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ABSTRACT 

Hydropower is a clean and sustainable energy resource developed since the late 19th century. To 
specify the hydraulic performance characteristics of hydraulic turbines, the volumetric flow rate 
as one of the few basic quantities should be determined. Discharge represents the most difficult 
quantity to measure. A good measurement accuracy and estimation is difficult to estimate 
compared to the power and head, especially in low head machines. Despite the developments in 
discharge measurement techniques, this part of the hydraulic machine performance tests is often a 
major challenge. The pressure-time method is one of the discharge measurement techniques, which 
is studied in this PhD thesis. Most of the researches, to improve the accuracy of this method, are 
performed experimentally, whilst limited one-dimensional numerical simulations are done on this 
method. Therefore, detailed investigation of this method has been difficult. The studies conducted 
in this thesis are divided in two experimental and numerical parts. Because the flow physics in the 
pressure-time method is a combination of decelerating flow with variable rate and water hammer 
phenomenon, at the first experimental studies are performed considering unsteady constant rate 
decelerating and accelerating flows. The results helped to better understanding the studies in the 
second part concerned with numerical simulations. In the second part, the physical phenomenon 
behind the water hammer and constant rate decelerating and accelerating flows is studied. Then 
the physical characteristics of the flow in the pressure-time method is investigated in detail based 
on the time variation of the wall shear stress and the γ parameter. The γ parameter represents the 
difference between the turbulence structure in a transient accelerating or decelerating flow and the 
one in the quasi-steady condition. It is demonstrated that for the pressure-time method, part of the 
flow decrease excursion can be characterized as quasi-steady and the rest is unsteady. The 
dominance of inertia and turbulence dynamics is investigated to evaluate the wall shear stress in 
the part of the excursion with the unsteady assumption. It is found that the inertia has a dominant 
effect during the excursion. The evaluation of the effective forces in the flow rate calculation in a 
straight pipe showed that the wall shear stress is a good approximation of the losses calculation 
and the other terms can be neglected. To extend the applicability of this method outside the 
limitations of the IEC41 standard, variable pipe cross-section and different friction loss calculation 
are also studied. A new method for the loss calculation in the penstocks with variable cross section 
is proposed.  The errors induced by the proposed method are in an acceptable range provided that 
the contraction angle is less than ϴ=10°. The evaluation of the important forces showed that the 
variation of the momentum flux is the most significant term in the flow rate estimation in a pipe 
with a contraction. Then, the wall shear stress is the second most significant. 
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NOMENCLATURE 

A Area, m2 

a   wave speed, ms-1 

C Geometry factor 

D Pipe diameter, m 

E Young modulus of elasticity, Pa 

e   Pipe thickness, m 

er Error, % 

f  Friction factor 

lh  Head loss, m2s-2 

K Constant 

Kf Bulk modulus of fluid, Pa 

 

L Pipe length, m 

P Pressure, Pa 

Q Flow rate, m3s-1 

q  Leakage flow rate, m3s-1 

R Pipe radius, m 

Re Reynolds number 

T Water hammer period, s 

t  Time, s 

U Cross-sectional velocity, ms-1 

iu  Fluctuating velocity, ms-1 

xi Coordinate, m 

Greek Letters  

  Kinetic energy coefficient 
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  Dynamic viscosity, Nsm-2 

  Density, kgm-3 

ϴ Contraction angle 

   Wall shear stress, Pa 

Subscripts  

B Bulk  

c   Cross–section 

f   Loss 

0 Initial 

s   Surface area 
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Chapter 1 

INTRODUCTION 

 

1.1 General Information 

Hydropower is a clean and sustainable energy resource developed since the late 19th century. Most 

of the developed countries have utilized all their hydraulic potential to provide electricity. The 

other countries are also developing this technology as it is green and relatively inexpensive 

compared to other energy resources.  

 Hydraulic turbines, as a kind of power generating turbomachines, are generally used to 

produce electrical energy in hydropower plants and have a very high efficiency (more than 95%) 

and the ability to generate electrical power up to 1000 MW. 

 The drawbacks of the hydropower plants compare to steam and gas power plants are the 

higher initial financial investment and longer construction time. In contrast, the longer time of 

service life and the lower cost of maintenance are the advantages of this kind of power plants. 

 Figure 1-1 shows the schematic of a hydropower plant. Water moves from the reservoir 

through the penstock and reaches the turbine. There is a controlling valve between the penstock 

and the turbine. The type of the valve depends on the power plant head, where the ball valve, 

butterfly valve, and gate valve may be used respectively for the high head, mid-head, and low head 

plants. Flowing water causes the rotation of the turbine and consequently the electricity is 

generated by the generator. 
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Fig. 1-1: The schematic of a hydropower plant [1] 

 To provide comprehensive information on the hydraulic turbine performance, it is 

necessary to perform hydraulic performance tests. These tests are usually performed to verify the 

warranties at the time of turbine installation or to determine the turbine performance improvement 

before and after a refurbishment. Moreover, the turbine hydraulic efficiency should be guaranteed 

in a specified range of head and output power. At these specified heads, the formation of cavitation, 

wear or failure should be prevented in the turbine. 

 There are several methods for determining the hydraulic turbine efficiency. The selection 

of the methods depends on the available head, flow rate, the cost associated with the preparation 

and installation of the instruments, the hydropower plant designation and the performance 

conditions. The measurement techniques are divided into direct (thermodynamic method) and 

indirect (the estimation of head and the flow rate) methods. There are several indirect methods 

such as current meter, Winter-Kennedy, ultrasound, tracer and pressure-time methods. The 

development of the pressure-time method is the subject of the current thesis. The reason relies on 

the increasing demand to regulate renewable energy resources and the development of hydro-

power plants. This leads to an increase in the number of start-stop of hydraulic turbines and makes 

the pressure-time method a prime candidate for online measurements. The method is simple to 

implement, cost effective and has a relatively good accuracy around 1.5–2% under favorable 

conditions. However, according to IEC41 [2], some limitations are present in the application of 

this method.  
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 Its principle is based on the transformation of momentum into pressure by decelerating the 

flow in a closed conduit. The deceleration of the fluid is performed with the closure of the guide 

vanes in hydraulic turbines. The physics of the flow during such transient is extremely challenging 

due to the presence of turbulence, unsteady friction, three-dimensionality and compressibility 

effects. 

 Above all, most of the studies on the pressure-time method were performed experimentally 

[3-8] or analytically [9] to improve its accuracy. Concerning the numerical procedures in the 

literature, there are only a few 1D simulations for the pressure time-method, where the simplified 

water hammer equations are used [10]. The numerical methods employed are the Method Of 

Characteristics (MOC) [11], or Godunov method [12], accompanied by experimental works 

mentioned earlier in [4, 11]. However, due to the guide vane closure, the flow in the pressure-time 

method is not one-dimensional. Moreover, the induced three-dimensional effects have an 

important role in the pressure measurement near the valve. For example, measuring the pressure 

very close to the valve in low head power plants, due to dynamic effects, the measurement of the 

static pressure may induce errors in the flow rate calculations. Thus, a detailed investigation of the 

flow characteristics associated with the pressure-time method for widening its application requires 

more complex modeling strategies using 2D and 3D simulations. 

 In addition, there is a lack of investigation of the flow physics with this method. The flow 

in the pressure-time method before the valve closure is a kind of variable rate decelerating flow, 

while after the valve closure the water hammer phenomenon occurs. For the first part, as previously 

mentioned, no study is available on the physics of the flow. Instead, there are some developments 

in the constant rate decelerating flow [13-17]. The developments for the second part, i.e., the water 

hammer phenomenon, include also studies on the improvement of the friction losses calculation 

[18-24]. The performed numerical works include 1D and 2D simulations [23, 25-27], and 

experimental investigations [20, 28, 29], still require more work to further understand the water 

hammer phenomenon and its consequence for the pressure-time method. Therefore, the study of 

the two transient flows, including constant rate decelerating flow and water hammer flow, are a 

basis to understand the physics behind the pressure-time method and need further scrutiny.  
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1.2 Thesis Objectives 

 The object of the thesis is to develop the pressure-time method by studying the physics of 

the flow. To this end, two transient flow are considered; constant rate decelerating and water 

hammer flows. The comparisons are done as the flow in the pressure-time method is a combination 

of the variable rate decelerating flow before the valve closure and water hammer after the valve 

closure. 

To this purpose the thesis is decomposed into two parts:  

 In the first part, in addition to the introduction presented in chapter 1, the pressure-time 

method and the related formulation for the flow rate calculation are presented in chapter 2. In 

chapter 3, the governing equations and numerical procedure are presented. The experimental setup 

is explained in chapter 4. The results and discussion are discussed in chapter 5 and the future 

developments are discussed in chapter 6. 

 In the second part, the publications derived from the studies are presented in 5 subsections 

namely: Papers A, B, C, D and E. 
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Chapter 2 

PRESSURE-TIME METHOD 

 

The pressure-time method also known as the Gibson method was introduced in 1923 by Norman 

Gibson [30]. The method is based on the pressure rise caused by the deceleration of the flow in a 

closed conduit (Penstock in hydro power plants). Figure 2-1 shows the schematic of a hydro power 

plant and the penstock measuring length with length L and cross section area A.     

 
Fig. 2-1: Schematic of the turbine penstock with measuring cross sections 
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 The time variation of the pressure difference between two cross sections 1 and 2 should be 

recorded with high precision. Then, according to the IEC41 standard [1], the flow rate is calculated 

by the integration of the pressure variation with time, Eq. (2-1). 

 
0

 
t

f
AQ P P dt q
L

      (2-1) 

where, fP  is the pressure loss due to the friction and q  is the leakage flow. 

 In addition to the advantages mentioned in chapter 1, there are some limitations in the 

application of the method. For example, the determination of the leakage flow after the guide vane 

and valve closure, the assessment of the final time of integration or in other word the final time of 

the valve closure (t), and the calculation of the pressure loss due to the friction are of crucial 

importance.  

 According to the IEC41 standard, some criteria should be considered to employ the 

pressure-time method. For example, the measuring length should be L>10 m and the product of 

the velocity times the measuring length should be UL>50 m2/s. The measuring length should be 

a straight pipe with a constant cross-sectional area.  

 There are numerous low head hydropower plants, H<50 m, thorough the world. 

Correspondingly, due to the short length penstocks in low head hydropower plants, it is hard to 

satisfy the statements in the IEC41, especially the measuring distance of L>10 m and the straight 

measuring length with constant cross-sectional area. Therefore, the development of the method 

outside the limitations of the standard is of importance.        

2.1- Formula for the Pressure-Time Method 

 As mentioned in the IEC41 standard [1], the flow rate in the pressure-time method is 

calculated considering a constant friction factor. However, a complete formulation is presented 

herein to study the effect of an accurate approximation of the friction factor, the compressibility 

and losses due to the Reynolds stresses. Then, to overcome the limitations stated in the standard, 

including the constant cross-sectional area, a comprehensive formulation is derived assuming a 

pipe with variable cross-sectional area.     
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2.1.1- Formula for a Pipe with Constant Cross Section 

As shown in Fig. 2-2, a control volume is selected between two cross section of the pipe. The 

dominating forces on the control volume are the pressure forces, forces due to the shear and 

Reynolds stresses.  

 
Fig. 2-2: Schematic representation of a pipe, fluid and control volume used to derive relation 

between the flow rate function of the pressure 

The axial momentum equation in the cylindrical coordinate is considered. Suppose σ1 and σ2 are 

the normal stresses on the control surface defined as xx x xu u      : 

     

    1

x r x x xr x

xx x x rx r x

U U U U UU U P
t r r x x

u u r u u
x r r

  

   

   
    

   

 
      

 

 (2-2) 

where,  , rU , xU  are the density, radial velocity, axial velocity and x xu u    and r xu u    are the 

Reynolds stresses, respectively. Assuming an axis-symmetric flow, the velocity in the radial 

direction can be neglected and Eq. (2-2) can be simplified as follows: 

   
    1x x x

xx x x rx r x

U U U P u u r u u
t x x x r r

 
   

    
         

    
 (2-3) 

Integrating Eq. (2-3) over the control volume and using Green's Theorem, the first term on the left-

hand side is obtained: 

0 0

L L

xcv

m mU d mdx dx L
t t t t


   

   
       (2-4) 

The second term on the left-hand side becomes: 

 
2 1

x x
x x c x x c x x ccv cs A A

U U
d U U dA U U dA U U dA

x


  


   
     (2-5) 
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Assuming a negligible change of the pressure through the cross-section, the first term on the right-

hand side is: 

 2 1 ccv cs

P d PdA P P A
x


      
   (2-6) 

Using the Boussinesq’s approximation, the second and third terms on the right-hand side changes 

to: 

 

2 1

4 2 4 22 2
3 3 3 3

xx x xcv

x x
t c t c

u u d
x

U Uk A k A
x x

 

     


   



       
          

       


 (2-7) 

    
1 2x

rxrx r x t rx s scv cs cs

Ur u u d rdx dA A
r r r

      


      
     (2-8) 

where, rx  is the shear stress on the surface of the control volume and is equal to wall shear stress 

on the wall, rx w  .  

 At the initial time t=0 s, the flow rate is 3
0  m /sQ Q  and the density is 3

0  kg/m  . At 

the final time t=tf s, when the valve is completely closed, the flow rate is 30 m /sQ   and the 

density is 3
2  kg/m  . By integrating from Eq. (2-8) the flow rate can be calculated. 

 
2 1

2 10 0

0
1 2

1

1 4 2 4 22 2
3 3 3 3

f

f

t
rxx x c x x c c sA A

t x x
t c t c

Q U U dA U U dA P P A A dt
L

U Uk A k A dt
L x x

  


     


          

                             

  



 (2-9) 

2.1.2- Formula for a Pipe with Variable Cross Section 

 As already discussed, a straight measuring length with constant cross section area is 

required for the pressure measurements in the pressure-time method according to the IEC41 

standard. However, this requirement is rarely satisfied in low head hydro power plants. Therefore, 

the development of the pressure-time method in hydro power plants with variable cross section 

penstocks may help to increase the range of applicability of the method. Figure 2-3 shows the 

schematic of a penstock with variable cross-section.    
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Fig. 2-3: The schematic of a penstock with variable cross section 

To develop a formulation for the flow rate calculation in a penstock with a contraction, a control 

volume in the conical part with length is considered, Fig. 2-4. The formulation before and after the 

contraction is the same as for a pipe with constant cross section. 

 
Fig. 2-4: Schematic representation of a pipe with contraction, fluid and control volume used to 

derive relation between the flow rate function of the pressure 

Here p  is the pressure affecting on the control volume on the contraction wall.     is the normal 

stress. 

 It is assumed that the contraction radius changes by the following relation 

 1 2 1( )r x R R R x L    . Therefore, the incremental change in the radius is  2 1dr R R dx L 

. Assuming an axis-symmetric flow away from the valve, the velocity in the radial direction can 

be negligible. Moreover, the radial velocity component does not import or export axial momentum 

to the control volume. Therefore, Eq. (2-3) can be used for the derivation of the flow rate 

formulation. 
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Integrating Eq. (2-3) over the control volume and using Green's Theorem, relations (2-4) and (2-

5) are also applicable in the pipe with contraction.  

The first term on the right-hand side is written as: 

   2 12 1 1 2ccv cs

P d PdA P A P A P A A
x


      

   (2-10) 

Assuming the Boussinesq’s approximation, the second term on the right-hand side can be written:  

   

   

   

2 1

2 2
1 2

  

2 22 2
3 3

22
3

xx x x xx x xcv cs

x x
t c t c

x
t

co

u u d u u dA
x

U Uk A k A
x x

U k R R
x

   

     

    


       



    
        

    

 
    

 

 

 (2-11) 

The last term on the right-hand side will be: 

  

 
 

 2 1
1 1 2

1

2 co

rx r xcv

x
rxtcs

r u u d
r r

R R xU R dx L R R
r L

 

    


   



 
    

  





 (2-12) 

It should be noted that the wall shear stress on the contraction part is the combination of normal 

and shear-stress acting on the control volume. The complete formulation after the integration of 

Eq. (2-3) on the control volume is as follows: 

 

  

   

2 1

2 2
2 12 1 1 2

2 1

2 2
1 2 1 2

4 2 4 22 2
3 3 3 3

4 22
3 3 co

x x c x x cA A

x x
t c t c

x
rxt

co

m L U U dA U U dA P A P A P R R
t

U Uk A k A
x x

U k R R L R R
x

  

     

      

         
  

       
          

       

  
       

  

 

 (2-13) 

Using the integral limits stated in section 2.1.1, Eq. (2-13) is integrated in time. 
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2 1
0 0 2 2

2 12 1 1 2

1 2

2 2
1 2

1

4 2 4 22 2
3 3 3 31

4 2                 2
3 3

f x x c x x ct A A

x x
t c t c

x
t

co

U U dA U U dA
Q dt

L P A P A P R R

U Uk A k A
x x

L U k R R
x

 




     


    

  
     
    
 

       
          

       


  
     

  

 


  

0

1 20

1

f

f

co

t

t
rx

dt

L R R dt
L

 


 
 
 
 
 
 
 
 

 





 
(2-14) 

Equation (2-14) includes all the effective terms in the calculation of the flow rate. Therefore, the 

study on the importance of each term can be performed. However, most of the terms are difficult 

to measure which makes Eq. (2-14) impractical for flow rate estimation in industrial applications.  

 Therefore, to make the flow rate calculation procedure practical, the head loss is also 

evaluated using a quasi-steady friction factor varying with the cross-section area change. For this 

purpose, the unsteady energy equation, is used for the calculations: 

2 2

.
2 2net net e ecv cs

d U P UQ W u gz d u gz U dA
dt

 


   
          

   
   (2-15) 

eu  is the internal energy and z is the height. If the work done on the control volume is 0netW  , 

the temperature variation would be negligible. The kinetic energy coefficient for the turbulent flow 

is 1   and for the laminar flow is 2  . Therefore, Eq. (2-15) is simplified as: 

 
2 2 2

2 2 1 1
2 1 2 1

2 12 2 2net cv

P U P U d UQ m u u m m d
dt

  
 

     
            

    
  (2-16) 

Assuming  2 1l net e emh Q m u u    , Eq. (2-17) is obtained. 

   
2 22

1 1 2 2
1 2

1 22 2 2lcv
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  (2-17) 
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The left-hand side equation is written as  
 

2

0

1
2 2

L

cv

d U d dxd mQ
dt dt A x


 

  
 

  . Using the relation 

 1 2 1( )r x R R R x L    the following simplified relation is achieved, 
0

1 2

1
( )

L Ldx
A x R R

 
 

 
  . 

Therefore, Eq. (2-17) is simplified as: 
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1 2

1 2
2 2cv
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  (2-18) 

Imposing Eq. (2-18) to Eq. (2-16) yields: 

   
2 2

1 2 1 1 2 2
1 2

1 2

1
2 2 2l

R R P U P UdQ d Qh
dt L dt

 
 

  

    
          

    
 (2-19) 

The last term on the right-hand side could be negligible as the ratio of the initial density to its 

maximum value is in the order of 10-5. Therefore, it is assumed that ρ1= ρ2= ρ and the formulation 

is simplified as follows: 

   
2 2

1 2 2 2 1 1
2 12 2 l

R R P U P UQ h t
L


 

 

    
         

    
 (2-20) 

To calculate the head loss, the relation 
2 2lh fLU D  is considered. If the contraction part is 

formed of n elements of size ∆x, the correlation      
2 2lh f x U x x D x      is valid, where 

 ,i ix x x x   . To examine the sensitivity of the results, several friction factor correlations are 

used including Haaland’s, 2( 1.8log(6.9 / Re))f    [31], Churchill’s, 0.9 2( 2log(7 / Re) )f    

[32], Jain’s, 0.9 2( 2log(6.943 / Re) )f    [33] and Zigrang and Sylvester’s, 

25.02( 2log log(13 / Re) )
Re

f  
   

 
 [34] in turbulent flow, and 64 / Ref   in laminar flow. It is 

assumed that the pipe surface is smooth and the above correlations which are obtained based on a 

steady state flow are also valid in the time dependent flow.   
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 As an example, using Haaland’s correlation and integrating the head loss equation, 

     
2

0
2

L

lh f x U x D x dx 
   for turbulent flow, the equation can be written as: 

    

   

 2 2
2 2

2 50 0

6.96.9 8( 1.8log( )) ( 1.8log( ))
Re(x) 2 4

L L

l

U x D xQh dx dx
D x D x Q





       (2-21) 

Substituting the correlation for the radius variation in the contraction part yields: 
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  (2-22) 

where, 1D  and 2D  are the diameters of the contraction inlet and outlet. The obtained term cannot 

not analytically be integrated. Therefore, the Simpson’s rule should be employed which is written: 

 
2 2( ) 3 3 ( )

8 3 3
b

l a
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  (2-23) 

For the laminar part, the head loss is calculated as: 
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Chapter 3 

GOVERNING EQUATIONS AND 

NUMERICAL METHODS 

 

The governing equations and the numerical methods applied for the CFD simulations of the flow 

in the pressure-time method are presented in this chapter. The flow in the pressure-time method 

undergoes a transient regime by a gradual flow rate reduction and after the valve closure, the water 

hammer phenomenon occurs. Therefore, it is important to consider fluid compressibility and pipe 

elasticity in the simulations. The turbulence model used for the simulations is also presented.     

3.1- Governing Equations 

Considering a time-dependent compressible flow, the continuity and momentum equations are 

presented. 

Continuity: 

   
  0
 

 
 

i

i

u
t x

 (3-1) 

Momentum: 

       2
3

i j ji i k
ij i

j i j j i j k

u u uu u up f
t x x x x x x x


   
        

                      

 (3-2) 
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where, t, jx , iu  and if  are time, coordinate, velocity and volume force, respectively.  ,   and 

  are dynamic viscosity, bulk viscosity and density, respectively. 
 The above equations can be solved analytically or numerically for laminar flows. However, 

the nature of the flow in the pressure-time method is turbulent and it is impossible to solve Eq. (3-

1) and (3-2) analytically.  

 Generally, two methods can be considered to solve the turbulent flows numerically. In the 

first method, the three-dimensional nature of turbulence is considered for the simulations. 

However, a very fine mesh in three dimensions and very small-time steps are needed for the 

simulations resulting in a large computational cost and time. The use of this method is not practical 

in industrial and engineering applications. Therefore, much more attention is given to statistical 

representation of flow quantities such as velocity and scalars. In the second method the unsteady 

three-dimensional equations are averaged which is discussed in the following section. 

3.1.1- Averaged Governing Equations 

According to Reynolds’s theorem [35], the flow instantaneous quantities are decomposed into 

averaged and fluctuating components. As the flow in the pressure-time method is unsteady, an 

ensemble averaging scheme should be used. Otherwise, for the steady turbulent flow, time 

averaging scheme could be employed.  

 As an example, the instantaneous quantities of the velocity and pressure ( , )iu p  are 

decomposed into an ensemble-averaged  ( , )iU P  and fluctuating ( , )iu p  components. 

i i iu U u          (3-3) 

p P p   (3-4) 

The ensemble-averaged scheme is defined as: 

          
1

1, lim ,
N

i i i iN n
U x t u x t

N


   (3-5) 

   
1

1, lim ,
N

i iN n
P x t p x t

N


   (3-6) 

where N is the number of experiments. Substituting the above relations into Eq. (3-1) and (3-2) 

gives: 
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 (3-8) 

Equations (3-7) and (3-8) are called the Reynolds-averaged Navier-Stokes equations which are 

like the instantaneous Navier-Stokes equations. However, the flow quantities are averaged, and 

new terms appeared in the momentum equation. These terms represent the turbulence effects 

named Reynolds stresses terms. The Reynolds stress terms should be modeled.  

 As discussed in [20, 29], the increase in the fluid temperature during the water hammer 

phenomenon is assumed to be insignificant and thus the solution of the energy equation is not 

necessary.   
The governing equations for 2D axisymmetric flows are simplified as follows [23]: 

            1 0c yc c x

c

rUr rU
r t x y

   
   
   
 

 (3-9) 

     

       

1 1

1 1

c x yc x c x x x
c

c c

' ' ' 'x
c p x D x c x x c x y

c c

rU UrU rU U Ur
r t x y r x x

Ur S U S U r u u r u u
r y y r x y

 


  

     
     

       

     
       

      

 (3-10) 
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 (3-11) 

cr , x and y are the radius of the curvature and axial and radial coordinates, respectively. pS  and 

DS  are pressure gradient and diffusion curvature source terms which are defined as follows for the 

axial momentum equation: 
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In a similar way for the radial momentum equation: 

 p y
pS U
y


 


 (3-14) 
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 (3-15) 

3.1.2- Compressibility Effects  

During the transient flow in the pressure-time method, the compressibility effects would 

be important. To consider the compressibility effects under isothermal conditions, the density 

variation is taken into account by coupling the density and pressure:  

d d fp K   (3-16) 

where fK  is the bulk modulus of elasticity of the fluid, which is assumed to be independent of the 

temperature, and thus the density is just the function of pressure.  

The above relation does not consider the pipe elasticity. Therefore, its application to the 

water hammer simulations leads to an overestimation of the wave speed, producing pressure rises 

larger than those observed in the experiments. To address this problem, the bulk modulus in the 

present study is modified as: 

 1'
f f fK K K D eE   (3-17) 

where E is the pipe Young modulus of elasticity, e is the pipe wall thickness, and D is the diameter 

of the pipe. 

The above correction now considers both the compressibility of the fluid and the elasticity 

of the pipe. Consequently, the wave velocity decreases from fa K   to fa K  , resulting 

in a pressure variation similar to the experimental observations. More details can be found in [36]. 

 



19 
 

3.1.2- Turbulence Modeling 

The Reynolds stress terms  i ju u    can be modeled by algebraic turbulence models (zero-

equation models) or partial differential equations (PDE) used for the transport of turbulent 

quantities. According to the number of PDEs, the second approach is categorized as: 

 1- One equation models: one partial differential equation is solved. 

 2- Two equation models: two partial differential equations are needed for modelling. 

 3- Reynolds stress models or second order closure models: partial differential equations 

 are needed for all Reynolds stress tensor components and turbulent kinetic energy 

 dissipation rate. 

 The simpler models are based on assumptions which are less in compliance with reality. In 

addition, the initial version of the models is developed for high Re turbulent flows. In high Re 

turbulent flows, the turbulent local Re number, tR kl  , has a very high value ( 100tR  ). l  is 

the turbulent length-scale. In this condition, the scale of the largest turbulent eddies is large enough 

and it is not directly influenced by molecular viscosity. Therefore, turbulent transport is dominant 

through the flow.  

 In low Re number turbulent flow, especially in viscous sub-layer near the wall, the largest 

turbulent eddies are affected by viscosity, and molecular transport is dominant. Therefore, 

modifications on the high-Re turbulent models are necessary to predict low-Re turbulent flows.  

 According to our knowledge, the low-Re turbulence models are the best choice for the 

prediction of transient turbulent flow, especially near the wall. In this thesis, several low-Re 

turbulence models including the k-ε AKN [37], k-ω SST [38], RSM, γ-Reϴ [39] and SAS-SST 

[40] models are considered for turbulence modeling.  

3.2- Numerical Simulation Method 

All the computations have been carried out using the ANSYS-FLUENT software. The SIMPLE 

algorithm was used for the calculation of the pressure field. Furthermore, the nonlinear convective 

term in all transport equations are approximated using the third-order MUSCL scheme. The first-

order implicit scheme is employed for the discretization of the time derivative terms. 
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3.2.1- Boundary Conditions 

According to the type of transient flow, constant rate decelerating flow, water hammer and 

pressure-time flow, different boundary conditions are employed for the simulations. To solve the 

flow, the steady state computations are first performed. When the converged solution is reached, 

the simulations continue with the unsteady scheme. The following boundary conditions are 

selected for the simulations: 

3.2.1.1- Inlet boundary condition 

 The constant rate decelerating flow is simulated using 2D axis-symmetric geometry. To 

start the simulations in the steady state condition, a constant velocity is selected as the inlet 

boundary condition. To continue the simulations with the unsteady scheme, a velocity variation 

with time is selected as the inlet boundary condition. 

 2D axis-symmetric geometry and 3D geometry with valve modeling are selected for the 

simulations of the water hammer phenomenon and pressure-time method. The constant total 

pressure resembling the tank head is used as the inlet boundary condition in all cases in both steady 

and unsteady conditions. 

 The inlet turbulence quantities are also defined based on inlet turbulence intensity and inlet 

hydraulic diameter. 

3.2.1.2- Outlet boundary condition 

 The outlet boundary condition for constant rate decelerating flow in both steady and 

unsteady conditions is pressure outlet (zero static pressure). 

  The outlet boundary condition for the water hammer phenomenon and pressure-time 

method is the constant static pressure in the steady state condition. After the solution convergence, 

in the unsteady condition and in the presence of valve modeling, the outlet boundary condition is 

kept the same. For 2D axis-symmetric flow the velocity deceleration is selected as the boundary 

condition. 

 The outlet turbulence quantities are also defined based on outlet turbulence intensity and 

hydraulic diameter. 
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3.2.1.3- Wall boundary condition 

The no-slip boundary condition is selected on the walls. The turbulent quantities are considered 

negligible on the walls. 

3.2.1.4- Interface boundary condition 

To include the valve closure in the 3D computations, the boundary between the valve (ball or gate 

valves) and the pipe is defined as an interface. The rotation of the ball or the movement of the gate 

results in the change in the common faces of pipe and valve. Therefore, the faces which are not in 

common change into the wall during the valve closure. 

3.2.1.5- Axis-symmetric condition 

The 2D simulations are performed by assuming the axis-symmetric condition. It means that the 

quantities of all gradients are zero in the radial direction. 
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Chapter 4 

EXPERIMENTAL SETUP 
 

To better understand the physics of the flow in a variable rate decelerating flow (pressure-time 

method), it is informative to study the flow physics in a constant rate accelerating and decelerating 

flows, firstly. For this purpose, the wall shear stress was measured by the hot-film probe during 

the constant rate accelerating and decelerating flows in pipe test rig.   

4.1- Wall Shear Stress Measurement by Hot-Film  

Thermal sensors use Constant Temperature Anemometry (CTA) technique to measure turbulent 

fluctuations in the flow. The method measures the amount of heat transferred between a very small 

electrically sensing element exposed to the fluid in motion. In other word, this method works based 

on the cooling of the flow on a heated material. Thermal sensors indirectly measure wall shear 

stress and velocity by estimating the heat transfer rate and relating the measured heat transfer to 

fluid parameters. In a CTA, the sensor should be kept at a constant resistance and consequently at 

a constant temperature which is higher than the fluid temperature. A Wheatstone bridge with a fast 

servo-amplifier provides the constant resistance of the hot film [41]. 

 The hot film sensors are flush mounted. It makes them ideal for flow measurements 

because they are non-intrusive. Moreover, the use of thin films allows high-frequency response. 

The hot films are also insensitive to pressure variations and fouling or dust contamination [42].  
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 The accurate linking between the heat transfer rate and wall shear stress is only possible if 

the thermal boundary layer thickness developed on the heated film is within the viscous sub-layer          

( 5y  ). y  is the dimensionless wall distance. Therefore, it can be assumed that the velocity 

profile in the viscous sub-layer varies linearly and no turbulent fluctuations are present in that area.   

 The wall shear stress variation is proportional to the CTA output voltage. Equation (4-1) 

shows the relation between the output voltage and the wall shear stress:  

 

2
1/3

f

w
e e

E
T T

 






 (4-1) 

The correlation derivation procedure is presented in [43]. 

4.1.1- Hot-Film Probe Characterization 

 The wall shear stress variations are measured using a flush mounted hot-film probe, 55R46, from 

Dantec Dynamics Co, Fig. 4-1. 

(a) 

 
(b) 

 

Fig. 4-1: Flush mounted hot-film probe (a) detailed view, (b) front view [41] 

The sensor can be used to measure the wall shear stress in both laminar and turbulent boundary 

layers. It is made of a very thin layer of nickel which is embedded on a quartz cylinder, Fig. 4-1 

(b). The quartz cylinder provides to the probe an isolating protection. The technical characteristics 

of the sensor 55R46 are shown in Table 1. The thickness of the quartz coating for the measurement 
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of the wall shear stress in water is 2 µm. The sensor has a rectangular shape with the area of 

0.2×0.75 m2. The maximum operation temperature of the sensor and ambient temperature are 150 

and 100 °C. 

Since the sensor temperature is high, the formation of bubbles in the fluid should be prevented 

because the presence of bubbles results in a very high error in the measured data.   

    Table 4-1: Hot-film probe characteristics, 55R46 [41] 

Thickness of quartz coating 2 µm 

Sensor material Nickel 

Sensor dimensions 0.2×0.75 m2 

Sensor resistance R20 (approx.) 11.9 Ω 

Temperature coefficient of resistance 0.47%/C 

Max. sensor temperature 150 °C 

Max. ambient temperature 100 °C 

Max. ambient pressure 70 bar 

Frequency limit fcpo 30 kHz 

To embed the hot film probe on the pipe, two steps should be taken: 

 1- A preliminary mechanical adjustment: the probe should be placed at the same level of 

 the pipe surface to prevent any disturbance of the probe position in the flow. This 

 adjustment is done by a microscope. 

 2- Probe orientation in the pipe: as shown in Fig. 4-2, the hot film sensor should be placed 

 normal to the flow direction.  

 
Fig. 4-2: Hot-film probe Orientation 
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 The rate of convective heat transfer between the hot film probe and the flow is not only a 

function of the fluid velocity but also depends on the three following parameters: 

 1- Temperature difference between water and hot film probe: 

  The hot film sensor should be kept at a constant temperature. If the hot film 

 temperature varies during the calibration and the measurements, the calibration correlation 

 should be corrected. In addition, the water temperature should also be kept constant during 

 the measurements. This is done during the related measurements of the current thesis.     

 2- The angle between the hot film probe direction and the flow direction: 

  The maximum heat transfer is obtained when the longitudinal direction of the hot 

film is  normal to the flow direction. In the current measurements the direction of the hot  film is 

 justified using a zooming camera inside the pipe and transmitting the probe picture 

 on a software to check the probe direction. It is also emphasized in [44] that the sensor 

 maladjustment error is normally very low and can be ignored.     

 3- Hot film probe contamination: 

  The probe contamination should be identified by comparing the calibration curves 

 before and after the measurements. If the difference between two calibration curves is less 

 than 3%, the results are reliable and the probe can be cleaned if necessary. Otherwise, 

 the probe should be recalibrated, and the measurements should be performed again. In the 

 current measurements a filtration system is used to remove the water contaminants.  

 A wrong adjustment in the above parameters results in high errors in the measurement of 

the wall shear stress (10-50 %).  

4.2- Experimental Setup 

 The experiments are performed in an open system where the water is supplied from a 700 

liter tank through the piping system. An Oberdorfer N1100 gear pump is used to provide the flow 

in the piping system. To measure the flow rate, a Krohne OPTIFLUX electromagnetic flow meter 

with an accuracy of 0.7% is used. The measurement section is a straight pipe with length of L=10.4 

m and diameter of D=100 mm which is made of Plexiglas. A 100 mm stainless steel pipe is used 

to set the hot film probe and measuring the wall shear stress, Fig. 4-3.    
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 Fig. 4-3: Schematic of the test rig used for the wall shear stress measurements [45] 

 A contraction is placed at the entrance of the Plexiglas pipe to help the development of the 

boundary layer and provide a fully developed flow in a shorter distance. The measurements are 

performed at a distance of 80D from the pipe entrance where a tripping system is implemented to 

accelerate the development of the boundary layer. According to [46], a fully developed flow is 

obtained with certainty after a distance l>150D. However, as shown in [47], the entrance length 

can be determined by 1 20 5 5hL / D . f f   (f is the friction factor). Based on the maximum Re 

number in the current measurements the entrance length is l>50D. It is also shown in [48] that 

there is a negligible difference between the wall shear stress results measured  for l>50D.  

 To provide the accelerating and decelerating flow, the pump voltage is varied. To this end, 

a code is developed to control the frequency and consequently to decrease or increase of the pump 

voltage.           

A cooling system is also provided to keep the water temperature at T=20±0.1 °C.  

4.2.1- Test Conditions 

 The measurements are performed in two parts: accelerating and decelerating flows 

undergoing linear change in the flow rate. Each measurement is characterized by the ramp time 

Tacc or Tdec and by the pair of initial and final Reynolds numbers (Re0acc; Re1acc) or (Re0dec; Re1dec). 

 The series of the performed measurements are as follows: (i) the flow rate was 

monotonically ramped down from the initial Reynolds number Re0dec to the final Reynolds number 

Re1dec over a time period Tdec, (ii) the Reynolds number was maintained constant for 45 s, (iii) the 

flow was ramped up from Re0acc = Re1dec to Re1acc = Re0dec over the time period Tacc, and (iv) the 
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Reynolds number was maintained constant for 45 s and the cycle was repeated. The measurements 

are performed in 8 locations, Fig. 4-4. Note that to prevent the probable errors caused by the 

existence of the bubbles in the flow (moves at the highest point of the pipe in the case of existence), 

the highest point in the pipe was not selected for the measurements.  

 Typically, 200-250 cycles were conducted for each measurement series. The initial Re 

number for the deceleration part is Re=24 650 and it decreases to Re=9 421 in 2 s. For the 

acceleration part Re number varies from 9 421 to 24 650 in 2 s. 

 
  Fig. 4-4: The measurement locations in the measuring cross section 
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Chapter 5 

RESULTS 
 

The most important findings of the current work are presented in this section. This chapter contains 

three main parts. In the first section, the results of the water hammer phenomenon are presented. 

In the second section, the results of constant rate accelerating and decelerating flows are discussed. 

The last section contains the results of the pressure-time method.  

5.1-Water Hammer Phenomenon 

 The water hammer simulations have been carried out for several test cases and compared 

with the experimental data of Bergant et al. [20] and Martins et al. [29], see paper A for more 

information. To discuss the flow physics, the results of the water hammer simulations with the 

Reynolds number of Re = 3750 are presented and compared with the experimental data of [20]. 

 As shown in Fig. 5-1, the main components of the experimental set-up are a pressurized 

tank, a straight pipe, and a valve.  

 
Fig. 5-1: Schematic of the experimental set-up [20] 
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The details of the test case examined are given in Table 5-1. The pipe was made of copper. The 

measured pressure variations with respect to time, at the pipe midsection and on the valve, are 

utilized for the comparisons. 
Table 5-1 Details of the test case [20] 

Pipe 

length 

(m) 

Pipe 

diameter 

(m) 

Pipe 

thickness 

(mm) 

Wave 

speed 

(m/s) 

Initial 

velocity 

(m/s) 

Working 

temperature 

(°C) 

Upstream 

tank head 

(m) 

Valve 

closure 

time 

(s) 

37.23 0.0221 1.63 1319 0.2 15.4 32 0.009 

The flow had been cut off by a ball valve. Figures 5-2 shows the computational grids used for the 

pipe and ball valve in the 3D water hammer simulations. 

 
Fig. 5-2: Pipe geometry: ball valve geometry in 3D in 50% of the valve closure 

 The unsteady pressure predictions using 3D computations with low-Reynolds k   SST 

model are shown in Fig. 5-3 and compared with the experimental data.  

(a) (b) 

  
Fig. 5-3: Pressure variations versus time (a) at the midsection, (b) on the valve 
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The inclusion of the ball valve in the computational domain yields pressure variations 

which are in excellent agreement with the experimental data. The use of various flow rate decrease 

curves to mimic the valve closure on the prediction of water hammer pressure variations and the 

details of pressure and velocity variations in the pipe are discussed in paper A. 

To further discuss the physics of the flow, the temporal variations of the axial velocity at 

three radial positions of the pipe midsection ( 0 5y .  ,30  and140 ) are shown in Fig. 5-4 (a).  

At the instant of the pressure wave passage (i.e. at t = T/8 s), the axial velocity undergoes 

a steep change in the region away from the wall ( 30y   and 140y  ). However, it remains 

almost constant as the pressure wave passes from the midsection and returns back (i.e. 

8 3 8T t T   s). The near-wall velocity, at 0 5y .  , experiences a smaller, but still relatively 

large change as the pressure wave passes. Between successive wave passages, the near-wall 

velocity varies and approaches a small value. The relatively large near-wall velocity variations are 

consistent with the wall shear stress distribution shown in Fig. 5-4 (b). The minima and maxima 

in the wall shear stress distribution coincide with the instants of the pressure wave passage through 

the pipe midsection where, as already shown in Fig. 5-4 (a), the velocity undergoes abrupt changes 

and high velocity gradients are produced. In between, the wall shear stress tends to reach a new 

steady state condition.  

(a) (b) 

  

Fig. 5-4: (a) the variation of velocity in different radial positions, (b) the variation of wall 

shear stress on the wall 
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The differences observed in the velocity variations near the wall and in the core can be interpreted 

by examining the magnitude of various terms/forces in the Navier-Stokes equations. To this end, 

the x-momentum equation in the cylindrical coordinate is considered. Since the midsection of the 

pipe is far from the valve, the 3D effects are absent and thus the flow can be assumed to be axis-

symmetric. Thus, the axial momentum equation can be simplified as: 

   
 

 
 

 2 1  3  4

1 1 0x x x rxxx
x x r x

termterm term term

U U U rp u u r u u
t x x x x r r r r

  
 

    
      

      
 (5-1) 

The order of magnitude of the terms in Eq. (5-1), not shown here for brevity, indicates that the 

dominant terms are the unsteady inertia (term 1), the pressure gradient (term 2), the viscous shear 

stress gradient (term 3), and the turbulent shear stress gradient (term 4). 

At times t = T/8, 3T/8, 5T/8, and 7T/8 s, the pressure wave passes through the midsection 

of the pipe, while at times t = 2T/8, 4T/8, 6T/8, and T s, the pressure wave reaches one end of the 

pipe. Therefore, only t = T/8 s and t = 2T/8 s are considered here, and similar behaviors are 

expected at the times under similar conditions. Figure 5-5 shows the radial distributions of terms 

1 to 4 at two time instances, namely, t = T/8 s and t = 2T/8 s, corresponding to the red dashed lines 

in Figs. 5-4 (a) and (b), respectively.  

(a) (b) 

  

Fig. 5-5: Comparison of various terms in the axial momentum equation during the first period 

of the water hammer: (a) t = T/8 s, (b) t = 2T/8 s 
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All the terms are multiplied by the radial distance (r) for representation, i.e.,  xr U t   

and r p x  . In the core flow at t=T/8 s, only the unsteady inertia (term 1) and the pressure gradient 

(term 2) are the dominant terms, and thus the strong pressure gradient, produced by the wave 

passage, induces large velocity changes (Fig. 5-4 (a)). By approaching the pipe wall, the magnitude 

of the unsteady inertia term diminishes while the strength of the viscous term increases due to the 

generation of the large velocity gradient. Furthermore, the turbulent shear stress effect is negligible 

compared to the other terms, which implies that a balance between the unsteady inertia, viscous, 

and pressure forces determines the near-wall velocity variation. Thus, the near-wall velocity 

exhibits a more gradual variation at the instant of the wave passage.  

At t = 2T/8 s, when the pressure wave reaches the tank, an approximately same pressure is 

expected through the pipe, which causes a very small axial pressure gradient in the flow. Compared 

to t = T/8 s, all four potentially significant terms in the momentum equation are relatively small in 

the entire portion of the pipe cross-section except for the near-wall region. In the latter zone, the 

main balance is between the unsteady inertial force and the viscous force. These observations are 

indeed consistent with the velocity distributions in Fig. 5-4 (a), demonstrating constant and 

variable velocities in the core flow and near-wall regions, respectively.  

5.2-Accelerating and Decelerating Turbulent Flow 

 To further investigate the flow in the pressure-time method, it is informative to study the 

flow physics in accelerating and decelerating flows numerically and experimentally. For this 

purpose, the important features of the flow in the constant rate accelerating flows is studied in the 

first subsection. Then, attention is brought to the flow in the constant rate decelerating flows.    

 Two test cases are considered: the first one for the accelerating flow and the second one 

for the decelerating flow. 

Table 5-2 Details of the test cases 

Test No.  
Pipe length 

(m) 

Pipe diameter 

(m) 

Initial Re 

No. 

Final Re 

No. 

Transient time 

(s) 

1 10.4 0.1 24650 9420 2 

2 10.4 0.1 9420 24650 2 

The experimental setup is explained in chapter 4.  
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5.2.1- Computational Setup 

The geometry considered for the simulations is a 2D axisymmetric straight pipe with 

diameter, D=0.1 m, and length, L=10.4 m. The reason of using an axis-symmetric geometry will 

be discussed later with the experimental measurements. Figure 5-6 shows the structured grid 

distribution in a selected section of the axisymmetric pipe. The grids are refined close to the wall 

allowing y+<1. Similarly to the experimental measurements, the wall shear stress is obtained at 

x=8 m. 

 

Fig. 5-6: Part of the computational domain and mesh 

5.2.2- Accelerating flow 

The variation of the wall shear stress during an acceleration excursion is measured by hot 

film and shown in Fig. 5-7.  

 
Fig. 5-7: The time variation of wall shear stress in constant rate accelerating flow 
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To further investigate the physic of the flow, the variation of the quasi-steady wall shear 

stress, 2
0 8w fU  , is added to the plot. The friction factor is calculated by Haaland’s 

correlation [31]. As discussed in chapter 4, the wall shear stress is measured in 8 locations shown 

in Fig. 4-4, where, 1  to 8  corresponds to the measuring locations. By increasing the velocity, 

three phases could be observed in the wall shear stress variation. In the first phase, the inertia has 

an important effect results in the higher value of the unsteady wall shear stress compare to the 

quasi-steady one. Due to the delay in the turbulence response, the rate of increase in the wall shear 

stress decreases at the end times of the first phase.  

Because of the sudden stop of the acceleration, a strong negative inertia effect dominates 

the flow resulting in an intense reduction in the wall shear stress. The negative inertia effect then 

decreases while the effect of turbulence increases. This results in the decrease of the wall shear 

stress reduction rate and finally the wall shear stress tends to a quasi-steady value. 

The variation of the wall shear stress at 8 locations in a cross section shows that no 3D 

effects is present in the transient accelerating flow. This is the reason for using a 2D axis-

symmetric geometry for the simulations. To find out more information about flow physics in the 

accelerating flow, the performance of several turbulence models including k-ε AKN, k-ω SST, 

RSM, γ-Reϴ and SAS-SST are evaluated. The results of the turbulence models are compared with 

the experimental data to select the best turbulence model in the evaluations. Figure 5-8 shows the 

predicted wall shear stress by the turbulence models. 

  
Fig. 5-8: The evaluation of turbulence models against wall shear stress variation 
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Only two turbulence models including γ-Reϴ and SAS-SST are able to predict the wall 

shear stress variations during the three phases. However, the models have delay in the predictions 

at second phase and reaching the third phase. k-ε AKN and k-ω SST turbulence models are weak 

in predicting first and second phases. The RSM turbulence model can predict the first phase and 

the initial times of the second phase.    

Like the discussion in section 5.1, the variation of the important forces is studied for an 

accelerating flow. The SAS-SST turbulence model is used for the predictions. Figure 5-9 shows 

the radial distribution of the important forces in Eq. (5-1). Due to the constant acceleration rate, 

the inertia and pressure gradient forces are constant during the accelerating phase, t=0-2 s, and are 

balanced away from the wall, Figs. 5-9 (a)-(c). Close to the wall, the inertia effects decrease and 

viscous and turbulent stresses have important effects. Note that both stresses have an increasing 

trend during the acceleration phase. Very close to the wall the viscous stresses are balanced by 

pressure gradient and the other forces are negligible. 

As discussed, after the acceleration phase there is an intense decrease in the wall shear 

stress. In the experiments, the time to reach the minimum value of the wall shear stress is at t=3.2 

s while it is at t=4.2 s in the simulations. As shown in Figs. 5-9 (d)-(e), the variation of inertia and 

pressure gradient is insignificant after the acceleration phase. However, near the wall a negative 

inertia variation occurs which balances with viscous and turbulent shear stresses. The existence of 

negative inertia results in the decrease of viscous shear stress close to the wall. Note that, the 

variation of negative inertia increases until the wall shear stress reaches the minimum value. 

(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

  
Fig. 5-9: Comparison of various terms in the axial momentum equation during the decelerating 

excursion 
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Then, the wall shear stress enters to an increasing phase. The increasing phase in the experiments 

lasts between Δt=3.2-5.5 s, while for the numerical simulation it is between Δt=4.2- 8.5 s. As 

shown in Figs. 5-9 (f)-(h), away from the wall, no significant variation in the dominant forces is 

observed. However, close to the wall, the variation of inertia force is positive which lasts until the 

flow reaches a steady state. This causes the increase of viscous shear stress close to the wall. 

Therefore, close to the wall, the terms inertia, viscous and turbulent shear stresses are important 

and balances with each other. Note that the turbulent shear stress represents an increasing trend in 

all the phases and all times until the flow reaches a new steady state.   

5.2.3- Decelerating Flow 

The variation of the wall shear stress in the constant rate decelerating flow is shown in Fig. 5-10. 

For further investigation, the quasi-steady wall shear stress is also added to the figure. The 

variations of the wall shear stress in all locations are similar, showing that the flow is axis-

symmetric. Three phases can also be seen during the deceleration. The variation of the wall shear 

stress shows that in the first phase, the transient flow is affected by the decrease in the inertia and 

the delay in the turbulence response. Therefore, the inertia has a dominant role during the 

deceleration phase. In the second phase at the end of the deceleration phase, the turbulence 

responses to the changes. Therefore, the wall shear stress represents an increasing trend and 

reaches a higher value than the quasi-steady one. In the third phase, due to the stronger turbulence 

response, the wall shear stress tends to a quasi-steady value.    

 
Fig. 5-10: The time variation of wall shear stress in constant rate accelerating flow 
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  The performance of the mentioned turbulence models in section 5.2.2 on the prediction of 

decelerating flows has shown approximately the same results. However, two turbulence models, 

SAS-SST and k-ω SST turbulence models, are considered for the evaluations, Fig. 5-11. The 

results of both SAS-SST and k-ω SST turbulence models are in a good agreement with the 

experiments. 

 
Fig. 5-11: The time variation of the wall shear stress 

The physics of the flow is further discussed considering the Navier-Stokes formulation in the axial 

direction, Eq. (5-1). The importance of different terms at x=8 m is presented in Fig. 5-12. From 

Fig. 5-11, the starting time of the deceleration excursion is 11 sst  .  

The times shown in Figs. 5-12 are  sd st t t  . As shown in the figures, during the 

excursion from Δt=0.001-2 s, the effects of inertia and the pressure gradient are dominant away 

from the wall and balance each other. It other words, the inertia dominates in the decelerating flow. 

Moreover, the inertia and pressure gradient have a constant magnitude during the excursion which 

is due to the constant decelerating rate. The negative value of the inertia force represents the 

deceleration of the flow.  

Moving toward the wall, the importance of both viscous and turbulent shear stresses 

increases and all the forces are important at that location. Very close to the wall, the effect of 

inertia decreases, and both viscous and turbulent shear stress forces will be balanced with the 

pressure gradient force. This shows the dominance of the viscous and turbulent shear stress forces 

near the wall. However, due to the deceleration, their magnitude decreases with time.  
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(a) (b) 

  
(c) (d) 

  
(e) 

 

Fig. 5-12: Comparison of various terms in the axial momentum equation during the 
decelerating excursion 
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After the deceleration excursion, the variation of the pressure gradient and inertia force is 

negligible. However, a sudden stop of deceleration rate at t=2 s results in an approximately strong 

positive inertia effect close to the wall, shown at t=2.1 s, which causes the increase in the viscous 

shear stress close to and on the wall. Therefore, the viscous shear stress will be balanced by positive 

inertia effects and turbulent shear stresses. By increasing the time after the deceleration, t=3 s, the 

positive inertia effect is decreased, the viscous shear stress reaches a steady condition and balances 

with turbulent shear stress. Note that the turbulent shear stress has a decreasing trend at all times.    

5.3- Pressure-Time Method 

This section is divided into two parts. In the first part the physics of the flow in the pressure-time 

method is discussed. In the second part the error analyses of the flow rate estimated with the 

pressure-time method measurements is evaluated. 

 The experimental setup at NTNU for the measurements of the pressure-time method is 

shown in Fig. 5-13. The measurements were performed in a 300 mm internal diameter pipe. Water 

was supplied to the 26.67 m long test section from a 9.75 m high constant-head tank. Two sets of 

measurements are performed with the test rig: the first set is performed by Jonsson et al [4, 11] 

where the pressure variations were measured during the valve closure. The initial Reynolds 

number was Re=6,75×105 and the valve closure time was approximately tc≈4.42 s. The pressure 

measurements were performed with pressure sensors positioned 3.7 m and 12.7 m upstream of the 

valve.  

 
Fig. 5-13: Schematic of the test rig for the pressure-time method [11] 
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5.3.1- Computational Setup 

The discussion on the flow physics by the first set of experimental data is done using 2D 

and 3D computational setups, where a straight pipe with diameter D=0.3 m and length L=40 m, is 

considered for the simulations. A dynamic mesh approach is used to resemble the gate valve 

movement in both 2D and 3D simulations. The purpose of employing 2D simulations is to reduce 

the computational expenses. More details of the 2D geometry and the method used to resemble the 

3D movement of the gate valve to 2D can be found in Paper B. Figure 5-14 shows the pipe 

geometry and gate valve used for 3D simulations. 

 
Fig. 5-14: Part of the pipe geometry close to the gate valve 

The valve closure curve generated from the valve position in the experiments, Fig. 5-15, is 

used for the movement of the valve in the 3D numerical simulations. As discussed in paper B, this 

curve is modified to be applicable for 2D simulations and valve modelling.  

 
Fig. 5-15: Valve closure obtained from the experiments 
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5.3.2- Numerical Results  

5.3.2.1- Straight pipe 

Considering a first set of experimental data, the results of 3D simulations are presented and 

compared with the experimental data firstly. Then a summary of the results form 2D simulations 

are presented. Figure 5-16 displays the pressure difference variation between two cross-sections, 

x=27.3 m and x=36.3 m. The numerical predictions are in a close agreement with the measured 

data.  

  
Fig. 5-16: The pressure difference variation with time between two selected cross-sections  

The existing discrepancies between the numerical simulations and the experimental data could be 

due to the geometrical differences (note that taking L=40 m for the pipe length in the CFD 

simulation, results in matching of the pressure oscillation period but not the damping of the 

pressure), or the simplification in the valve geometry. These discrepancies are also increased by 

2D simulations as more modifications are needed for valve modeling and valve closure curve. 

Please see paper B for more information. The time variation of the averaged wall shear stress 

between the measuring cross-sections is shown in Fig. 5-17 (a). It decreases with closing the valve, 

reaches zero and then oscillates due to the water hammer phenomenon.  
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Fig. 5-17: The wall shear stress variation in time (a) obtained from experimental data of [4], 

(b) obtained from hot-film measurements [49] 

The time variation of the measured wall shear stress (at 10 m upstream of the gate) by Sundstrom 

et al. [49], compared with the numerical simulations, also confirms these statements where the 

closure time in their measurements is t<4.68 s, Fig. 5-17 (b). The measured wall shear stress 

remains positive at all times, whereas the wall shear stress obtained from the numerical simulation 

changes sign around t=4.5 s and remains negative for all subsequent times. This difference is 

believed to occur because a hot film sensor cannot detect the sign of the wall shear. However, by 

taking the absolute value of the wall shear stress obtained from the simulation, very good 

agreement is observed for t >4.5 s.  

 It should be noted that the negative wall shear stress is an indication of a recirculation zone 

formation in the pipe. The recirculation zone appears just upstream of the valve immediately after 

the start of the valve closure. It then grows and fills the whole pipe at the end times of the valve 

closure at t≈4.65 s. More details about this phenomenon could be found in Paper C. 

 The existence of the valve results in the formation of the asymmetric flow close to the 

valve. The velocity profiles close to the valve at times t=3.9 s and 4.4 s, Figs. 5-18 (a) and (b), 

represent the existence of the 3D flow structure. The closer the distance to the valve, the more 

asymmetric the velocity profiles are. Away from the valve, the flow field gradually becomes 

symmetric. These observations are important to select suitable locations to impose the pressure 

sensors in the pressure-time method and to ensure measuring the hydrostatic pressure. For the 

current experimental measurements, the 3D flow structure extends up to 2.33D upstream of the 

valve showing that the pressure sensors are in a right position for the measurements. 
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(a) (b) 

  
Fig. 5-18: The axial velocity profile at several cross-sections close to the valve at (a) t=3.9 s 

and (b) t=4.4 s 

To further examine the flow features in the pressure-time method a time evaluation is made 

between the transient and quasi-steady wall shear stresses, Fig. 5-19 (a). The quasi-steady wall 

shear stress at each time is obtained at the corresponding unsteady flow rate. As shown in Fig. 5-

20, initially the flow rate decreases slowly during the most time of the valve closure, and then the 

rate of the flow deceleration becomes faster at the end times. Moreover, it appears that the quasi-

steady assumption is valid at the early times of transient flow, provided that a reliable correlation 

is available for the estimation of steady state wall shear stress. This is also investigated in [13] 

where the non-dimensional   parameter is introduced as follows: 

0 0

1




 

  
 
 

b

b

dUD
U U dt

 (5-2) 

Here D is the pipe diameter, 
0

U  is the friction velocity at the initial steady condition (i.e.

0 0U   ) and 
0bU  represents the bulk velocity. The   parameter is the criterion showing 

how much the turbulence structure in a transient accelerating or decelerating flow, differs from the 

quasi-steady condition. The value 1   demonstrates that the turbulence structure of the flow 

is similar to the quasi-steady flow. The turbulence structure deviates from the quasi-steady 

condition when 1   and responses to the changes exerted on the flow with delay. Note that 
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in the pressure-time method, the flow deceleration during valve closure is not constant; thus, the 

  parameter is a function of time.  

(a) (b) 

  
Fig. 5-19: (a) Comparison between quasi-steady and unsteady wall shear stress (b) the   
parameter to indicate how much the structure of the turbulence is close to quasi-steady condition 

Figure 5-19 (b) demonstrates the time evolution of   before the complete valve closure. The time 

corresponding to the quasi-steady assumption, 1  , is around t=3 s.  

 
Fig. 5-20: The flow rate reduction curve 

This is in agreement with the results shown in Fig. 5-19 (a) in which the wall shear stress in the 

pressure-time method starts to deviate from the quasi-steady curve approximately at the same time, 

t=3 s. After t=3 s, the wall shear stress obtained from the unsteady simulation is always less than 

the one from the quasi-steady assumption. The reason could be explained by the characteristic of 
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the wall shear stress in the transient flow which is a function of inertia and turbulence dynamics 

[13]. In transient flow with constant deceleration, the inertia effect is initially dominated because 

turbulence dynamics has some delay in responding to the changes. After some time, turbulence 

affects the flow [14]. The dominance of one of these parameters influences the behavior of the 

wall shear stress (i.e. decrease or increase). More details about the behavior of the transient flow 

in the pressure-time method could be found in Paper B. 

Considering the Navier-Stokes formulation in the axial direction, Eq. (1), the importance of 

different terms at x=27 m is presented in Fig. 5-21. As shown in Fig. 5-20, the reduction of the 

flow rate is not linear; initially the reduction is low, and then decreases rapidly. It is expected that 

the forces represent different behaviors during the decelerating period in the pressure-time method. 

 At t=0.001 s, the inertia term is negligible as the decelerating rate is very small. Therefore, 

the pressure gradient and the shear stresses have a distribution like a steady flow. As the Reynolds 

number is very high, the Reynolds shear stress term, term 4, is of importance throughout the cross-

section; away from the wall, it balances with the pressure gradient term whereas close to the wall, 

it increases significantly and balances with the viscous shear stress. Close to the wall, the pressure 

gradient is negligible compared to the Reynolds shear stress.  

 At t=2 s, the inertia term becomes significant, and to accommodate this bulk flow 

deceleration, the magnitude of the pressure gradient decreases. As the Reynolds number is still 

very high, the variations of turbulent quantities are considerable. Away from the wall, the turbulent 

shear stress balances with the pressure gradient and inertia force. The variation of the terms close 

to the wall are the similar as for t=0.001 s. At t=3 s, the magnitudes of the viscous and turbulent 

shear stresses are decreasing, but still play dominant roles very close to the wall. Moreover, the 

magnitude of the inertia term continues to increase, and the pressure gradient has changed sign. 

Away from the wall, the inertia, pressure gradient and turbulent stress terms balance with each 

other.  

 At t=4.5 s, where the increase in the deceleration rate is significant, the inertia term plays 

a dominant role in the cross-section. This also causes a considerable increase in the pressure 

gradient. Since the Reynolds number decreases significantly, the magnitude of turbulent quantities 

decreases. Therefore, very close to the wall, the pressure gradient and viscous shear stresses 

balance with each other. 
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Fig. 5-21: Comparison of various terms in the axial momentum equation along the pipe radius 

during the decelerating excursion of the pressure-time method 

5.3.2.2- Pipe with contraction 

 To extend the application of the pressure-time method to geometries with variable cross-

sections, a pipe with a contraction is considered for the simulations. Presented in Fig. 5-22, the 

contraction is located between x=30.3 m and 33.3 m. Here, two contraction angles, Ө=4°, and 8° 

are chosen to investigate the flow physics. The corresponding simulations are called case 1 and 

case 2 in the rest of the paper. To study the flow physics in the presence of the area variation in 

the pressure-time method, the characteristics of the pressure as an example is discussed. Please see 

paper C for more discussion. 
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Fig. 5-22: Schematic of the pipe with contraction 

The pressure difference variation between successive axial stations, ∆x=27.3-30.3 m, ∆x=30.3-

33.3 m and ∆x=33.3-36.3 m, are shown in Figs. 5-23 (a) and (b). It is observed that between cross-

sections ∆x= 27.3-30.3 m, by increasing the time, the pressure variation in case 1 is higher than 

case 2. The reason is explained by integration of the axial momentum equation on the control 

volume, Eq. (5-3).  

2 1

. . 21 s sz z z zA A wz

s

U U d A U U d AdU p
dt LA L R

  



 
    

  
 

 
 (5-3) 

Considering the flow rate reduction curve, the deceleration rate is negligible at the early times. 

Moreover, through the pipe, the change of the flux of momentum out of the control surface, 

2 1

. .s sz z z zA A
U U d A U U d A   , has a negligible effect. Therefore, the pressure difference balances 

with the wall shear stress. However, as shown in Fig. 5-24 due to the larger pipe diameter, the wall 

shear stress value in case 2 is lower than that in case 1. Therefore, the pressure variation in case 2 

is lower. By increasing the time, the wall shear stress drops to a small value in both cases, while 

the deceleration rate becomes significant. Considering the smaller Reynolds number in the pipe 

with the larger diameter, the deceleration rate is also smaller in case 2 than in case 1. This results 

in the smaller pressure variation by increasing the time.   
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(a) case 1 (Ө=4°) (b) case 2 (Ө=8°) 

  

Fig. 5-23: Pressure difference variation between cross-sections, ∆x=27.3-30.3 m, ∆x=30.3-

33.3 m and ∆x=33.3-36.3 m considering case 1 and case 2 

According to Eq. (5-3), and due to the large difference between the diameters at cross-sections 

x=30.3 m and x=33.3 m, the rate of momentum flux or in a simpler form,  2 2
1 1 2 22 2U U  , 

is also important in the contraction. Therefore, compared to the other measuring lengths, more 

pressure loss is observed in this part.  

(a) case 1 (b) case 2 

  

Fig. 5-24: Averaged axial wall shear stress variation between the cross-sections at x=27.3-30.3 

m, 30.3-33.3 m and 33.3-36.3 m considering cases 1 and 2 
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In case 2, the difference between the diameters of both cross-sections, x=30.3 m, and x=33.3 m, 

is higher than that in case 1. Therefore, the larger difference in their fluxes is expected. However, 

as shown in Fig. 5-24, in case 2, the averaged wall shear stress is lower than that in case 1. The 

reason is the larger diameter variation inside the contraction. The effect of these two parameters, 

the flux of momentum and averaged wall shear stress, results in an approximately close pressure 

loss in both cases at the first times. By increasing the time, the average velocity magnitude is higher 

in the contraction with the lower angle. Therefore, in case 1, the deceleration rate is higher than 

that in case 2. This causes the higher pressure difference in case 1. 

 Both cases have the same pipe diameter after the contraction and between cross-sections 

∆x=33.3-36.3 m. The same as the measuring length ∆x=27.3-30.3 m, the effect of momentum flux 

is negligible in this part. As expected, due to the same Reynolds number, an approximately similar 

value of the wall shear stress could be obtained in both cases, Fig. 5-24. This causes nearly the 

same value of the pressure loss at the first times in both cases. This trend could also be observed 

in the rest of the excursion. It should be noted that the higher value of the pressure variation by 

increasing the time, in comparison to the other measuring lengths, is due to the higher amount of 

velocity and consequently higher amount of deceleration rate in this part. 

5.4- Flow Rate Calculation 

In this part the flow rate is evaluated by the methods mentioned in chapter 2: one derived from the 

URANS equations (method 1) and the other from the energy equation (method 2). Three 

geometries are considered: the straight pipe (geometry 1) and the pipe with a contraction with two 

different angles Ө=4°, 8°, geometries 2 and 3. As already discussed, the upper integration time for 

the flow rate calculation is difficult to specify and the available proposals for its specification 

induce an error in the discharge calculation. Here, the exact time of the valve closure is assumed 

to be known. Therefore, the error induced by the upper integration time is disregarded in the flow 

rate estimation. More information for the evaluation of the final time of integration could be found 

in paper B.  

 By this assumption, the sources of error could be due to the adopted friction factor, the 

discretization of the governing equations and the post-processing of the numerical results. In the 

cases examined, the flow rate is calculated by considering the pressure variation between two 
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cross-sections, x=27.3 m, and 36.3 m. Table 1 gives the estimated errors for the geometries 

considered, where Haaland’s correlation is used for evaluation of method 2. 

Table 5-3 Flow rate estimation error (%) 
 Method 1 Method 2 

er(%) er(%) 
Geometry 1 (Straight pipe) 0.19 0.28 

Geometry 2 (Pipe with contraction with Ө=4°) 0.28 1.25 

Geometry 3 (Pipe with contraction with Ө=8°) 0.294 1.68 

The straight pipe presents the smallest error with both methods, see Table 1. In the presence of a 

contraction, i.e., geometries 2 and 3, close errors are obtained via method 1 where all the losses in 

the flow are considered for the calculations. More details about the importance of the terms in Eqs. 

(2-9) and (2-14) could be found in papers B and C.   

Using method 2, a larger error is obtained for all three geometries. This is due to the 

weakness of the quasi-steady friction in the prediction of the head loss. However, method 2 is a 

practical method to calculate the discharge when a pipe or a contraction is considered. This 

highlights the need to develop more accurate friction factors able to consider the transient flow 

characteristics for the flow rate estimation. 

An increase in the contraction angle leads to a higher error in the flow rate calculation. The 

reasons for this are as follows.  

First, as shown earlier, the closure of the valve creates a recirculation zone close to the 

valve which expands with time and fills the whole pipe at the end of the valve closure. In the 

presence of the contraction, a local recirculation zone also appears at the inlet of the contraction. 

An increase in the contraction angle results in an earlier formation of a local recirculation zone. 

 Second, the adopted empirical friction factor is based on steady unidirectional turbulent 

flow assumption with no flow recirculation. It is expected that the use of such fully-developed 

friction factors in the presence of a recirculation zone and positive pressure gradient leads to the 

deviation of the results from the real value. Consistent with the above discussion, the deviation 

grows with the increase in the contraction angle. Figure 5-25 shows the local recirculation zone 

appearing in geometry 2. Similar results were obtained for the other case and is not shown here for 

the sake of brevity. The local recirculation zone forms at times t=3.74 s and 3.21 s for geometries 

2 and 3, respectively.  
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Fig. 5-25: Appearance of a recirculation zone near the contraction inlet 

Further investigation of the geometries with higher contraction angles shows that the 

estimated error with the method 2 is acceptable for contraction angles up to 10°. This finding is in 

agreement with the statement in [50] for the maximum acceptable degree of 10°. This shows that 

method 2 is applicable for the discharge estimation in the penstocks with variable cross-sections.  

A sensitivity analyses of the discharge as a function of the friction factor (using several 

friction factors including Haaland’s [31], Churchill’s [32], Jain’s [33] and Zigrang and Sylvester’s 

[34] correlations) in method 2 can be found in paper C. 
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Chapter 6 

CONCLUSIONS and FUTURE WORK 

6.1 Conclusions 

In this thesis, the flow in the pressure-time method is investigated using numerical simulations and 

analytical work. The pressure-time method is widely used in the flow rate measurement in 

hydropower plants due to its cost-effectiveness, easy installation and low estimation error. Despite 

the advantages, the method also has some limitations. In addition, no study had been performed 

on the physics of the flow in the method. Therefore, the main objects of the thesis have been the 

development of the method outside the limitations stated in the IEC41 standard and the study on 

the physics of the flow. To this end, the similar transient flows are recognized including water 

hammer and constant rate non-periodic transient flows. The aim was to investigate the physics 

behind these flows and to find out their similarities and differences with the flow in the pressure-

time method.       

 The numerical studies of the water hammer phenomenon have been performed considering 

2D and 3D simulations. The employment of 3D geometry is to simulate the valve modeling and to 

predict the flow field in the real conditions. The 2D simulations are used to study the effect of flow 

rate reduction curve on the predictions of the flow parameters.  

 In non-periodic transient flow, the wall shear stress variations were measured in several 

positions in the pipe cross-section by the hot-film probe. The object was to investigate the existence 

of the asymmetric flow during the transient phenomenon and to study the variation of the flow 

parameters. Moreover, the variation of the governing forces during the transient excursion was 

investigated.  
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 The studies of the flow in the pressure-time method were divided into two sections. In the 

first section, the 2D simulations were performed and the results were compared with the 

experimental data. The dynamic mesh technique was used to model the valve movement. The 

sensitivity of the results to the valve closure curve, compressibility and the variation of flow 

parameters during and after the valve closure was investigated. As a most important achievement, 

the turbulence structure deviation criterion, γ parameter, in unsteady flow in compare to quasi-

steady flow was introduced and the effects of inertia and turbulence dynamics on the transient flow 

have been investigated. Then the effect of important forces during the deceleration excursion was 

studied. In the second section, the 3D simulations were performed to resemble the valve movement 

modeling close to the real conditions and to study the flow physics and the 3D effects in the flow 

due to the valve movement. To extend the range of applicability of the method outside the 

limitations stated in the standard, a 3D geometry considering the variation in the area cross section 

was simulated. Then the applicability of the friction factors in the flow rate calculation with the 

change in the contraction angle was studied.  

 According to the above explanations the most important finding of the current thesis is 

discussed in the following: 

6.1.1- Water Hammer 

 The 3D simulations with valve modeling provides the best agreement of the time 

variation of the pressure with the experimental data. 

 The use of the valve closure curve, obtained from the valve modeling, in 2D 

simulations results in the best agreement with the experimental data. This shows that 

the employment of the correct valve closure curve and the exact valve closure time is 

very important, even in the case of a very short valve closure time.  

 The 3D effects caused by the valve closure are present upstream of the valve in a small 

region. This means that the assumption of axis-symmetric flow in the simulations 

provides accurate results. 

 The velocity vectors at several time intervals of a water hammer period signified that 

the movement of the pressure wave towards the tank generates a large recirculation 

zone inside the whole pipe. This recirculation zone disappears when the pressure wave  

is reflected at the tank to the pipe 
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 At the instance of the wave passage, away from the wall, the inertia and pressure 

gradient contributions are considerable. In the near-wall region, the effects of viscosity, 

pressure gradient, and inertia are important. After the wave passage, the strength of all 

terms is reduced everywhere (especially away from the wall), and close to the wall the 

inertial force balances with the viscous force. Therefore, the flow tends to approach a 

new steady condition before the return of the pressure wave. 

6.1.2- Non-periodic unsteady flow 

 The measurement of the wall shear stress at various locations in a cross section and 

during the deceleration and acceleration excursion showed that the flow is axis-

symmetric.  

 During and after the acceleration and deceleration excursion, three different phases in 

the wall shear stress variation are observed. It shows that the wall shear stress variations 

have a direct relation to the inertia variation and turbulent production. 

 The comparison of various turbulence models in the simulation of constant rate 

accelerating flow showed that the SAS-SST and γ-Reϴ turbulence models are the best 

models. 

 Both SAS-SST and k-ω SST turbulence model predict the decelerating flow very well. 

 The inertia term has a dominant effect away from the wall. While the viscous and turbulent 

shear stresses are dominant close to the wall. The dominance of the above-mentioned forces is 

different after the excursion, causes a different behavior in the variation of the wall shear stress.   

6.1.3- Pressure-Time Method 

 The pressure variation before and after the valve closure is highly dependent on the 

valve closure curve. 

 The evaluation of the compressibility effect shows that it has an important role before 

and after the valve closure. 

 The valve closure results in a recirculation flow in the pipe. In contrast to the water 

hammer flow, the recirculation zone exists after the valve closure at all time. 

 The γ parameter as a criterion, representing the difference between the turbulence 

structure in a transient accelerating or decelerating flow and the one in the quasi-steady 
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condition, illustrates the difference between the unsteady and the quasi-steady wall 

shear stresses variation perfectly. 

 For the pressure-time method, some part of the flow decrease excursion can be 

characterized as quasi-steady and the rest is unsteady. It is found that the inertia has a 

dominant effect during the excursion. 

 The evaluation of the important forces during the deceleration excursion in the 

pressure-time method demonstrated that at the first times and away from the wall, the 

inertia and viscous terms are negligible and turbulent shear stress is balanced with the 

pressure gradient. However, close to the wall, both viscous and turbulent terms are 

balanced with each other. By increasing the deceleration rate, the inertia effect 

increases and balances with the pressure gradient and turbulent shear stress. At the end 

times, the effect of turbulent shear stress decreases and both inertia and pressure 

gradient terms are dominant in the flow. 

 It was observed that, in 3D simulations, the 3D effects induced by the valve closure, 

extends approximately 2.33D upstream the valve. This helps to select the correct 

location of the pressure sensors in the pipe. 

 To extend the application of the pressure-time method outside the limitations stated in 

the standard, a pipe with a variable cross-section is considered. A new method is 

introduced to calculate the pressure loss and consequently the flow rate which is 

dependent on the contraction geometry and is applicable to industrial applications. The 

method predicts the flow rate with acceptable accuracy.  

 The error in the flow rate calculation was increased when the contraction angle 

increased. This is due to the appearance of a local recirculation zone at the contraction 

inlet, forming earlier with a larger contraction angle. As the empirical friction factors 

are obtained for fully developed turbulent flow, they are not adequate in the presence 

of a recirculation. 

  It was shown that the errors induced by the second method were in an acceptable range 

when the contraction angle is less than ϴ=10°. In other words, it is possible to employ 

the pressure-time method in low head hydropower plants with short penstocks where a 

contraction with the angle of ϴ<10° is present. 
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6.2- Future Works 

 According to the advantages of using the pressure-time method as a flow rate measurement 

technique in hydropower plants, the development of the method is important. However, the studies 

performed are not extensive and more investigations are needed to extend the application of the 

method. To this end the next steps in the development of the method are mentioned as follows: 

1. The application of more advanced simulation strategies such as LES or DNS to study the 

flow physics in more details 

2. Study of the fluid structure interaction (FSI) during and after the valve closure 

3. Study of the effect of the contraction shape such as linear or exponential diameter change 

on the flow physics and flow rate estimation 

4.  Study of more advanced friction factors in the flow rate calculation  
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