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Abstract. The performance of a micro-hydro system needs always to be improved so that the electrical power produced can be more 

optimal. This article aims to study numerically the effect of penstock dimensions on the potential of electrical energy in a micro-hydro 

system using a computational fluid dynamics (CFD) approach. Studying the impact of dimensions on the performance of a hydropower 

system is still relatively rare. This paper analyzed the effect of dimensions on the micro-hydro system by constructing thirty simulations 

of water flow in the penstock. Five variations of penstock slope (𝜃 = 50°, 60°, 70°, 80°, and 90°) were generated for six penstock diameter 

variations (𝑑 = 0.05 m, 0.10 m, 0.15 m, 0.20 m, 0.25 m, and 0.30 m). The simulations were built using the open-source CFD software 

OpenFOAM which applies the finite volume method to solve the Navier-Stokes equation as a flow model. The velocity profiles of the 

simulation are validated against the velocity profile of the analytical solution (power-law) for turbulent flow in the penstock. Analysis of 

energy loss has been carried out to determine the loss in the penstock that is characterized by the loss coefficient 𝐶𝐿. An enormous 𝐶𝐿 

value may impact the decrease in the electric power potential of a micro-hydro system. The total length of penstock 𝐿𝑝𝑇 induces the 

variation of the 𝐶𝐿  which affects the changes in the electrical power of the micro-hydro system. The shorter 𝐿𝑝𝑇 will increase the electric 

power potential of a micro-hydro system. The electric power increases linearly by increasing the penstock's diameter value on a high flow 

velocity of water in the penstock (�̅� = 10 m/s). The analysis results show that the penstock dimensions can affect the changes in the 

electric power of the micro-hydro system. In addition, the work presented in this article has shown that the CFD approach could be used 

as a low-cost initial step in building an actual micro-hydro system. 
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1. Introduction 

In general, electricity distribution in developing countries 

is still not evenly distributed, especially for remote 

villages. The very far location from the power plant and 

inadequate road access is the causes electricity cannot be 

channeled to small villages. One solution from the local 

government regarding this problem is to build a 

hydropower plant in villages with the potential for rivers 

and waterfalls. A hydropower system mostly consists of 

several components, namely dam, penstock, nozzle, 

turbine, generator, electrical power storage, and stabilizer. 

Improving the performance of this system must be 

continuously conducted to illuminate the remote villages' 

communities. By optimizing the components of the 

hydropower system, it will have an impact on increasing 

the performance of the hydropower system. The study of 

hydropower as an alternative to electric power has been 

the concern of researchers to date (Simmons and Lubitz, 
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2021; Quaranta and Revelli, 2017; Behrouzi et al., 2016; 

Sangal et al., 2013; Paish, 2002). Many studies have been 

conducted to optimize the performance of a hydropower 

system, ranging from small-scale hydropower systems 

(such as pico-hydro, micro-hydro, and mini-hydro) to large-

scale hydropower systems with an electrical power 

capacity of > 5 MW (Olatunji et al., 2018; Marliansyah et 

al., 2018; Vermaak et al., 2014, Yahya et al., 2014; Blanco 

et al., 2008). 

Scientists have widely studied the optimization of the 

components of the hydropower system. Several numerical 

studies were carried out using a computational fluid 

dynamics (CFD) approach to design and analyze the 

performance of water turbines (Pribadyo et al., 2021; 

Tiwari et al., 2020; Aponte et al., 2020; Arispe et al., 2018; 

Buono et al., 2015; Bai et al., 2012). The CFD approach may 

be used to optimize one of the hydropower components, 

namely the turbine. The modifications on the number and 

dimensions of turbine blades could affect the performance 
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of a hydro-turbine. Investigations using the CFD approach 

have also been conducted in literature to analyze the 

changes in the number and dimensions of the turbine 

blades. The dimensions of the turbine blades may influence 

the efficiency of the turbine to produce electrical power 

(Wardhana et al., 2019; Arrieta et al., 2013). In addition, 

the water flow of the hydropower system could affect the 

performance of a hydro-turbine. One of the challenges in 

hydropower study is building a hydro-turbine that may 

operate at low head water flow. Dimensional modification 

of hydropower components has become a hot topic of 

increasing the efficiency of a hydropower system (Lee and 

Lee, 2021; Tafrant and Faizal, 2016; Rohmer et al., 2016). 

In the micro-hydro system, a hydro-turbine may rotate 

when the river flow has a velocity value > 1.5 m/s. The 

system may be applied to a low flow river by modifying the 

appropriate component dimensions (Edeoja and Awuniji, 

2017; Singhal and Kumar, 2015). A study on penstock 

optimization in a low head micro-hydro system has also 

been carried out to see the effect of increasing the electrical 

power of a micro-hydro system (Alexander and Giddens, 

2008). The effect of penstock angle on changes in electrical 

power has been performed using the CFD approach (Putra 

et al. 2021). It has been shown that the penstock angle 

variation of a micro-hydro system may affect changes in 

electrical power. Using the CFD approach, a study has 

shown that energy loss could be reduced by shortening the 

total length of the penstock.  

The previous studies indicate that the dimensions of 

the hydropower components significantly influence 

changes in the electrical power of a hydropower system. 

The investigation related to the performance of a 

hydropower system mainly emphasizes the turbine 

components, both numerically and experimentally. The 

dimensional study on the micro-hydro components is still 

relatively rare. The present study focuses on the effect of 

penstock dimensions for the micro-hydro components 

using the CFD approach. Thirty simulations of water flow 

were built using the open-source CFD software 

OpenFOAM. The relationship between the penstock's 

slope, diameter, and length was analyzed for its effect on 

electrical power. It makes the difference from previous 

studies. The study using the CFD approach can be used as 

a low-cost and safe preliminary study before building the 

actual design.   

2. Methodology 

In this study, the work is divided into two parts. The first 

part is to build a 2D numerical water flow simulation in a 

penstock. 
 

 

Table 1  
Physical parameters for simulating water flow in the penstock. 

Initial 

flow rate 

Q0 (m3/s) 

Inlet 

diameter  

di (m) 

Effectiv

e head  

Hb (m) 

Slope 𝜃 

(°) 

Penstock 

diameter D 

(m) 

0.79 0.20 5.0 

50, 60, 

70, 80, 

90 

0.30 

0.25 

0.20 

0.15 

0.10 

0.07 

0.05 

The simulations were built using open-source software, 

OpenFOAM version 6.0. The Reynolds-averaged Navier–

Stokes (RANS) model of the k-Epsilon type was used to 

solve the problem of turbulence in the penstock pipe. The 

flow model in this study applies the Navier-Stokes 

equation. This equation is then solved using the finite 

volume numerical method (Ouafa et al., 2020; Versteeg 

and Malalasekera, 2007). The computational domain is 

discretized in a grid using the mesh generation utility of 

OpenFOAM, blockMesh. In OpenFOAM, the boundary 

conditions of the computational domain are set in a file 

called blockMeshDict, which is located in a folder named 

system (OpenCFD, 2020; Herreras and Izarra, 2013). The 

flow rate calculation in the penstock is performed on a 

Linux-based operating system, namely Ubuntu 20.04 LTS. 

The analysis and visualization of the simulation have been 

done using an open-source application, Paraview 5.1.2. 

In the second part, the analysis of the water discharge 

was performed on the flow simulations in the penstock. 

The water flow in the penstock is validated by comparing 

the simulated velocity profile to the velocity profile of the 

analytical solution, power-law, for turbulent flow in a pipe. 

The next step is to analyze the energy loss due to the 

influence of penstock dimension variations. This step aims 

to find out how much the penstock dimensions affect the 

increase in electrical power. The relationship between flow 

rate and dimensional variations of the penstock has also 

been analyzed. Finally, the electrical power is calculated 

based on the OpenFOAM simulation results. The 

calculated electric power has been compared to the 

variations of penstock's slope, diameter, and length. 

2.1 Computational domain 

The 2D computational domain for simulating water flow in 

the penstock is constructed as Figure 1. The observations 

are focused on the penstock only (the box with the green 

dotted line in Figure 1). The grid size in the computational 

domain is set regularly, namely ∆𝑥 = ∆𝑦 = 0.002 m. Based 

on Figure 1, the water flow from the dam enters a holding 

tank with a height of 𝐻𝑡 = 1.4 m and a diameter of 𝐷 = 1.05 

m. The initial flow rate that enters through the inlet pipe 

with a diameter 𝑑𝑖 = 0.2 m is 𝑄0 = 0.79 m3/s. The effective 

head and horizontal penstock lengths are fixed, namely 

𝐻𝑏 = 5 m and 𝐿𝑝ℎ = 10 m, respectively. At the same time, 

the slope penstock length 𝐿𝑝𝑠 depends on the angle of 𝜃. 

 

 

 
Fig. 1 The geometry of water flow simulation 

  

Turbine 
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The five-penstock slope 𝜃 are combined with the six-

penstock diameter 𝑑, as shown in Table 1. The grids in the 

computational domain are generated using the mesh 

generation utility of OpenFOAM, namely blockMesh. The 

Dirichlet and Neumann boundary conditions at the inlet, 

outlet, wall, and atmosphere in the computational domain 

are organized in a file called blockMeshDict, located in the 

system's folder. The water column in the holding tank is set 

in the setFieldsDict file, which is also located in the system 

folder. This simulation applies the physical properties for 

water and air, namely the density of water and air, set to  

𝜌𝑤 = 1000 kg/m3 and 𝜌𝑎 = 1.1768 kg/m3, respectively. The 

viscosity of water and air is set to 𝜇𝑤 = 1.85 × 10−5 kg/ms 

and 𝜇𝑎 = 1.85 × 10−5 kg/ms, respectively, under a gravity 

acceleration equal to g = 9.81 m/s2.  

2.2 Flow model 

The water flow in the penstock is modelled using the 

Navier-Stokes. This equation was solved using 

OpenFOAM by applying the finite volume method. The 

OpenFOAM program code is written in C++ and placed in 

the OpenFOAM library in a solver. The solver used to solve 

the flow model is the interFoam solver. This solver solves 

the flow model in the form of continuity and momentum 

equations which are expressed as: 

𝜕𝑢𝑗

𝜕𝑥𝑗
= 0,              (1) 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+

1

𝜌

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
,  (2) 

 

where 𝑢, 𝜌, and 𝑝 are flow velocity (m/s), fluid density 

(kg/m3), and pressure (Pa) respectively. 𝜏𝑖𝑗 is stress tensor, 

which depends linearly on the rate of strain tensor 𝑆𝑖𝑗 

respectively. 𝜏𝑖𝑗 and 𝑆𝑖𝑗 can be defined as: 

𝜏𝑖𝑗 = −𝑝𝛿𝑖𝑗 + 2𝜇𝑆𝑖𝑗  and  𝑆𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
), (3) 

where 𝜇 is the dynamic viscosity (Ns/m2). The RANS 

turbulent model was applied to solve the problem of 

turbulence in the penstock. The advantage of this model is 

that the computational effort is relatively low but is 

entirely accurate for the calculation results. This relatively 

low computational effort is due to the RANS model solving 

the Navier-Stokes equation by averaging the velocity 

against time which is stated in the following equation 

(Alfonsi, 2009; Gong and Tanner, 2009): 

�̅�(x) =
1

𝑇
∫ 𝑢(x, 𝑠)𝑑𝑠

𝑡+𝑇

𝑡
,   (4) 

where T is an appropriate time interval (s). Reynolds 

decomposition of velocity will produce the time-averaged 

Navier-Stokes equation, which is expressed as the 

following equation: 

𝜕𝑢𝑗

𝜕𝑥𝑗
= 0,        (5) 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕�̅�

𝜕𝑥𝑖
+

1

𝜌

𝜕�̅�𝑖𝑗

𝜕𝑥𝑗
−

𝜕𝜏𝑖𝑗
𝑅

𝜕𝑥𝑗
,  (6) 

 

where 𝜏𝑖𝑗
𝑅 = −𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅ is the flow fluctuation term. The k-

Epsilon model, a semi-empirical model, has been chosen to 

overcome the turbulence problem in a fluid flow (Harlow 

and Nakayama, 1968). This model was chosen to solve flow 

models with a high Reynolds number. The approach taken 

to obtain the two unknown parameters, k and epsilon, is to 

solve the following equation: 

𝜕𝑘

𝜕𝑡
+ �̅�𝑖

𝜕𝑘

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(𝜈𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝜈𝑡𝑆̅2 − 𝜀, (7) 

𝜕𝜀

𝜕𝑡
+ �̅�𝑖

𝜕𝜀

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
(𝜈𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) +

𝐶𝜀1𝜈𝑡𝑆̅2𝜀−𝐶𝜀2𝜀2

𝑘
, (8) 

 

where 𝐶𝜀1 = 1.44,  𝐶𝜀2 = 1.92, and the mean rate of strain 

tensor 𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 . 

2.3 Validation of water flow 

The water flow in the penstock from the OpenFOAM 

simulation needs to be validated to correct the electric 

power calculation. The velocity profile of the water flow in 

the simulated penstock is compared with the velocity 

profile of the analytical solution, power-law, for turbulent 

flow in a pipe, which is expressed by (Pritchard, 2011): 

𝑢(𝑟) = 𝑢𝑐 (1 −
𝑟

𝑅
)

1/𝑛
   (9) 

where 𝑢𝑐, 𝑟, and R are the centerline velocity (m/s), local, 

and pipe radius (m). The coefficient n is the value 

associated with the curvature of the velocity profile. The 

best grid size is determined by testing the water flow 

simulation in the penstock. Five variations of the regular 

grid size have been tested by looking at the proximity of 

the resulting velocity profile pattern to the analytical 

solution. The regular grid sizes ∆𝑥 = ∆𝑦 used in this test 

are 0.002 m, 0.004 m, 0.006 m, 0.008 m, and 0.01 m. The 

relationship between the simulation velocity profile and 

the analytical solution was analyzed using the Pearson 

correlation as follows (Young and Freedman, 2007): 

𝑟 =
∑ 𝑥𝑦−

(∑ 𝑥)(∑ 𝑦)

𝑛

√(∑ 𝑥2−
(∑ 𝑥)2

𝑛
)(∑ 𝑦2−

(𝑦)2

𝑛
)

   (10) 

where 𝑟, 𝑥, 𝑦 and 𝑛 are correlation coefficients, 

independent variables, dependent variables, and a lot of 

data, respectively. 

The mean squared error (MSE) approach applied to 

check the estimated error value from the simulation 

results against the analytical solution, which is expressed 

in the following equation: 

𝑀𝑆𝐸 =
∑ (𝐷𝑎𝑛𝑎𝑙−𝐷𝑠𝑖𝑚)2𝑛

𝑡=1

𝑛
   (11) 

where 𝐷𝑎𝑛𝑎𝑙, 𝐷𝑠𝑖𝑚,, and n are analytically calculated data, 

OpenFOAM simulation data, and the amount of data 

respectively. 

2.4 Analysis of electric power 

The energy loss of a water flow in the penstock may affect 

the decrease in the electrical power of a micro-hydro 

system. This loss could be caused by variations in the total 

length of the penstock pipe. The energy loss due to the 

influence of the penstock dimensions can be quantified 

using the loss coefficients 𝐶𝐿, which are expressed as: 
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𝐶𝐿 =
ℎ𝐿

(
𝑢𝑎𝑣𝑔

2

2𝑔
)
   with ℎ𝐿 = 𝑓

ℓ

𝐷

𝑢𝑎𝑣𝑔
2

2𝑔
   (11) 

where 𝑢𝑎𝑣𝑔, ℎ𝐿, and 𝑔 are the average velocity (m/s), head 

loss, acceleration due to gravity (m/s2). The head loss is 

defined as a function of the friction factor, total pipe length, 

pipe diameter, average velocity, and gravity acceleration 

(Munson et al. 2002). The friction factor 𝑓 determined 

using the Moody chart. While the total penstock length is 

𝐿𝑝𝑇 = 𝐿𝑝ℎ + 𝐿𝑝𝑠 where 𝐿𝑝ℎ is the horizontal penstock 

length, and 𝐿𝑝𝑠 is the slope penstock length (See Figure 1). 

Finally, the electric power P is calculated based on the 

flow rate in the penstock. The flow rate values need to be 

known to calculate the electric power. Using the free 

software Paraview 5.1.2, the flow rate was measured 

directly at the outlet of the penstock. The electric power P 

is then calculated easily using the following equation: 

𝑃 = 𝜌𝑔𝐻𝑏𝑄𝜂    (12) 

where 𝜌, 𝑔, 𝐻𝑏, 𝑄, and 𝜂 are water density (kg/m3), 

acceleration of gravity (m/s2), head height measured from 

the bottom (m), flow rate (m3/s), and turbine efficiency (%). 

In this article, turbine efficiency is not examined directly, 

so the value of the turbine efficiency is assumed to be 50%.  

 

 

 
Fig. 3 The simulated water velocity profile compared with the 

power-law analytical solution (Putra et al. 2021). 

3. Validation study 

The validation step is essential to produce the correct 

quantity in the simulation. For this purpose, five 

simulations of water flow were constructed in a horizontal 

pipe with length L = 20 m and diameter d = 0.2 m, 

respectively. The initial flow rate applied to the inlet is 

𝑄0 = 0.79 m3/s. Water from the inlet is accommodated in a 

holding tank and then flows into the penstock. The regular 

grid size of the computational domain has been tested to 

obtain a good velocity profile, namely ∆𝑥 = ∆𝑦 = 0.002 m, 

0.004 m, 0.006 m, 0.008 m, and 0.01 m. The grid test is 

carried out to determine which grid size may produce a 

velocity profile closest to the analytical solution's velocity 

profile. 

Figure 2 shows the velocity fields of OpenFOAM 

simulation results for the water flow in pipes with five 

variations of grid sizes. Based on these velocity fields can 

be determined which grid size yields a velocity profile that 

most closely approximates the analytical solution in 

equation (9). The velocity profiles have been plotted on the 

observation line, x = 10 m, for the five velocity fields in 

Figure 2. The simulated velocity profiles are compared 

with the calculated velocity profiles using equation (9). The 

comparison graph of the velocity profile is shown in Figure 

3. The figure shows that the simulation has followed the 

flow principle in a closed channel. The simulated velocity 

profile has a good agreement with the power-law velocity 

profile in equation (9). 

 

 
 

Table 2  
The calculation results of the correlation coefficients R and 

MSE for the five variations of grid size. 

∆𝑥 ∆𝑦 R MSE 

0.002 0.002 0.9998 0.0084 

0.004 0.004 0.9988 0.0113 

0.006 0.006 0.9849 1.0552 

0.008 0.008 0.9687 2.3182 

0.01 0.01 0.9476  4.1164 

Source: Present study (2021) 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2 The velocity fields of water in penstock for five 

various grid sizes: (a) ∆𝑥 = ∆𝑦 = 0.002 m, (b) ∆𝑥 = ∆𝑦 = 0.004 

m, (c) ∆𝑥 = ∆𝑦 = 0.006 m, (d) ∆𝑥 = ∆𝑦 = 0.008 m, and (e) ∆𝑥 =
∆𝑦 = 0.01 m 
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At a glance, the velocity profile curve has followed the 

trend of the analytical solution. The correlation coefficient 

R and MSE values were calculated on each grid size to 

determine which value was closest to the reference data. 

The calculated R and MSE values for the five grid size 

variations have been summarized as in Table 2. The 

highest correlation value and the slightest error are 𝑅 =
0.9998  and MSE = 0.0084, respectively. These values are 

obtained from the simulation using a grid size of ∆𝑥 = ∆𝑦 =
0.002 m. Based on this test, the grid size ∆𝑥 = ∆𝑦 = 0.002 

m is the best size to build the water flow simulation in the 

penstock. 

4.   Results and Discussion 

Thirty simulations of water flow in the penstock have been 

generated using the CFD approach with the help of open-

source software, OpenFOAM. Five simulations were built 

with different penstock slopes (𝜽 = 𝟓𝟎°, 𝟔𝟎°, 𝟕𝟎°,  𝟖𝟎°,  and 

𝟗𝟎°) for six different penstock diameters (𝑑 = 0.05 m, 0.10 

m, 0.15 m, 0.20 m, 0.25 m, and 0.30 m). The simulation 

results on the micro-hydro system are shown in Figure 4. 

The flow velocity measurement was carried out on the 

observation line at the penstock outlet using the free 

software Paraview 5.1.2. The velocity profile is plotted for 

each variation of the slope and penstock diameter. 

4.1 Effect of penstock slope on flow rate 

The flow rate in the penstock is one of the physical 

parameters that determine the value of the electrical 

power of a micro-hydro system. The effect of penstock slope 

on flow rate has been analyzed in this step. The calculation 

of the flow rate was performed to determine this effect. 

This calculation is done based on the water velocity profile 

plotted on the observation line. The flow rate profiles at 

five penstock slopes 𝜃 = 50°, 60°, 70°, 80°, and 90°  have 

been plotted for each diameter, namely 𝑑 = 0.05 m, 0.10 m, 

0.15 m, 0.20 m, 0.25 m, and 0.30 m as shown in Figure 5. 

For penstock diameters 𝑑 = 0.20 m, 0.25 m, and 0.30 m 

(Figure 5(d), (e), and (f)), the flow rate distribution 

increases as the penstock slope angle (𝜃) increase from 50° 

to 90°. 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig 5. The profile of the water flow rate at the outlet for five variations of the slope (𝜃 = 50o, 60o, 70o, 80o, and 90o) with different 

diameters: (a) d = 0.05 m, (b) d = 0.10 m, (c) d = 0.15 m, (d) d = 0.20 m, (e) d = 0.25 m, dan (f) d = 0.30 m  

 
Fig. 4 The simulation results of water flow in a simple micro-

hydro system with the diameter 𝑑 = 0.30  m  for five 

variations of the slope 𝜃 = 50°, 60°, 70°,  80°,  and 90°. 
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Fig. 6 The average flow rates 𝑄𝑎𝑣𝑔 on five penstock slopes 𝜃 =

50°, 60°, 70°, 80°, and 90° for each diameter 𝑑 = 0.05 m, 0.10 m, 0.15 

m, 0.20 m, 0.25 m, and 0.30 m 

 

 

However, for 𝑑 = 0.05 m, 0.10 m, 0.15 m (Figure 5(a), (b) 

and (c)), the flow rate decreases on the penstock slope 𝜃 =
90°. A high flow velocity (�̅� = 10 m/s) at a tiny penstock 

diameter may decrease the flow rate in the penstock with 

𝜃 = 90°. The elbow penstock's perpendicular angle (𝜃 =
90°) at a too-small diameter will generate the flow 

reflection effect that reduces the flow rate. 

Furthermore, the slope effect was analyzed to see the 

most significant flow rate in the penstock. For this 

purpose, the average flow rate 𝑄𝑎𝑣𝑔 was calculated at the 

outlet at five penstock slopes. The average flow rate is 

plotted against the six penstock diameters, as shown in 

Figure 6. This figure shows that variations in penstock 

slope may affect the changes in flow rate. The calculations 

show that the value of 𝑄𝑎𝑣𝑔 increases with increasing 

penstock slope for diameters 𝑑 = 0.20 m, 0.25 m, and 0.30 

m. The most significant 𝑄𝑎𝑣𝑔 value occurs at every 

penstock slope 𝜃 = 90°. Meanwhile, the 𝑄𝑎𝑣𝑔 value 

decreases at the penstock slope 𝜃 = 90° for 𝑑 = 0.05 m, 0.10 

m, and 0.15 m. It indicates that applying a penstock 

diameter too small for a high-water flow is inappropriate. 

4.2 Effect of penstock diameter on flow rate 

 The diameter effects on the flow rate were analyzed by 

looking at the flow rate profile for six diameter variations 

for each slope. The flow rate profiles were plotted against 

six penstock diameters 𝑑 = 0.05 m, 0.10 m, 0.15 m, 0.20 m, 

0.25 m, and 0.30 m for each slope, as shown in Figure 7. 

This figure shows a pattern of increasing flow rate due to 

varying penstock diameters. The flow rate may increase for 

each slope as the diameter of the penstock increases. The 

profile shows that the outlet's water flow rate seems to be 

increasing on the inner right side of the penstock. While on 

the left side of the penstock, the water flow rate has a lower 

value. The position with the greater flow rate can be 

considered for designing the nozzle precisely. 

The most effective flow rate in the penstock may be 

observed by looking at the average flow rate 𝑄𝑎𝑣𝑔. The 𝑄𝑎𝑣𝑔 

was calculated at six different penstock diameters. The 

𝑄𝑎𝑣𝑔 values for six diameter variations with five penstock 

slopes have been plotted in Figure 8. This figure shows 

that the diameter variation affects the change of the 𝑄𝑎𝑣𝑔 

values for five penstock slopes. The lowest average flow 

rate occurs at the penstock diameter 𝑑 = 0.05 m, while the 

largest occurs at the penstock diameter 𝑑 = 0.30 m. The 

flow rate increases linearly with increasing penstock 

diameter size. The 𝑄𝑎𝑣𝑔 value is higher at 𝜃 = 90° with 𝑑 =

0.30 m.

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

 

 

 

Fig 7. The water flow rate profile at 

outlet for six diameter variations (𝑑 =
0.05 m, 0.10 m, 0.15 m, 0.20 m, 0.25 m, 

and 0.30 m) with different slopes: (a) 

𝜃 = 50°, (b) 𝜃 = 60°, (c) 𝜃 = 70°, (d) 𝜃 =
80°, (e) 𝜃 = 90°  

 



International Journal of Renewable Energy Development 11 (2) 2022: 491-499 

| 497 

 

IJRED-ISSN: 2252-4940.Copyright © 2022. The Authors. Published by CBIORE 

 

Fig. 8 The average flow rate 𝑄𝑎𝑣𝑔 at the six diameter variations 

𝑑 = 0.05 m, 0.10 m, 0.15 m, 0.20 m, 0.25 m, and 0.30 m for the five 

penstock slopes 

 

4.3 Energy loss in the penstock 

Based on the previous discussion, the value of 𝑄𝑎𝑣𝑔 

decreases as the penstock slope becomes ramps at 𝜃 = 50°. 
However, when 𝜃 = 90°, the value of 𝑄𝑎𝑣𝑔 becomes larger. 

The decrease of 𝑄𝑎𝑣𝑔 is due to the loss of energy from the 

water flow in the penstock. The energy loss is then 

analyzed by calculating the loss coefficients 𝐶𝐿 using 

equation (11). The 𝐶𝐿 parameter is calculated using the 

average velocity uavg and the total length of the penstock 

𝐿𝑝𝑇. Both of this information can be measured directly 

using Paraview from the simulation. The values of 𝐶𝐿 were 

calculated for the five penstock slopes 𝜃 = 50°, 60°, 70°, 

80°, and 90°. The relationship between the penstock slope 

and 𝐶𝐿 has been plotted as in Figure 9. This figure shows 

that the ramps penstock slope may increase the 𝐶𝐿 value 

and raise the energy loss in the penstock. The 𝐶𝐿 parameter 

characterizes the energy loss in the penstock. An enormous 

𝐶𝐿 may reduce the electric power potential of a micro-hydro 

system. The improvement of  𝐶𝐿 is influenced by the total 

length of the penstock 𝐿𝑝𝑇. The longest 𝐿𝑝𝑇 may increase 

the 𝐶𝐿 value and reduce the energy in the penstock. These 

conditions will decrease the electrical power potential of a 

micro-hydro system. 

 
Fig. 9 Relationship between penstock slope 𝜃 and loss coefficients 

𝐶𝐿 

 

 

 

 
Fig. 10 The effect of penstock slope 𝜃 on the electric power 

potential P at six different diameters d 

 

4.4 Effect of penstock dimensions on electric power 

The effect of penstock dimensions on electric power P has 

been analyzed based on the average flow rate 𝑄𝑎𝑣𝑔. The 

electric power potential was calculated for five penstock 

slopes at each different diameter using equation (12). The 

relationship between the penstock slope and P at six 

different diameters was plotted as in Figure 10. This figure 

shows the increasing electric power due to variations in 

penstock slope. Increasing electrical power is similar to the 

average flow rate 𝑄𝑎𝑣𝑔 due to variations in the penstock 

slope. It is reasonable because the calculation of the 

electric power P in equation (12) includes the parameter 

𝑄𝑎𝑣𝑔, directly proportional to P. The slope of the penstock 

may affect the electric power P. The 𝜃 = 90° has the 

smallest total length of penstock 𝐿𝑝𝑇 compared to the other 

four slopes. The small 𝐿𝑝𝑇 reduce the loss coefficients 𝐶𝐿 

and improves the micro-hydro system's electric power 

potential. The significant electric power potential could be 

achieved for slope 𝜃 = 90° with the high-water velocity in 

the penstock. 

Furthermore, the effect of penstock diameter was 

analyzed on the electric power potential P of the micro-

hydro system. The relationship between penstock diameter 

concerning P for five different penstock slopes may also be 

seen in Figure 10. This figure gives the information about 

increasing electrical power P due to penstock diameter 

variations. The most significant improvement of P 

occurred at diameter 𝑑 = 0.30 m. The combination of large 

diameter and a penstock slope of 𝜃 = 90° produce the 

highest electrical power. As discussed previously, the slope 

of 𝜃 = 90° may decrease the value of loss coefficients 𝐶𝐿, 

reducing energy losses in the penstock. 

 

4.5 Relationship of penstock length and electric power 

The total length of the penstock 𝐿𝑝𝑇 depends on the 

variations of the penstock slope. The value of 𝐿𝑝𝑇 was 

measured by using Paraview for each penstock slope. The 

electrical power P is calculated against five 𝐿𝑝𝑇 for each 

penstock diameter. The relationship of 𝐿𝑝𝑇 with electrical 

power for each penstock diameter is shown in Figure 11.  
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Fig. 11 The relationship of total penstock length 𝐿𝑝𝑇 and electric 

power P for six penstock diameter variations 

The five values of 𝐿𝑝𝑇 in Figure 11 are associated 

respectively with five penstock slopes, namely 𝜃 = 50°, 60°,
70°, 80°, and 90°. Figure 11 shows the decrease of P 

concerning the 𝐿𝑝𝑇. For each diameter variation, the 

significant value of 𝐿𝑝𝑇 causes the decrease of P. Figure 11 

shows that a ramps penstock slope (𝜃 = 50°) impact the 

increase of 𝐿𝑝𝑇. Meanwhile, improvement of 𝐿𝑝𝑇 may 

decrease P of a micro-hydro system. 

5.   Conclusion 

Several conclusions have been formulated based on the 

discussion. Optimizing the components of a hydropower 

system were performed cheaply and safely using the CFD 

approach. This work has shown that the CFD approach 

may be used as an alternative to optimizing the 

performance of a hydropower system. It can be used as a 

preliminary study before building a hydropower system in 

the field. The optimization of hydropower components 

could be focused on the dimensional analysis of the 

hydropower system, such as the analysis of the diameter, 

slope, and length of the penstock carried out in this study. 

For a micro-hydro system, the increase in electrical power 

is affected by variations of the penstock's slope, diameter, 

and length. The electric power P of a micro-hydro system 

depends on the flow rate distribution in the penstock. The 

higher flow rate in the penstock increases electric power 

potential in a micro-hydro system. On the other hand, the 

reduction of P may be caused by the loss of energy in the 

penstock. The loss coefficient 𝐶𝐿 influences the energy loss 

in the penstock. An enormous value of 𝐶𝐿 will reduce the 

electric power potential of a micro-hydro system. The 

longest 𝐿𝑝𝑇 can improve the 𝐶𝐿 value and reduce the energy 

in the penstock. It may impact reducing the electrical 

power potential of a micro-hydro system. In the future, it 

is necessary to conduct an experimental study and verify 

the numerical results in this study. 
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