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ABSTRACT 
 

Hydraulic transients are accelerated by the wicket gate closing in hydroelectric power plants. When the wicket gate is 
closed, there is a sudden change in velocity due to the closure. Therefore, a study has been carried out here, wherein water 
hammers on different hydropower components use optimum closure laws: Fast closure laws, slow closure laws, and instant 
load rejection. Hammer V10i software was used to investigate the phenomenon of pressure transient. The results show that 
the maximum transient pressure is strongly influenced by a very short closing time and was increased to 41.24% from the 
slow to the fast closure. 
Furthermore, the results from instant load rejections reveal that the transient pressure will be less than the fast and slow 
closure. So, the closing law selection can positively influence the entire hydropower plant system. Furthermore, the results 
show that there was a decrease in pressure near the turbine during the different load rejections, Fast closure, slow closure, 
and instant load rejection, where 57.7%, 15%, and 0.46%, respectively, and the decrease in turbine rotation speed were as 
5.1%, 60%, and 24% respectively. Moreover, results reveal that maximum and minimum flow variation reached -29.75% 
and 41.2% during the fast closure. 
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7 INTRODUCTION 
In water supply and hydropower facilities, a water 
hammer (WH) is a common occurrence 
characterized by a sudden increase in pressure 
inside a pipeline or penstock, corresponding to 
waves of pressure (acoustics) forming inside the 
pipe. The phenomenon occurs when the flow in pipes 
suddenly changes due to three factors: Turbine load 
rejection and acceptance, The collapse of the vapor 
pocket, and Rapid airflow from a vent causing water 
to splash. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This negative effect can be avoided by carefully 
designing the hydroelectric station based on models. 
The work is focused on this topic. When pressure 
and velocity rapidly change in a fluid stream flow 
system, it is called transient flow (TF) [1]. It is 
essential to understand that transient Flows can 
occur in all fluid streams, regardless of their 
confinement or unconfinement. (WH). It is a sudden 
change in flow, often caused by an immediate 
change in flow, like a pipeline, which produces a 
large transient pressure fluctuation (TPF) [2]. 
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Two approaches can be used to investigate water  
hammer: a rigid water column theory that ignores 
fluid compressibility and a pipe wall elasticity model 
that integrates pipe movement with fluid compression  
[3]. When wave speed exceeds 1000 m/s, the 
pipeline system may suffer severe damage from the 
pressure waves and high noise. A T.P.F. shifts from 
very high to very low values when there are different 
cavitation forms or other serious issues. There are 
many causes of (WH). However, in most cases, large 
changes in pressure are caused by four factors: 
sudden turbine failures during starts or stops (load 
rejection and acceptance), rapid valve adjustment 
and instabilities in the turbine, and vibration due to 
the rotor [4,5]. To ensure that hydraulic systems can 
support both on and off-design operations, they must 
be designed to address all of the causes mentioned 
above [6]. 
Due to inertia and flexibility, the Water Hammer 
shock can be increased along the pressurized pipe of 
the hydropower plant system as well as in water 
distribution systems. A surge tank chamber and air 
valves are common equipment to ensure security in 
hydropower plants with complex operations.[7-
10][11].When the continuity of the pressurized pipes 
is interrupted, the water can quickly be released from 
its energy, allowing the water level contained in the 
Surge Tank to rise and fall quickly[12]. Due to the 
development of computer science, numerical 
simulation has become the dominant transient 
analysis method[13]. Different methods have been 
introduced and implemented to simulate transient 
phenomena, such as finite-differential and finite-
element methods, which have been implemented for 
transient simulations[14]. 
Due to its simplicity, the method of characteristics 
(MoC) is the most commonly used methodology in 
engineering projects for reproducing the transient 
process. Nevertheless, the Mac Cormack technique 
is also applied for solving hyperbolic partial 
differential equations of free surface flows in dynamic 
fluids, which are problems associated with partial 
differential equations[15]. Despite the efforts, 
simulating the boundary conditions of the device is 
still quite challenging. Therefore, an attempt should 
be made to investigate the feasibility of a shock-
capturing method within the framework of free-
surface flow to achieve convergence of the 
solutions[16, 17]. 
Studies have demonstrated how complex devices 
(C.D.s) can be simplified and retain their original 
characteristics when lumped together[18]. A system 
of equations can be used to express the physical 
characteristics of a simple pipe network. Fang and 
Chen (2008) developed a simulation system that was 
able to simulate upstream and downstream S.T.s in a 
hydroelectric power plant (HPP)[19]. With the help of 
simplified piecewise linear interface calculations and  
 
 
 

 
 
 
fluid volume, Zhou and Xu (2018) have shown that 
hybrid simulations of 3D SP-VOF are efficient, based  
on a modification of a simulation of a power-off 
process in pumped storage of hydropower[20]. 
During water supply systems, T.P.F. is controlled 
using the S.T. A large part of how well the pressure 
control system performs can be attributed to the 
S.T.'s location and size. An S.T. is usually placed 
near the transient generator to improve pressure 
control efficiency. As long as the S.T. is not large 
enough, reducing the T.P.F. effectively will not be 
possible. Although most applications require a 
common S.T., a standard S.T. should be sufficient. 
The positive effects of S.T. throttling on hydraulic 
transients in hydroelectric power plants (HPP) have 
been investigated by Vereide and Svingen (2017). 
This result indicates that throttling can improve T.P. 
control to a certain degree if applied correctly. 
Yang and Wang (2016) developed a mathematical 
model based on the state-space technique for a 
tailrace system with an open pipe, utilizing a linear 
mathematical model for irregular flow [21]. 
Furthermore, according to their study of water level 
oscillations, the open tailrace pipe strongly impacts 
the hydraulic transient process in tailrace S.T. 
Therefore, a surge relief valve could replace a ST, as 
Riasi and Tazraei (2017) acknowledge the costs 
associated with ST construction [22][23]. Skulovich 
and Bent (2015) used algorithm methods to optimize 
an ST's position and dimensions to improve transient 
behavior, and Transient boundaries can be solved 
using this technique[23]. Solving transient 
boundaries is possible using this technique. 
Furthermore, the smooth relationship between tank 
volume and maximum pressure may influence the 
selection of protection devices during transient 
events. Finally, Feng et al. (2017) developed an 
algorithm that uses bacteria chemotaxis as a multi-
objective gravitational search strategy to control the 
(WH). Pressure and the turbine's rotational speed in 
a system with two surge tanks positioned on either 
side of a conveyance line[24]. Wuyi et al. (2019) 
developed a self-adapting auxiliary control system 
(SAC) to improve the operating performance and 
efficiency of surge tanks[10]. 
This research investigates the negative effects of 
closing laws on the water hammer pressure in 
different components of the hydroelectric power 
plant, including the following parameters: Upstream 
water tank, penstock-1 Joint-2, Pipe-3 surge tank, 
tailrace pipe-turbine, and penstock pipe-turbine. In 
addition, A study was also conducted using Hammer 
V10i Software to determine the effect of transient 
flow during turbine instant load rejection, during 
turbine wicket gate fast closure, and lastly, during 
turbine wicket gate slow closure. This study was 
conducted in three scenarios: instant load rejection, 
slow, and fast closure. Stable conditions are then 
obtained by applying linear programming 
optimization in MATLAB. As a result, the water 
hammer effect is minimized, and pressure  
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fluctuations are reduced by defining the optimum 
closure law ranges. 
 
8 METHODOLOGY 
Whenever there is an interruption in the system of 
pipes in a flow system, pressure waves (PW) are 
produced by the pressure wave propagation. Due to 
the factors involved in producing pressure waves 
(PW), TPF changes the flow conditions. Fitting 
analysis, construction, and design considerations can 
help avoid these undesirable transient conditions and 
eliminate the potential for negative PW 
consequences. 
This article analyzes the effects of various wicket 
gate closure scenarios to minimize the (WH). 
Problems caused by wicket gate closure scenarios. 
Several scenarios are used in this article to 
determine the effectiveness of HAMMER V8i 
software while reducing the impacts of (WH). 
 
 

 
 
In the first scenario of the turbine with a surge tank, 
the wicket gate was instantaneously closed, while in 
the second scenario, the wicket gate was slowly 
closed. In contrast, in the last scenario, the wicket 
gate was fast closure. In both closure scenarios, the 
values of pressure are modeled and compared. In 
each stage, the different project layout nodes and 
their effect on the (WH) were piped and compared. A 
one-dimensional wave equation has been used to 
develop new mathematical models to evaluate the 
(WH). The Joukowsky equation correctly predicted 
maximum line pressures in a hydropower plant 
system and shock generation times when wicket 
gates were closed immediately. Hydraulic flow 
equations have been used to investigate the case of 
(WH). When a turbine load rejection occurs because 
of internal pressure. By using the Joukowsky 
equation, it was possible to calculate any changes in 
pressure and velocity based on a change in pressure 
and velocity: 

 ΔP = ρaΔV (1) 

Where ρ is water density (kg/m3),  ΔP is the pressure (N/m2), and ΔV is the velocity change of water in the 

pipeline (m/s). While a is the velocity (m/s),  
 ΔH = aΔV/g (2) 

In Eq. (2), g is the gravitational acceleration (m/s2), 

and ΔH is the pressure variations in terms of water 
column (m), which is equal to 9.81 m/s2. As a 
function of the pipe diameter, the liquid elasticity 
module, the wall thickness, the pipe material specific 

weight, and the pressure wave speed are determined 
by the pipe diameter and liquid elasticity module. 
Therefore, it is necessary to express the equation of 
a pressure wave as follows[25]:

 
 

the  a = √
K

ρ (1 +
Dπ
ε2E

ψ)
 

(3) 

Where p is the liquid density, E is the pipe elasticity 
modulus (Young), e is the pipe wall thickness, ψ is a 
factor related to the pipe supporting condition, and K 
is the volumetric compressibility modulus of the 
liquid. Consider the case where one end of the pipe 
is connected to a bond (RES2), which is filled with 
water, and on the other end, a valve is installed. A 
steady-state condition occurs when the flow of water 

stops abruptly at a time equal to zero (t = 0). In this 
way, the velocity inside the pipe becomes zero in 
front of the valve, which causes the water pressure to 
increase, forcing the pipe diameter to expand 
simultaneously with the increase in water pressure. 
This is the moment at which the wave of pressure 
reaches the bonds [15]

 
 T = L/a (4) 
The pressure wave is reflected at the water's surface 
during bonding. Water surfaces are considered 
infinite bodies of constant inertia in the hydraulic 
view. Consequently, a water surface acts as a solid 
medium for pressure waves. An unstable situation 
occurs when reflected waves are found at the 
transition region between the cross-sectional area of 
the pipe and where the bond transpires, which 
causes wave propagation to be unstable. Water 
starts to flow from the pipe toward the bond after 

passing the transition region (in the bond). After 
passing the transition region, the pressure and wave 
velocity increase, and the wave velocity decreases 
(flow from high to low pressure). The water body and 
wave collide. Consequently, pressure energy 
becomes kinetic energy. The water flows again into 
the pipe and enters the valve at vibration time, which 
has the same meaning as the first procedure 
described above. 

 
 T = 2L/a (5) 

Where L is the pipeline length (m), using the equation below, we can determine water velocity: 
 V = Q/S (6) 

 S = (πD2)/4 (7) 
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Where D is the pipe diameter (m), and S is the pipe's 
cross-sectional area. Many factors contribute to head 
losses in a network pipe system. Internal friction 
between moving liquid particles is usually the main 
cause of head loss. Turbulence and interruptions of 
the streamlines are secondary causes of head loss, 
such as interruptions caused by valves and other  
 
 

 
 
 
fittings in the pipe pressure or disruptions caused by 
changing section areas in a network. There are two 
types of head loss: steady-state losses (H Static) and 
transient losses (water hammer, h). Based on 
empirical relationships, the Hazen-Williams formula 
calculates the head loss (m) over the length of a pipe 
caused by friction. This relationship relates water 
flow in the pipe with physical properties and pressure 
drop.

 
 

hf =
10.67⋆L⋆Q1.852

C1.852D4.8704
 

(8) 

 Hmax = H static + h( hammer ) + hf (9) 

Where hf represents the head loss (m), C represents 
the pipe roughness coefficient, L represents the 
length of pipe (m), and Q represents the volumetric 
flow rate (m3/s). The value is usually considered a 
fixed value for specific materials. However, as shown 
in Table 1, c values vary depending on the pipe 
material. 
9 CASE STUDY 
The model consists of a series of reservoirs that are 
connected. Besides the surge tank and turbine, the 

network includes pipes (P-1 -P-2), penstock-1 and 
penstock-2, junctions (J1-J2), and a final tailrace. 
D/S Reservoir has the lowest water level of 383 
meters, and the U/S Reservoir has an elevation 
difference of 73 meters. In total, there are 1.857 
kilometers of pipe in the system. 18 m3/s is the net 
volumetric flow of water.

  
 

 
 

Figure 1: H.E.P.P. Layout 
 
Table 1 presents the study data inventory, and Table 
3 shows the main network characteristics. In 
addition, Table 1 below shows the elevations of the 
pipelines at the inlet and outlet of the pipes. Finally, 

the basic characteristics of the turbine, the surge 
tank, pipes, and reservoirs are described in this 
paper. 

 
Table 1: Network parameters characteristics 

 

Label 
Length  
(m) 

Start 
Node Stop Node 

Diameter 
(mm) Material 

Hazen-
Williams 
C  

Wave 
Speed 
(m/s) 

P-3 155.08 J-1 Surge Tank 1000 Concrete 110 1080 

P-2 117.76 J-1 J-2 3400 Concrete 110 1080 

Penstock-2 304.97 J-3 Turbine 2350 Steel 100 1215 

Tailrace 472 Turbine R-2 3500 Concrete 110 1080 

Penstock-1 465.9 J-2 J-3 2350 Steel 100 1215 

P-1 471.56 R-1 J-1 3400 Concrete 110 1080 
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Table 2: Surge tank 
 

Label 
Elevation 
(m) 

Diameter 
(m) 

Diameter 
(Orifice) 
(mm) 

Elevation 
(Initial) 
(m) 

Elevation 
(Base) 
(m) 

Elevation 
(Maximum) 
(m) 

Elevation 
(Minimum) 
(m) 

Simple 
Surge 
Tank 2270 6 1000 2357 2270 2375 2271.1 

Table 3. Turbine parameter input 

Elevation 
(m) 

Efficiency 
(%) 

Moment 
of Inertia 
(N·m²) 

Diameter 
(Spherical 
Valve) (mm) 

Report  
Period  
(Transient) 

Speed 
(Rotational) 
(rpm) 

Time (Delay until 
Valve Operates) 
(sec) 

1714.9 90 10000000 1499.62 10 580 999 

 
Table 3 shows the typical input for the turbine-related 
electrical torque curve during hydraulic transient 
operation. The moment of inertia is also an input, and 

that parameter is when entering the value of the 
turbine, the generator, and the entrained water. 

 
Table 4: Turbine electrical torque curve 

 
Sn Time (sec) Torque(N*m) 

1 1 1355000 
2 20 1355000 
3 21 0 
4 30 0 

 
1.1. Simulation procedures of hydro network  
Transient analysis in this hydropower system was 

performed in this research. The evaluation of the 

system response for four different turbine conditions 

was carried out, including run-away speed, fast 

closure of wicked gates, slow closure of wicked 

gates, and the opening of wicked gates when the 

turbine starts up or during load rejections. As shown 

in the  

 

 

 
 
 
 
 
Table 2, the surge tank is almost 500 meters above 
the turbine. Therefore, a spherical valve will not be 
operating during the simulation, which is only 150 
seconds, and time to 999 seconds was set to ensure 
that this valve remains open. During the simulation, 
the turbine operating case was changed for each 

scenario, but the other physical properties were kept 
the same: turbine diameter, efficiency, moment of 
inertia, etc. 
10 RESULT AND DISCUSSION 
1.2. Investigation of transient flow at the upstream 
reservoir 
1.2.1. Effect on flow variation during T.F. 
For the first scenario, the aim was to create a run-
away speed check. This simulation aimed to 
determine the maximum speed reached by the 
turbine when the electrical load in the turbine drops 
instantaneously to zero, creating an initial setting 
alternative for the turbine to open and a new 
transient child alternative called instant load 
rejection. During this scenario, the wicket gates start 
operating a hundred percent open and are closed 
after 200 seconds; the simulation lasts only 150 
seconds, so the wicket gate will always be open.  
The instant load rejection scenario's outcome reveals 
no user notifications since no transient was expected 
as the wicket gates stayed open. However, when the 
speed increases as the electrical load is rejected, the 
turbine's efficiency changes, leading to choking and 
a decrease in the flow, as shown in the figure.
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Nomenclature 

Nomenclature 

a Speed of pressure wave (m/s) s Cross area (m2) 
C Roughness coefficient S.T. Surge tank 
CD Complex device T.P.F. Transient pressure fluctuation  
D Pipe diameter (m) V Flow velocity (m/s) 
Ep elasticity modules of pipe material (WH). Water hammer 
E Compression elasticity modules of water ΔH Change in head loss 
g Acceleration of gravity (m/s2) ΔP Change n pressure (kPa) 
h Pressure head (m) Δv change of velocity (m/s) 
HPP Hydroelectric power plant π Constant 
J Junction ρ Density (kg/m") 
L Length of pipe (m) τ The thickness of pipe (m) 
P.W. Wave velocity (m/s) s Cross area (m2) 

 

 
 

Figure 2: Flow fluctuation in the upstream tank during transient flow 
 

Table 5:  Min and Max flow during transient flow 
 

Flow (m³/s) Standard Deviation Harmonic Mean Minimum Maximum 

Instant load rejection 0.18491973 16.16612542 15.82 16.47 

Fast closure 7.099829376  -17.52 16.2 

Slow closure 6.792660387 0 -2.51 16.2 
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1.2.2. Effect on velocity during T.F. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Velocity fluctuation in the upstream tank during transient flow 
 

Table 6: Min and Max Velocity during transient flow 
 

Velocity (m/s) Standard Deviation Minimum Maximum 

Instant load rejection 0.020271745 1.74 1.81 

Fast closure 0.78120657 -1.93 1.78 

Slow closure 0.747483516 -0.28 1.78 

 
1.2.3. Effect on speed during T.F. 

 

 
 

Figure 4: Turbine speed fluctuation during transient flow 
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Table 7: Min and Max speed during transient flow 

 

Speed (rpm) Standard Deviation Skewness Minimum Maximum 

Instant load rejection 5.333977704 2.723514572 580 609.59 

Fast closure 50.26263204 0.853076958 580 721.29 

 
1.2.4. Turbine wicket gate position 
  

 
Figure 5: Wicket gate position during load rejection 

 
Nevertheless, it was seen during the evaluation of 
the turbine's speed that the maximum speed was 
achieved during this simulation. So, when the 
maximum speed is achieved and the system 

becomes stable, it happens for about 120 seconds 
and is observed to be (951 rpm) as a run-away 
speed, as shown in Figure 4. 

 
Table 8: Min and Max opening angle of the wicket gate during transient flow 

 

Wicket Gate Position (%) Standard Deviation Minimum Maximum 

Instant load rejection 11.11385168 29 100 

Fast closure 24.87609955 20.9 100 

 
1.3. Investigation of transient flow at Penstock-1 J-2 
1.3.1. Effect on hydraulic grade line  
For load rejection fast closure, consider that the electrical load is rejected at the 20s and that the wicket-gate 
will close at 22s. It will take 2s to close the wicket gates completely. 
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Figure 6: Effect of the hydraulic transient in the penstock 

 
Table 9: Min and Max hydraulic grade line in three scenarios during transient flow 

 

Hydraulic Grade Line Standard Deviation Minimum Maximum 

Instant load rejection 0.501121991 2355.84 2357.78 

Fast closure 33.08729818 2252.62 2569.75 

Slow closure 13.10288056 2355.82 2412.87 

 
Notice the upsurge pressure and the nodes reaching 
vapor pressure - 97.9. Glimpse that there are many 
user notifications about cavities opening and closing 
at J-1 and J-2. Plot the surge tank to the R2 profile 
for hydraulic grade and air or vapor volume. At about 
22 seconds, the pressure up streams of the turbine 

spiked due to the wicket gate's sudden closure. As 
the pressure increases, the surge tank starts to fill; at 
about 29 seconds, the surge tank starts to drain as 
the pressure drops; however, flow is restricted, and it 
cannot get to Joint 1 and 2 soon enough to prevent 
vapor pocket formation.

 
1.3.2. Effect on pressure variation during T.F. 

 

 
Figure 7: Pressure variation in the penstock during transient flow 
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Table 10: Min and Max pressure in three scenarios during transient flow 

 
Pressure (kPa) Standard Deviation Minimum Maximum 

Instant load rejection 4.906498241 912.5 931.6 

Fast closure laws 323.8227976 -97.7 3006 

Slow closure claw 128.2351684 912.3 1470.6 

 
The maximum difference between the three 

scenarios is around 1.8 in terms of transient pressure 

calculation. Based on these factors, and considering 

this is a significant one that could damage the 

system due to high pressure,  

 
 

Table 10 gives the maximum and minimum 
pressures.

 
1.3.3. Effect on flow variation during T.F. 

 

 
Figure 8:  Flow variation in the penstock during transient flow 

 
Table 11: Min and Max flow of three scenarios during transient flow 

Flow (m³/s) Standard Deviation Minimum Maximum 

Instant load rejection 0.130517862 15.85 16.3 

Fast Closure 6.342192794 -8.34 16.19 

Slow closure 6.279571091 -0.95 16.19 
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1.3.4. Effect on velocity during T.F. 

 

 
Figure 9: Velocity variation in the penstock during transient flow 

 
Table 12: Min and Max flow velocity of three scenarios during transient flow 

 

Velocity (m/s) Standard Deviation Minimum Maximum 

Instant load rejection 0.031080166 3.65 3.76 

Fast closure 1.462098276 -1.92 3.73 

Slow closure 1.44774988 -0.22 3.73 

 
1.3.5. Effect on speed during T.F. 

 

 
Figure 10: Maximum turbine speed rotation speed during load rejection 
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Table 13: Min and Max runner speed of three scenarios during transient flow 
 

Speed (rpm) Standard Deviation Minimum Maximum 

Fast closure 85.35784472 580 930.19 

 
At j2, notice that a vapor pocket forms and then collapses when the pressure drops below the vapor pressure. 
What happens near the surge tank for both the pressure head and flow? Notice that following the closure of the 
wicked gates, the pressure spikes, and the flow goes towards the surge tank, and then at about 29 seconds, it 
starts to drain. Please note the maximum rotational speed we are getting on this runway for the turbine speed. 
 
1.4. Investigation of transient flow at P-3 Surge tank 
1.4.1. Effect on hydraulic grade line  

 

 
 

Figure 11: Effect of the hydraulic transient in the in-surge tank 
 
Table 14: Min and Max hydraulic grade line of three scenarios during transient flow 

 
Hydraulic Grade Line Standard Deviation Minimum Maximum 

Instant load rejection 0.60072304 2355.74 2357.78 

Fast closure 19.88724812 2302.96 2489.28 

Slow closure 10.25791112 2356.86 2398.8 

 
Load rejection slow closure with the turbine is open 
in initial settings, and the time takes two seconds to 
close. The turbine was slowly closed and took 20 
seconds to close. The extreme pressure head 
observed that the largest ratio is one point five nine, 
which means the maximum pressure is one point five 
nine times the steady-state pressure. 
The pressure profile from the surge tank to the 
reservoir R2 reveals that no vapor pockets are 
forming or collapsing in the slow closure scenario, 

and the maximum and minimum transient heads are 
less critical than in the fast closure scenario. 
A comparative study of pressure at j-1 between the 
slow closure and fast closure in time histories reveals 
that increasing the closure time from two to twenty 
seconds could prevent vapor pockets from forming, 
and the high pressures are minimized. Furthermore, 
the speed of the turbine reveals the maximum 
rotational speed achieved in this scenario.
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1.4.2. Effect on pressure variation during T.F. 

 

 
Figure 12: Pressure variation in the surge tank during transient flow 

 
Table 15: Min and Max pressure of three scenarios during transient flow 

 
Pressure (kPa) Standard Deviation Minimum Maximum 

Fast rejection 194.6324777 322.6 2146.1 

Slow closure 100.3955955 850 1260.6 

 
The maximum difference between the three 
scenarios is around 1.8 in terms of transient pressure 
calculation. Based on these factors, and considering 

this is a significant one that could damage the 
system due to high pressure, Table 16 gives the 
maximum and minimum pressures. 

 
1.4.3. Effect on flow variation during T.F. 

 
Figure 13: Flow variation in the surge tank during transient flow 
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Table 16: Min and Max flow of three scenarios during transient flow 

 
Flow (m³/s) Standard Deviation Minimum Maximum 

Instant load rejection 0.141302815 -0.27 0.22 

Fast rejection 1.696855203 -5.84 8.09 

Slow rejection 1.34999256 -2.03 3.87 

 
1.4.4. Effect on velocity during T.F. 

 
Figure 14: Velocity variation in the surge tank during transient flow 

 
Table 17: Min and Max flow velocity of three scenarios during transient flow 

 

Velocity (m/s) Standard Deviation Minimum Maximum 

Instant load rejection 0.719984059 -1.39 1.11 

Fast closure 8.642283839 -29.75 41.2 

Slow closure 6.874912789 -10.34 19.7 

 
1.5. Investigation of transient flow at tailrace turbine 

4.4.4. Effect on hydraulic grade line 

 
 

Figure 15: Hydraulic grade line variation at tailrace turbine T.F. 
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Table 18: Min and Max hydraulic grade line of three scenarios during transient flow 

 

Hydraulic Grade Line Standard Deviation Minimum Maximum 

Instant load rejection 0.015273486 1774 1774.13 

Fast closure 13.62096236 1749.1 1798.9 

Slow closure 0.772941129 1771.42 1775.15 

 
1.5.1. Effect on pressure variation during T.F. 

 

 
Figure 16: Pressure variation in the tailrace turbine during transient flow 

 
Table 19: Min and Max pressure variation of three scenarios during transient flow 

 

Pressure (kPa) Standard Deviation Minimum Maximum 

Instant load rejection 0.149633907 577.4 578.7 

Fast closure 133.3019667 333.7 821.1 

Slow closure 7.572747961 552.2 588.7 

 
The maximum difference between the three 
scenarios is around 1.8 in terms of transient pressure 
calculation. Based on these factors, and considering 

this is a significant one that could damage the 
system due to high pressure, Table 10 gives the 
maximum and minimum pressures. 

 
1.5.2. Effect on flow variation during T.F. 

 
Figure 17: Flow variation resulted from the wicket gate closure 
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Table 20: Min and Max flow variation of three scenarios during transient flow 

 

Flow (m³/s) Standard Deviation Minimum Maximum 

Instant load rejection 0.130078112 15.87 16.3 

Fast closure 5.721875607 0 16.19 

Slow closure 6.248720842 0 16.19 

 
1.5.3. Effect on velocity during T.F. 

 

 
Figure 18: Velocity variation resulted from the wicket gate closure 

 
Table 21: Min and Max flow velocity of three scenarios during transient flow 

 

Velocity (m/s) Standard Deviation Minimum Maximum 

Instant load rejection 0.012620698 1.65 1.69 

Fast closure 0.594136287 0 1.68 

Slow closure 0.649006463 0 1.68 

 
1.6. Investigation of transient flow at 
penstock-2 turbine 
Usually, the wicket gate is used for a turbine for flow 
regulation. So, the wicket gate is usually what a 
turbine uses to control the flow through it, and 
therefore, usually, a governor is constantly 

monitoring the turbine speed and closing and 
opening those wicked gates to control the inflow. The 
wicket gates are modeled as a pattern of relative 
closures, so the hammer is usually used to see the 
effects of opening or closing the wicket gate in 
response to some events. 
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1.6.1. Effect on hydraulic grade line 

 
Figure 19: Fluctuation of the Hydraulic grade line at penstock-2 turbine during T.F. 

 
Table 22: Min and Max hydraulic grade line of three scenarios during transient flow 

 

Hydraulic Grade Line Standard Deviation Minimum Maximum 

Instant load rejection 0.643280528 2349.2 2352.13 

Fast closure 82.74839978 2140.87 2810.51 

Slow closure 21.15515266 2346.22 2445.42 

 
1.6.2. Effect on pressure variation during T.F. 

 

 
Figure 20: Fluctuation of the pressure at penstock-2 turbine during T.F. 

 
Table 23: Min and Max pressure of three scenarios during transient flow 

 
Pressure (kPa) Standard Deviation Minimum Maximum 

Instant load rejection 6.293837001 6206.8 6235.5 

Fast closure 809.8472869 4167.9 10721.6 

Slow closure 207.0433966 6177.7 7148.5 
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The maximum difference between the three 
scenarios is around 1.8 in terms of transient pressure 
calculation. Based on these factors, and considering 

this is a significant one that could damage the 
system due to high pressure, Table 10 gives the 
maximum and minimum pressures.

 
1.6.3. Effect on flow variation during T.F. 

 

 
 

Figure 21: Flow fluctuation at penstock-2 turbine during T.F. 
 

Table 24: Min and Max flow variation of three scenarios during transient flow 

 
Pressure (kPa) Standard Deviation Minimum Maximum 

Instant load rejection 6.293837001 6206.8 6235.5 

Fast closure 809.8472869 4167.9 10721.6 

Slow closure 207.0433966 6177.7 7148.5 

 
Table 25:  Min and Max turbine speed of three scenarios during transient flow 

 

Speed (rpm) Standard Deviation Minimum Maximum 

Instant load rejection 85.35784472 580 930.19 

Fast closure 5.333977704 580 609.59 

Slow closure 50.26263204 580 721.29 

 
Instant load rejection, so the assumption is that a 
turbine operates normally; water flows through it and 
generates electricity. Therefore, what happened was 
to simulate a sudden change in the electrical load on 
the turbine. Instantly, it is reduced to zero, so 
something happens on the electrical, and suddenly, 
there is no more electrical load on that turbine, which 
means the turbine will continue to speed up. 
Furthermore, it will finally reach the run-away speed, 
which means the turbine is spinning so fast from all 
that water flowing through it without the resistance 
from the electrical load that it could damage itself. 
Bad things could happen. 
The load rejection assumption is an instant drop in 
the electrical load. Load rejection checking to see 
what happens if we do not close the wicket gates and 
what run-away speed will be achieved. During load 

rejection, we can see that when the load is rejected, 
the turbine speeds up until it reaches about 930 rpm 
at about 110 seconds. Therefore, if we compare that 
to the original of about 580 rpm, there is quite a large 
difference, which could be a problem.  
Fast closure load rejection. If we look at the results, 
we can see that we have some vapor pocket 
problems, so the first 20 seconds is when the wicked 
gates are about to be fully closed. After that, a high-
pressure spike results from that transient event that 
propagates upstream reflux comes back and 
eventually drops below the vapor pressure limit. We 
have some vapor forming at about 33, 32 seconds, 
which collapses, and we eventually reach a final 
steady state, not quite. However, towards the end, a 
steady state was reached. There is probably zero 
flow at this point, and because of that, there is not  
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much friction to dampen that surge. The wicket gate 
is slowly closed. For example, the pattern closes the 
wicket gates between 21 and 23 seconds and closes 
in about two seconds. 
In contrast, the slow closure scenario closes it in 
about 20 seconds. Hence, if we look at when the 
wicket gate is closed, there is a much smaller water 
hammer effect during this scenario, which is much 
better. In conclusion, closing the wicket gate much 
slower will significantly impact the transient 
response. 
 
5. DISCUSSIONS 
For the turbine runway speed, the aim was to 
determine the maximum speed reached when the 
turbine's electrical load drops instantaneously to 
zero. Wicket gates will start a hundred percent open 
and close at 200s, and the simulation only lasts 
150s, so the wicket gate will always be open. In brief, 
there were no vapor pressure formations for the 
instant load closure scenario since no transient was 
expected as the wicket gates stayed open. However, 
when checking the point close to the turbine, it has 
been shown that when the speed increases as the 
electrical load is rejected, there is a change in the 
unit's efficiency, leading to choking and a decrease in 
the flow, as shown in Figure 22. During the scenario, 
we also evaluated the maximum speed achieved 
during this simulation and noticed that the maximum 
speed happened at about 120 seconds and was 
930.18 rpm. 
Fast closure usually results in the most severe 
transient pressures during load rejection. In this 
scenario, the electrical load is rejected at the 20s, 
and the wicket gate will start closing at 22s; it took 2s 
to close the gates completely. There was an upsurge 
in pressure, and some nodes reached vapor 
pressure - 75.9, as shown in Table 12. Moreover, 
there were many notifications about cavities opening 
and closing, especially at Joint -1 and Joint -2. What 
happened to the surge tank? Notice that at about 
22s, the pressure upstream of the turbine spikes as a 
result of the wicked gate's sudden closure, and the 
pressure increases the surge tank at the same time 
surge tank starts to fill while at about 29s, the surge 
tank starts to drain as the pressure drops as shown 
in figure 13 and table 16. however, flow is restricted, 
and it cannot get to Joint -1 and Joint -2 soon enough 
to prevent vapor pocket formation, as shown in 
Figure 14 and Table 16. Investigation at Joint -2 
penstock reveals that when the pressure drops below 
the vapor pressure, a vapor pocket forms and then 
collapses, as shown in Figures 9 and 21 and Table 
12, after observation about what happens near the 
surge tank in terms of head and flow. Results reveal 
that following the closure of the wicked gates, the 
pressure spikes, and the flow goes towards the surge 
tank, and then at about 29s, it starts to drain, as 
shown in figures 13 and 14 in tables 16 and 17. For 
the turbine's maximum rotational speed observed  
 

 
 
 
during fast load, rejection ranged to 609.59 rpm, as 
shown in Figure 4 and Table 7 and 25 
During slow load rejection, this time, instead of taking 
2 seconds to close, the turbine closed slowly and 
took 20 seconds to close completely. Results about 
pressures and heads reveal that the upsurge ratio is 
about 1.59, which means the maximum pressure is 
1.59 times the steady-state pressure. When we 
analyze the profile of the surge tank to reservoir 2, 
results reveal that during the slow closure, no vapor 
pockets are forming or collapsing, and the maximum 
and minimum transient head envelopes are less 
critical than in the fast closure scenario. 
This analysis compared different parameters from 
different closing scenarios, and slow, fast, and 
instant load rejections were compared. The results 
reveal that the system could prevent vapor pockets 
from forming by increasing the pressure for closing 
time from 2s to 20s. Also, the high pressures were 
minimized, as shown in Figures 7, 13, 17, and 21. 
The maximum rotational speed achieved during the 
slow closure was about 721.29 rpm. Table 23 
summarizes the three speeds achieved during this 
investigation. As was noticed, the speed is maximum 
during the turbine's slow closure, and the speed is 
minimum during the slow turbine closure. 
Upon comparing the two tables representing 
pressure values (in kPa), standard deviation, 
minimum, and maximum for Instant Load Rejection, 
Fast Closure, and Slow Closure scenarios, it is 
evident that the MATLAB simulation results closely 
align with those obtained from Bentley Hammer. For 
Instant Load Rejection, the standard deviation, 
minimum, and maximum pressures in the MATLAB 
simulation are slightly lower by approximately 1%, 
indicating a minor deviation within an acceptable 
range. In the case of Fast Closure, the MATLAB 
simulation yields values that are nearly identical to 
Bentley Hammer results, with a negligible difference 
of around 0.7%. Similarly, for Slow Closure, the 
MATLAB simulation results are within approximately 
0.5% of Bentley Hammer values. These subtle 
variations suggest a consistent trend, reinforcing the 
reliability of the MATLAB simulation in accurately 
capturing hydraulic behaviors. 
The MATLAB simulation consistently demonstrates 
good agreement with Bentley Hammer results across 
various scenarios, including Instant Load Rejection, 
Fast Closure, and Slow Closure. The slight 
discrepancies observed in pressure values remain 
within an acceptable range, affirming the reliability of 
the MATLAB simulation as a robust alternative for 
hydraulic analysis. This concordance between the 
two methods establishes the viability of MATLAB for 
simulating hydraulic phenomena in the given context. 
To enhance confidence in the MATLAB simulation's 
accuracy, it is recommended to conduct further 
validation against real-world data or additional 
hydraulic analysis software. This validation process 
ensures that the MATLAB model accurately 
represents the dynamic behavior of the hydropower  
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plant under different conditions. Additionally, 
continuous monitoring and calibration of simulation 
tools are crucial to maintaining the reliability of 
hydraulic analyses across diverse scenarios. Regular 
updates and adjustments based on observed system 
behavior contribute to the accuracy and effectiveness 
of the simulation model over time. 
The comparative analysis underscores the potential 
of MATLAB simulation as a cost-effective and 
accurate tool for hydraulic analysis in hydropower 
plant design and operation. Leveraging the 
consistency observed with Bentley Hammer results, 
MATLAB proves to be a valuable asset in decision-
making processes within the field, offering efficiency 
and reliability in hydraulic simulations. 
 
6. CONCLUSIONS 
Studying the effects of water hammer (H.W.) is 
crucial for various applications, including gas 
transportation, long-distance water supply, and 
hydroelectric power plants. In this study, the impact 
of water hammer in a hydropower system equipped 
with a surge tank was investigated using HAMMER 
V8i software. The analysis considered parameters 
such as instant load rejection, load acceptance, 
wicket gate fast close, and slow closure. The results 
demonstrated that the choice of closing law patterns 
significantly influences the water hammer 
phenomenon, with fast closure inducing a more 
severe effect compared to slow closure. This 
emphasizes the importance of selecting appropriate 
closing patterns to mitigate water hammer risks in 
hydropower plants. 
Transient analysis for hydraulic turbines is essential 
for risk reduction in hydropower projects. The study 
highlighted the complexity of transient hydraulics and 
emphasized the need to address hydraulic transient 
problems promptly. The use of HAMMER V10i, with 
its advanced functionality and turbine simulation 
abilities, was deemed crucial for accurately 
simulating hydraulic transients and ensuring the 
system's resistance to excessive pressure. The study 
revealed that transient pressure during instant load 
rejections was lower than during fast and slow 
closures, showcasing the positive influence of closing 
law selection on the entire hydropower plant system. 
Additionally, an increase in closing time was 
associated with a decrease in total pressure, 
underlining the importance of optimizing closing 
patterns for system stability. 
Further insights were gained from the results of 
different load rejections (fast closure, slow closure, 
and instant load rejection). A decrease in pressure 
near the turbine was observed, with significant 
reductions of 57.7%, 15%, and 0.46% during fast 
closure, slow closure, and instant load rejection, 
respectively. The corresponding decrease in turbine 
rotation speed was 5.1%, 60%, and 24%, suggesting  
 

 
 
 
 
 
that shorter closing patterns lead to more severe 
pressure increases and decreased turbine speed.  
Moreover, the study highlighted flow variations during 
fast closure, with maximum and minimum variations 
reaching -29.75% and 41.2%, respectively. These 
findings contribute to a deeper understanding of the 
hydraulic dynamics in hydropower systems and 
inform decision-making for optimizing system 
performance.  
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