reservoir case [47]. 
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Figure 6. The dam-reservoir-foundation system of Temenggor dam. 
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Figure 7. 3D Finite element model of the Temenggor dam rock-bed and full reservoir. 

4. Hydraulic Analysis of Turbine Unit and Boundary Conditions 

The k-𝜀𝜀 double equation turbulence 3D model (RNG) was used to distinguish the unsteady 
incompressible flow [44] inside the turbine unit. The Reynolds-averaged Navier-Stokes equations 
with incompressible continuity equation were used to simulate the flow in the turbine unit, taking 
into consideration the self-weight of the system, the discharge range, minimum and maximum gross 
head of water, and the rotational speed of the turbine. All hydraulic turbines ran under limited range 
of head and discharge. The hydraulic data (upstream and downstream water levels with discharges) 
needed for running model were obtained from visiting the dam site. Table 3 outlines the hydraulic 
data of the Temenggor powerhouse. The formation of the turbine model included a large number of 
elements, so to simplify the modeling process and obtain reasonable results, the (RNG) k-ε double 
equation model was used for this purpose. The algorithm of the time domain on the ANSYS-CFX 
was based on Reynolds averaged Navier–Stokes equations (URANS model). The discretized 
equations were solved by using the simplex method. 

Table 3. Hydraulic calculations for the Temenggor turbine including up-stream water level (U/S.W. 
L), the flowrate (Q), the velocity (V) and the rotational speed of turbine runner (N). 

No. U/S.W. L (m) Gross Head (m) Q (m3/s) Vinlet (m/s) N (rad/s) 
1 236.5 94.5 50 2.1045 3.1687 
2 248.42 106.42 100 4.209 4.2671 

The steady flow boundary conditions computation is as follows. On the inlet of the turbine 
model at an elevation 245 m, the velocity was normal to inlet boundary. The initial value of the inlet 
velocity was determined by the flow rate listed in Table 3. On the two rectangular outlets of the 
turbine model at 141 m elevation, the pressure (1 atmosphere) was determined according to the 
downstream water level.  

The gradients of k and 𝜀𝜀 were assumed zero in the normal direction of boundaries except in the 
inlet boundary. The fixed wall and no-slip boundary conditions were applied. For the runner of the 
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turbine rotating boundary, the runner periphery was moving at a velocity equal to the tangent 
velocity. 

The results of the steady flow calculations were taken as the initial flow field for the complete 
unsteady flow passage. A time step of 0.001 s and runner rotating speeds of 3.1687 and 4.2671 rad/s 
were chosen for minimum and maximum upstream water levels, respectively, as shown in Table 2. 
For each time step, the turbine runner rotated with angles of 1.53° and 1.5°, but for total time steps of 
5000 s, the turbine runner should rotate more than one cycle. 

The 3D numerical model was run to find the pressure boundary pattern by inputting the 
boundary conditions including the inlet velocity for minimum and maximum upstream water levels, 
rotational speed of turbines listed in Table 3, outlet pressure (1 atmosphere), and the water properties. 
The turbine model was built in ANSYS-CFX and it is based on the finite volume technique. The flow 
simulation of the Francis turbine was employed by using several meshes to test the grid 
independence; it converged after many iterations. The grid independence of the turbine was created 
by using tetrahedral elements after performing several trials to determine the smallest possible aspect 
ratio under 150 and the minimum orthogonal over 0.15, as recommended by ANSYS-CFX code. The 
tetrahedron mesh was used because of its fine adaptability and the complexity of the computational 
domain. To obtain the required pressure fluctuation, the final mesh satisfied y+ < 200 around the 
boundary wall, which is in agreement with the previous research conducted by Liu et al. [48]. The 
runner, guide vanes, and draft tube interactions were counted using slip meshes. This slipping of 
meshes were toured around each other in the interface sides. However, it was important to ensure 
that the velocity components, pressure, and flow flux were harmonious after interpolation. 

Table 4 shows the computational domain for the Temenggor Francis turbine model, which 
includes the 12 runner blades with the shaft, the Penstock, and the draft tubes. The total number of 
elements for the turbine model in the domain was 2.57 × 106, whereas the computational domain for 
the Temenggor dam model included a foundation of 127 m, upstream reservoir, with the concrete 
part including the spillway and the holes that represent the powerhouse region and the left and right 
embankments. The total number of cells for the turbine model in the domain was 1.93 × 106. 

Table 4. The mesh details of the Temenggor Francis turbine and dam models. 

Mesh Details of Turbine and Dam Models Nodes Elements 
Maximum 

Aspect 
Ratio 

Minimum Orthogonal 
Quality 

Temenggor 
turbine 

Penstock 5,433,228 1,188,107 
10.706 0.23896 12 runner blades with the shaft 1,808,946 401,988 

Two draft tubes 4,352,605 986,523 

Temenggor 
dam 

Foundation 1,596,798 967,068 

  
Water 572,656 315,930 

Concrete part of the dam body 396,880 224,558 
Left and right embankments 689,520 425,638 

Based on turbine speed, we created numerous trails to determine the inlet pressure and 
determine the total head closest to the upstream water level. The total inlet head was estimated via 
the energy equation based on the sum of the velocity head, the elevation head, and the inlet pressure 
head results. This turbine model simulation represents the process used to determine the hydraulic 
performance of reaction turbines. 

The water flows through the draft tube were modeled using the incompressible continuity 
formulation and Reynolds time average. The mathematical explanation can be presented as follows 
[48]. The water flow continuity formula is: 

𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗

= 0 (1) 

The momentum formula is: 
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𝜌𝜌
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑢𝑢𝑗𝑗
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

=  𝜌𝜌𝐹𝐹𝑖𝑖 −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜇𝜇
𝜕𝜕2𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗𝜕𝜕𝑥𝑥𝑖𝑖

− 𝜌𝜌
𝜕𝜕�𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′�
𝜕𝜕𝑥𝑥𝑗𝑗

 (2) 

where: 

−𝜌𝜌𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′ =  𝜇𝜇𝑡𝑡 �
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

� −
2
3
�𝜌𝜌𝜌𝜌 + 𝜇𝜇𝑡𝑡

𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

� 𝛿𝛿𝑖𝑖𝑗𝑗 (3) 

The double formula of the k–𝜀𝜀 is: 

𝜌𝜌
𝐷𝐷𝜌𝜌
𝐷𝐷𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝛼𝛼𝑘𝑘 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗

� + 2𝜇𝜇𝑡𝑡𝑆𝑆𝑖𝑖𝑗𝑗
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+ 𝜌𝜌𝜀𝜀 (4) 

𝜌𝜌
𝐷𝐷𝜌𝜌
𝐷𝐷𝜕𝜕

=  
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝛼𝛼𝜀𝜀  𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗

� + 2𝐶𝐶1𝜀𝜀
𝜀𝜀
𝜌𝜌
𝜈𝜈𝑡𝑡𝛿𝛿𝑖𝑖𝑗𝑗

𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

− 𝐶𝐶2𝜀𝜀
𝜀𝜀2

𝜌𝜌
− 𝑅𝑅 (5) 

where 𝛿𝛿𝑖𝑖𝑗𝑗 = 𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

,  𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 =  𝜇𝜇𝑡𝑡 + 𝜇𝜇, and 𝜇𝜇𝑡𝑡 =  𝐶𝐶𝜇𝜇  𝑘𝑘
2

𝜀𝜀
. 𝑅𝑅 can be determined: 

𝑅𝑅 =  
𝐶𝐶𝜇𝜇𝜌𝜌𝜂𝜂3 �1 − 𝜂𝜂

𝜂𝜂𝜊𝜊
�

1 + 𝛽𝛽𝜂𝜂3
𝜀𝜀2

𝜌𝜌
 (6) 

where 𝜂𝜂 = 𝑆𝑆𝜌𝜌 𝜀𝜀� , 𝜂𝜂𝜊𝜊 = 4.38, 𝐶𝐶𝜇𝜇 = 0.0845, 𝛽𝛽 = 0.012, 𝐶𝐶1𝜀𝜀  = 1.42 “originally in the model procedure”, 
𝐶𝐶2𝜀𝜀 = 1.68, 𝛼𝛼𝑘𝑘 = 1.0, and 𝛼𝛼𝜀𝜀 = 0.769. Among these constants used in the turbulence model, a properly 
chosen value of 𝐶𝐶1𝜀𝜀  was essential for improving the prediction of the pressure variation. In the 
present simulation, 𝐶𝐶1𝜀𝜀 = 1.45 was selected based on the preliminary computations. 

5. Dynamic Analysis of the Dam with Turbine Connections 

The 3D numerical dam model was developed to calculate the principle stress and mode shape 
of the dam-reservoir-foundation system with the change in water levels from maximum drawdown 
to the flood level. The hydrostatic pressure and gravity were defined according to the water level and 
foundation depths. The soil physical properties of the dam-foundation were estimated from 
engineering reports and the water physical properties are listed in Table 5.  

Table 5. The soil and water physical properties. 

Temenggor Dam Unit Water Soil 1 Soil 2 
Modulus of Elasticity for solid materials and water GPa 2.07 12.5 25 

Mass density kg/m3 1000 2100 2400 
Poisson’s Ratio - 0.49 0.3 0.3 

Figure 4 outlines the connection between the ANSYS-CFX solution and STATIC STRUCTURAL 
setup, which was used to import the boundary pressure pattern results of running turbine model to 
the common area between the dam body and turbine units. By running the dam connected with 
turbines framework, with respect to the minimum and maximum upstream water levels, we 
considered all running possibilities (single, two, three, or four units). As such, the best powerhouse 
operations were allocated due to the minimization of the principle stresses at the selected points in 
the dam body and turbine units (Figure 8). The modelling procedure was applied, and the obtained 
results were compared with the related corresponding results.  
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Figure 8. The model of the Temenggor dam body and four turbines with stress measurement points. 

6. Results and Discussion 
The results obtained from the application of the 3D FE numerical model for the Temenggor dam 

integrated with the turbine model can be categorized into two summarized stages: 

(1) The first stage of hydraulic performance results are related to the application of the 3D numerical 
finite volume turbine model by considering the operation of one vertical Francis turbine unit in 
the powerhouse of the Temenggor dam that was run in different water levels and discharge 
ranges. The results include velocity flow lines, pressure distribution in the turbines, and total 
estimated head at turbine inlet compared with the upstream water level. 

(2) The second stage of the results were obtained from the integration of the 3D numerical finite 
element dam models with 3D numerical finite volume turbine models. The results cover all the 
possibilities that may arise from the operation of the powerhouses, including maximum and 
minimum water levels for the case of full inlet gates openings. The results of the 3D dam models 
include the principal stresses distributions in both dams and powerhouses. 

6.1. Results of Turbine Numercal Models 

Table 6 outlines the calculations of the total head (Ht) at the inlet of the Temenggor turbine units 
depending on the inlet pressure model results. (v2/2g) is the velocity head, (p/γ) is the pressure head, 
(Z) is the elevation head. Based on the turbine speed, we created numerous trails to determine the 
inlet pressure and determine the total head closest to the upstream water level. The total inlet head 
was estimated via the energy equation based on the sum of the velocity head, the elevation head, and 
the inlet pressure head results. This turbine model simulation represents the process used to 
determine the hydraulic performance of reaction turbines.  

Table 6. Total head with the difference of error calculation at the inlet of the Temenggor turbine 
unit. 

No. U/S.W. L 
(m) 

Q 
(m3/s) 

Vinlet 
(m/s) 

Pinlet 
(kPa) 

v2/2g 
(m) 

p/γ 
(m) 

Z 
(m) 

Ht = v2/2g + 
p/γ + Z 

Difference 
(%) 

1 236.5 50 2.105 208.98 0.226 21.30 215 236.53 0.01 
2 239.48 65 2.736 236.04 0.382 24.06 215 239.44 0.02 
3 242.46 75 3.157 261.53 0.508 26.66 215 242.17 0.12 
4 245.44 88 3.704 293.85 0.699 29.95 215 245.65 0.08 
5 248.42 100 4.209 326.38 0.903 33.27 215 249.17 0.30 

inlet 
Midpoint of inlets 

Midpoint of outlets 
outlet 

corner Mid downstream 

Midpoint of the crest 
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Figure 9 outlines the comparison between the total head estimated from numerical models with 
the upstream water levels. The results show that the maximum difference between the total head 
estimated from running the model and the upstream water level at the inlet of Temenggor turbine 
models was 0.75 m with an acceptable percent of error 0.3%. 

 
Figure 9. The inlet total head results of the 3D Temenggor turbine model. 

Figures 10 and 11 outline the velocity flow lines and boundary pressure distribution in 
Temenggor turbine units runs under maximum head. The velocity and pressure results were the 
closest in terms of distribution shape to the several studies reported in the literature [44,46,49]. 

 
Figure 10. Velocity flow lines in Temenggor turbine unit. 
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Figure 11. Surface pressure distribution in Temenggor turbine unit. 

Velocity distribution along the penstock of the turbine model unit varied with the change in 
cross-sectional area. Based on the continuity equation and the cross-sectional area, the velocity 
gradually increased from the spiral case to the turbine runner. The velocity flow lines followed a 
spiral shape in the draft tube because of the rotational motion of the turbine runner. The results show 
that the maximum flow velocity occur at the runner region equal to 40 m/s at the 248.42 m upstream 
location.  

The boundary pressure distribution in the Temenggor Francis turbine units is shown in Figure 11. 
It represents the case when the turbine runs under the flood upstream water levels. The results show 
that pressure distribution is proportional to the inverse of the velocity values based on the energy 
equation. However, the drop in pressure that occurs in the turbine shaft was more than the cavitation 
pressure. The pressure distribution and velocity flow lines are similar to those previously obtained [49,50]. 

6.2. Dynamic Analysis Results of Dam Model Connected with Turbine Model  

The actual stress situation in the body of the dam is complex and may differ from the calculated 
stress state in the modeled design. The differences might be too high, leading to extensive dam 
damage. This inconsistency can be attributed to construction process, thermal stress during 
construction, operating period, water pressure in the reservoir, penetration of turbine outlets in dam 
body, base deformation, connections, and differences between actual values and predicted values of 
mechanical and thermal properties of materials. A comprehensive exploration of hydropower plant 
operation was conducted in order to reduce the principle stress on the dam structure. The finite 
element computation simulation and analysis were developed to investigate the optimal hydropower 
running with sustained long life of rock fill dam, with a case study of the Temenggor dam located in 
Malaysia. 

The dam model was created to evaluate the principal stresses of the dam-turbine-reservoir-
foundation system with changing water levels from maximum drawdown to the flood level. The 
fluid-solid connection, hydrostatic pressure, and gravity were defined. The latter was determined 
according to the water level and foundation depths. 
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Figure 12 outlines the sequence and locations of the four turbine units in the Temenggor dams, 
with pressure distribution on the turbine units that transformed from turbine model to the dam body. 
The results show that the pressure decrease gradually from the inlet to the outlet of the units. 

 

 

Figure 12. 3D numerical model with transforming pressure from turbine unit to the Temenggor dam 
model. 

Figure 13 outlines the selected points for measuring the principle stress on the dam-reservoir-
foundation system with a minimum water level with the effect of the four turbine units. The 
framework included two models: The Temenggor and Francis turbine model. ANSYS-CFX was used 
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to model the transformation of the pressure to the dam model. ANSYS-Static Structural facilities were 
used to convert the pressure from the turbine units to the common area between the dam and 
powerhouse for the purpose of simulating the principal stresses at selected locations (nodes) in the 
dam body. The modeling framework included 32 runs, in which 16 runs were performed with 
maximum water level in the reservoir and the other 16 runs were performed with minimum water 
level in the reservoir. These runs covered all possibilities of turbine operation. Figures 14 and 15 
outline the principle stress results in the selected nodes shown in Figure 13. Tables 7 and 8 summarize 
the statistical analysis of the principle stress results. 

 

 

Figure 13. The principle stress distribution on the dam-reservoir-foundation system in minimum 
water level with operating 4 turbine units. 
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1,2,3,4 -5.5037 18.732 -1219.3 -1088.4 -497.53 107.84 -17.19 -2060 3759.8

2,3,4 -7.5637 18.009 -1231.9 -1053 -491.02 102.75 -16.983 -2060.2 3759.8

1,3,4 -4.8135 20.621 -1168.5 -1128.5 -499.84 105.71 -17.176 -2060.3 3759.9

1,2,4 -2.3936 19.067 -1186.9 -1094.9 -499.22 105.52 -17.031 -2060.4 3759.9

1,2,3 -107.77 26.857 -1291.4 -1097 -491.23 108.97 -17.498 -2060.5 3759.9

3,4 -5.0453 22.299 -1240.7 -1033.1 -502.06 107.33 -17.29 -2060.5 3759.9

2,4 -2.7332 24.294 -1192.3 -1067.8 -495.01 108.85 -17.195 -2060.6 3759.9

2,3 -102.65 17.971 -1181.8 -1081.2 -470.44 108.12 -17.015 -2060.7 3759.9

1,4 -3.0356 23.536 -1223.8 -1015.3 -489.67 107.18 -17.524 -2060.7 3759.9

1,3 -94.444 22.821 -1232.1 -1156.5 -494.91 106.08 -17.642 -2060.7 3759.9

1,2 -95.173 22.679 -1236.2 -1111.3 -493.1 102.2 -17.745 -2060.8 3760

4 -3.3193 24.398 -1228.3 -1106.1 -475.72 107.92 -17.218 -2060.9 3759.9

3 -101.39 20.265 -1253.7 -1122.7 -485.03 110.2 -17.591 -2061 3760

2 -103.52 21.278 -1286.1 -1090.9 -494.26 109.1 -17.67 -2061 3760

1 -99.744 21.647 -1260.4 -1151 -487.31 108.88 -17.127 -2061.1 3760

- -103.47 23.003 -1275 -1160.2 -490.91 107.69 -17.356 -2061.3 3760
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Figure 14. The principle stress values in the selected points of the Temenggor dam body according to 
running turbine units at the minimum water level. 
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1,2,3 -107.77 26.857 -1291.4 -1097 -491.23 108.97 -17.498 -2060.5 3759.9
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4 -3.3193 24.398 -1228.3 -1106.1 -475.72 107.92 -17.218 -2060.9 3759.9
3 -101.39 20.265 -1253.7 -1122.7 -485.03 110.2 -17.591 -2061 3760
2 -103.52 21.278 -1286.1 -1090.9 -494.26 109.1 -17.67 -2061 3760
1 -99.744 21.647 -1260.4 -1151 -487.31 108.88 -17.127 -2061.1 3760
N/A -103.47 23.003 -1275 -1160.2 -490.91 107.69 -17.356 -2061.3 3760
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1,2,3,4 -27.191 11.857 -1110.5 -982.01 -536.92 103.81 -22.254 -2054.2 5125

2,3,4 -27.142 14.067 -1105.4 -1007 -401.12 103.25 -21.746 -2054.3 5124.8

1,3,4 -25.165 10.834 -1021.2 -1042.2 -396.34 102.61 -20.713 -2054.4 5124.8

1,2,4 -20.343 10.925 -958.17 -1086.2 -535.14 106.13 -21.583 -2054.5 5124.8

1,2,3 -87.731 12.075 -1076.3 -979.334 -532.44 100.9 -20.011 -2054.6 5124.8

3,4 -26.678 9.892 -1007.4 -1083 -534.54 104.26 -21.004 -2054.6 5124.7

2,4 -26.343 9.6912 -1035.2 -1068.5 -389.23 102.29 -21.144 -2054.7 5124.7

2,3 -89.326 10.967 -1151.8 -995.25 -526.09 100.23 -21.179 -2054.8 5124.7

1,4 -24.291 10.549 -1116.1 -981.17 -404.12 100.59 -21.926 -2054.7 5124.7

1,3 -24.291 10.549 -1116.1 -981.17 -404.12 100.59 -21.926 -2054.7 5124.7

1,2 -88.327 11.582 -1139.4 -1023.6 -523.89 103.16 -20.404 -2055 5124.7

4 -25.827 10.24 -1087.3 -1108.7 -520.88 100.89 -21.244 -2054.9 5124.5

3 -84.633 14.183 -1147.4 -1080.4 -374.05 100.93 -22.231 -2055 5124.5

2 -83.162 14.068 -1158.2 -1059.7 -531.09 100.64 -21.248 -2055.1 5124.6

1 -84.564 12.684 -1056.8 -1090.9 -382.02 102.22 -21.071 -2055.2 5124.6

- -84.564 12.995 -1035.2 -1113.5 -524.91 104.03 -20.962 -2055.4 5124.4
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Figure 15. The principle stress values in the selected points of Temenggor dam body according to 
running turbine units in maximum water. 
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3 -84.633 14.183 -1147.4 -1080.4 -374.05 100.93 -22.231 -2055 5124.5
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Table 7. Statistical analysis of the principle stress results at the minimum upstream water level. 

 Unit Inlet Mid 
Inlet 

Outlet Mid 
Outlet 

Corner Mid 
D/S 

Mid 
Crest 

Min. Max. 

Maximum kPa −2.3936 26.857 −1168.5 −1015.3 −470.44 110.2 −16.983 −2060 3760 
Minimum kPa −107.77 17.971 −1291.4 −1160.2 −502.06 102.2 −17.745 −2061.3 3759.8 
difference kPa 105.3764 8.886 122.9 144.9 31.62 8 0.762 1.3 0.2 

Percent % 97.78 33.09 10.52 14.27 6.72 7.26 4.49 0.06 0.01 

Table 8. Statistical analysis of the principle stress results at the maximum upstream water level. 

 Unit Inlet Mid 
Inlet Outlet Mid 

Outlet Corner Mid 
D/S 

Mid 
Crest Min. Max. 

Maximum kPa −20.343 14.183 −958.17 −979.334 −374.05 106.13 −20.011 −2054.2 5125 
Minimum kPa −89.326 9.6912 −1158.2 −1113.5 −536.92 100.23 −22.254 −2055.4 5124.4 
difference kPa 68.983 4.4918 200.03 134.166 162.87 5.9 2.243 1.2 0.6 

Percent % 77.22 31.67 20.88 13.7 43.54 5.56 11.21 0.06 0.01 

Tables 7 and 8 show that the running of the powerhouse has a slight effect on the fluctuation of 
the maximum and minimum principle stress values and the percentage of change of these values are 
0.01% and 0.06%, respectively. The points in the downstream near the outlet of the powerhouse are 
the most affected by the running turbines according to the fluctuation of the principle stress values 
(Figures 13 and 14). The maximum range in principle stress change in the outlet occurs at maximum 
water level, which is equal to 200.03 kPa, and the maximum range in principle stress change in the 
mid outlet occurs with the minimum water level, which is equal to 144.9 kPa. 

Table 9 outlines classifications according to the principle stress ranges in the outlet and mid 
outlet points to ensure the system worked with the minimum possible principle stress and to ensure 
the safety of the project and increase lifespan of the dam. Four colors were used to show the ranges 
in the principle stresses from minimum to maximum: blue, green, yellow, and red. 

Table 9. Maximum principle stress (σmax) classification. 

Principle Stress Range (kPa) Ranking 

900 ≤ σmax ˂1000 Very good 

1000 ≤ σmax ˂1100 Good 

1100 ≤ σmax ˂1200 Acceptable 

1200 ≤ σmax ˂1300 Not acceptable 

Figure 16 outlines a control program for the running turbines depending on the decrease in 
principle stress values in the selected points according to the classification listed in Table 7. There 
were 32 total operation scenarios, with 16 operation scenarios based on maximum reservoir water 
level, and the other 16 operation scenarios were based on minimum reservoir water level. 

Outlet 
Turbine units on in maximum upstream water level  Turbine units on in minimum upstream water level  

- 1 1,2 1,2,3 1,2,3,4 - 1 1,2 1,2,3 1,2,3,4 
  2 1,3 1,2,4     2 1,3 1,2,4   
  3 1,4 1,3,4     3 1,4 1,3,4   
  4 2,3 2,3,4     4 2,3 2,3,4   
    2,4         2,4     
    3,4         3,4     

 Mid outlet 
Turbine units on in maximum upstream water level  Turbine units on in minimum upstream water level  
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- 1 1,2 1,2,3 1,2,3,4 - 1 1,2 1,2,3 1,2,3,4 
  2 1,3 1,2,4     2 1,3 1,2,4   
  3 1,4 1,3,4     3 1,4 1,3,4   
  4 2,3 2,3,4     4 2,3 2,3,4   
    2,4         2,4     
    3,4         3,4     

Figure 16. Control program for the running turbines inside the Temenggor powerhouse based on 
minimizing the principle stress. 

The results from this study would help improve our current understanding of the consequences 
of the operation strategies imposed on the energy market, which tend to increase load variations, 
which in turn affects the lifespan of hydropower plant equipment. Therefore, the topic debated in 
this paper is more relevant and beneficial for the research of hydraulic and water resources in the 
engineering community. 

7. Conclusions 

The efficiency of the powerhouse system is highly significant for dam stability. Studying the 
seismic loading on the dam body in addition to the draft tube reaction turbine efficiency is extremely 
important from the hydraulic and water resources engineering prospective. The draft tube is one of 
the essential components of the powerhouse system, which is located in the downstream part of any 
type of reaction turbine. The main purpose of this draft tube is to convert the high impacted kinetic 
energy at the turbine runner outlet into pressure energy as gradually as possible. However, the 
constructed draft tube may initiate a turbulent flow and pressure fluctuations during the online 
operations. Hence, solving this problem is extremely significant for dam body stability. This study 
provided a detailed analysis of the characteristics of the vertical Francis turbine influenced by 
changing water levels and discharge ranges. According to the framework analysis of the Temenggor 
dam model, many conclusions can be summarized: 

(1) By running the 3D numerical model for a real turbine under a range of head and discharge to 
calculate the pressure, velocity, with comparing the total head measured at the inlet with 
upstream water level, provides processes that can be used to refine turbine characteristics. 

(2) The fluctuation in principle stresses in the dam-reservoir-foundation system is proportional to 
the inverse distance from the turbine location. Hence, construction of the powerhouse separated 
and far from the dam decreases the hazard of vibration caused by running turbines on the dam body.  

(3) Running turbines have a trivial effect on the maximum and minimum principle stress values 
due to the large distance between the powerhouse and the turbines. 

(4) The cone outlet of the turbine unit is the most affected region during turbine running due to the 
fluctuation in principal stresses along the running turbines. 

(5) Increasing the turbine outlet elevation with regard to turbine blade elevation protects the turbine 
unit from cavitation. 

(6) Applying a control program system as displayed in Figure 16 for operating the four turbines in 
the Temenggor powerhouse minimizes the principal stresses and increases the lifespan of 
Temenggor dam-powerhouse-foundation system. 

8. Recommendation for Future Research 

The motivation for conducting this research was to reduce the principle stresses and optimally 
operate a hydropower plan to obtain ideal dam operations and satisfy the primary fundamental 
aspects, such as safety and sustainability. In this research, a fully-opened gate was examined, so 
inspecting a partially opened gate is required, as this would be the usual case for the majority of the 
dams. 

Due to the limitation of the ANSYS model, only one turbine unit can be operated in the 
simulation run and this is considered the major limitation of our modelling. This is reflected in the 
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simulation runs where the pressure pattern obtained from running one turbine only was transfer to 
another turbine coordinates and then to the critical points on the dam body. Yet, studying the 
possibility of running all the turbines at the same time is more common in operating powerhouses. 
Another model with better capacity and facilities is recommended instead of the model used in this 
study. This may improve the accuracy of the simulation so better results can be obtained. Finally, it 
is advisable to conduct such studies on dam sites before construction so that the location of the power 
house can be carefully selected. 
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