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EXPERIMENTAL INVESTIGATION AND NUMERICAL 
SIMULATION FOR THE COEFFICIENT OF DISCHARGE FOR 

SMALL OPENING ORIFICE AT LOW REYNOLDS NUMBER IN A 
PILOT OPERATED RELIEF VALVE 

 
By 

Maher Khader Matar 
 

Supervisor 
Dr. Ahmed S. Al-Salaymeh 

 
ABSTRACT 

 
The flow rate through an orifice is usually considered to be linearly proportional to the 
square root of the pressure difference upstream and downstream of the orifice. This 
proportionality constant is known as discharge coefficient. But thorough investigations by 
previous researchers showed that it varies as it is widely affected by several conditions, one 
of them is the Reynolds number in the orifice. An orifice is used to crack the pressure in 
the pilot stage in a pilot operated pressure relief valve. More accurate description of the 
relation between the flow rate and the pressure difference guides the designer of the valve 
to achieve highly stable performance in hydraulic circuit. The designer often requires a set 
of correlations which can be used to check out preliminary designs and converge on a 
solution prior to attempting detailed and expensive analysis.  
 
This study aims to produce a formula that relates the coefficient of discharge to Reynolds 
number, and to make the prediction of the flow rate in an orifice for given pressures easier 
and faster. 
 
The experimental work was carried out in the range of Reynolds number of about 16 to 700 
for different conditions of viscosity and pressure settings. 
 
In this study numerical simulation for the flow through the orifice was modeled using 
computational fluid dynamics, using the known software Fluent, the case was generated on 
the Gambit, then it was imported to Fluent, boundary conditions were applied, software let 
to solve the problem. 
 
It was found that the coefficient of discharge varies with Reynolds number in small 
openings, at low Reynolds number values, for viscous flow. The value of the coefficient of 
discharge range found to be 0.21 to 0.97 for various conditions. The shape of the relation 
between the coefficient of discharge and the square root of Reynolds number was 
exponential. A
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Chapter One: Introduction 

 

To estimate the volumetric flow rate through an orifice, it is common to use the known 

equation that relates the volumetric flow rate as it is proportional to the area of the orifice 

and the square root of the pressure difference upstream and downstream through the 

orifice, i.e. by the proportionality constant coefficient of discharge (Cd). But in practice this 

was not found exactly true. This is due to coefficient of discharge (Cd) dependency not 

only on the geometry of the orifice but also on Reynolds number (Re), which depends on 

the velocity of the flow in the orifice and that is related to the flow rate again, which is the 

subject of the equation (the required to be calculated). The sequence leads to inappropriate 

iterative solution. “for very small orifice openings, Cd varies significantly and can result in 

substantial error if assumed constant” (Wu et al. 2002). 

1.1 Study Importance 
This study will be performed on a pilot operated relief valve due to its dependency on 

pressure-flow control restrictions, which could be considered as orifices, and due to the 

variation of coefficient of discharge with Re in such small openings. 

Previous researchers studied laboratory orifices made for special experiments, which were 

too perfect to be true in practical operations. But some of them studied practically used 

orifices in hydraulic components, such as directional control spool type valve, and pressure 

compensated flow control valve. 

This study aims to introduce a better description of the relation of the coefficient of 

discharge with Reynolds number relation in small orifice opening at low Reynolds number 
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(less than 400). In addition, it aims to fit a formula between Cd and Re from experimental 

results, and to have clearer idea about the relation between the flow rate and the pressure 

difference, in a practically used orifice in some industrial device (hydraulic pilot operated 

relief valve). This could lead to dynamically customized design for hydraulic system, and 

to maintain high performance and stability for all working conditions, to minimize 

maintenance cost and to minimize power loss due to leakages and unnecessary high by-

pass flows in hydraulic systems, to keep these systems stable and with high response. 

A high performance pilot relief valve is the valve that governs the pressure at the setting 

point without high over shooting, and without early cracking pressure or leakage. This can 

be achieved by governing the relations of the cracking pressure and the flow rate through 

the valve, which depends on the relation between the coefficient of discharge and Reynolds 

number in the control orifices in an indirect way. 

1.2 Study Objectives 
A pilot operated relief valve will be investigated experimentally to study the relation 

between Cd and Re in the small opening orifices, and relation to be fitted from 

experimental data to describe the relation between the flow rate and the pressure drop 

across the orifices. Numerical simulation using computational fluid dynamics (CFD) 

software will be carried out and the output results will be compared with the experimental 

data. 

The form of discharge coefficient as a function of Reynolds number makes it possible to 

mathematically manipulate the orifice flow rate equation, such as differentiating the flow 

rate to obtain the analytical expression of the pressure sensitivity, Kc. This is extremely 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

3 
 

important in determining stability criterion using small signal analysis of hydraulic systems 

at small orifice openings.  

1.3 Research methodology 

1.3.1 Experimental setup and measuring devices 
An experimental setup is built and data recorded from instrument readings, then results are 

extracted from this data. A computer simulation is done for the same orifice and flow 

conditions, and comparison is carried out to verify and judge the match of two results and 

methods. 

1.3.2 Experimental procedure 
During the experiment, the upstream and downstream pressures of the orifices and flow 

rate were measured. Flow rate for each sample is calculated. Then, the data were plotted 

and a model for the relation between the discharge coefficient and the flow rate was 

formulated. After that, the calculations and results were generated, to define the coefficient 

of discharge for the tested valve orifices. 

Numerical simulation were carried out using a CFD software .The input were the 

conservation equations (as required), and the pressure difference across the orifice. The 

output was the mass flow rate and the flow velocity. The numerical results are plotted in 

graphs to clarify equations. 

1.4 Basic theory of orifice 
The layout of a typical orifice plate is shown in Figure (1.1) where D is the inside diameter 

of the pipe and Do is the diameter of the orifice. The pressure taps may be placed in several 

locations as shown above, but the location of the pressure tap will influence the empirically 
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determined flow coefficient. The values of the flow coefficient must be consistent with the 

location of the pressure taps. 

The base flow may be described by using the laws of conservation of mass and 

momentum. From the conservation of mass one can get that the mass flow through the pipe 

will equal the mass flow through the orifice: 

 

Figure 1.1 Orifice plate and locations of various pressure tapes 

      … … … … … … . 1.1  

where  is the fluid density, V is the average velocity at a particular location, A is the 

cross-sectional area, and the subscript O denotes parameters at the orifice. The 

conservation of momentum may be reduced using a number of assumptions to the 

Bernoulli equation: 

 
1
2

    
1
2

  … … … … … . 1.2  

The density of the fluid is assumed to change very little. This assumption that the density 

of liquids is constant is valid here. In order to express the pressure drop across the orifice 
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in terms of the velocity and fluid density, the conservation of momentum equation (1.2) is 

rearranged. 

 2    2  1   … … … … … . . 1.3  

From conservation of mass, equation (1.1), the ratio of the velocities is inversely 

proportional to the cross-sectional area ratio, 

  … … … … … … … … … … … … … … . . 1.4  

Substituting equation (1.4) into equation (1.3) and solving for the velocity results in the 

following expression: 

 
2  

 1  
 … … … … … … … … . 1.5  

The volumetric flow rate is then, 

  
1

1  

 
2  

  … … … 1.6  

Equation (1.6) is the theoretical flow rate for an incompressible fluid without any viscous 

losses. Flow through an orifice plate has significant flow losses. The nature of these losses 

must be accounted for in order to accurately measure the mass flow rate using the pressure 

drop across an orifice. 

Let C be a constant that relates the actual mass flow rate with ideal one, and considering 

constant density fluid,  

  
actual mass low rate 
ideal mass low rate  … … … 1.7  
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Therefore, the actual flow rate can be expressed as 

    
1

1  

 
2  

  … … 1.8  

And for a specific area ratio the one over square root of area ratio could be merged in the 

constant to generate new one Cd , coefficient of discharge,  

    
2  

   … … 1.9  

This is the main equation that the study investigate, specially the Cd, the coefficient of 

discharge, which has been considered to be constant for each orifice shape, which was 

found to be not accurate at all. This was the motivation for the previous researchers to find 

out the effective factors and parameters in this value in addition to the geometry of the 

orifice, and that was the motivation of this study also to investigate the relation between 

this value Cd and Reynolds number. 

1.5 Thesis Layout 
This thesis is composed of 6 chapters. The overall conclusions and recommendations were 

set in the results chapter. 

‐ Chapter 1, Introduction: 

In this chapter basics of orifice theory was presented, and the problem of current 

assumptions used was described, the motivation of this study was also a key element to 

show importance of the study. The main procedure steps mentioned as research 

methodology, and experimental setup components listed briefly. 
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‐ Chapter 2, Literature Survey 

In this chapter previous studies were mentioned with a little bit about the result of each 

study, in a historical order. 

‐ Chapter 3, Relief valve 

In this chapter types of relief devices were discussed with the application of each type, the 

principle of different kinds were also mentioned, and finally this study relief valve was 

illustrated. 

‐ Chapter 4, Computational fluid dynamics (CFD) 

In this chapter the principle of numerical simulation for CFD software was shown, started 

by the need of CFD codes, and internal equations and steps were described, the key 

benefits of using Fluent and Gambit were mentioned. 

‐ Chapter 5, Experimental setup 

In this chapter the experimental setup containing the valve to be tested, the measurement 

devices and the hydraulic circuit were described. The specifications of each component 

were listed, and the combination of these devices was drawn in one figure. 

‐ Chapter 6, Results 

In this chapter the results of the experimental work and numerical simulation were 

discussed, starting from data listing to figures generating then to extract conclusions. 

Experimental and simulation results were compared to show the validation of using CFD 

in solving the problem of orifice flow equation. 
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Chapter Two: Literature review 

 

Studies have been held to represent the Cd versus Re graphically to formulate a relation between 

them. Various types of orifices were used and modeled. Some practical devices were tested such as 

hydraulic valves to achieve higher performance. 

Previous researchers studied laboratory orifices made for special experiments, which were too 

perfect to be true in practical operations. But some of them studied practically used orifices in 

hydraulic components, such as directional control spool type valve, and pressure compensated flow 

control valve. 

Wu et al (2002) performed Experiments on valves to show that Cd  changes with Reynolds number 

for small opening and data was plotted. Curves were fitted to have a model of Cd function with Re 

for three different types of orifices. 

Their results showed that the curve generally had the shape as shown in Fig.(2.1) that represents 

the relation between Cd and √Re. Most experiments showed that the variation of Cd with Re was in 

the low Re range (from 0 to 400), then the Cd continues to be constant with higher Re.  
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Figure 2.1 One of the simple empirical models was an exponential function between 

the Cd and square root of Re. Wu et al, (2002) 

One of the simple empirical models was an exponential function 

 ∞ 1 ∞
√ :  …………………… (2.1) 

Where δ is called the laminar discharge coefficient, √  , for very small Reynolds number 

or mathematically
√ √

 ∞, is Cd at high Re where Cd is independent of Re. 

All rest formulas were in same shape differs in number of terms and in constant definition. 

Wu et al (2003) investigated coefficient of discharge with Reynolds number relation for small 

opening in a practical application (spool valve). The flow equation involved two modifications, 

first cross sectional area of orifice or spool valve opening modification due to clearances and 

chamfers of edges as a result of machining limitation, second coefficient of discharge modification 

due to varying with orifice geometry and Reynolds number. 

The following Fig. (2.2) shows the actual flow and the theoretically predicted flow through pilot 

stage spool valve with respect to spool opening (displacement). 
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Where Q is volumetric flow rate, ∆P is pressure difference across the orifice, X=x/do and  

 
 ∞

∞
 1   

∞

                     
 ∞

∞
 1   

∞

… … … 2.4  

 

Where Cdm is the maximum value of Cd and Rem is Re at Cdm . This equation combines the 

modification of the Cd with the modification of area. 

The flow gain Kq and the pressure sensitivity Kc can then derived as :  

  
 

1  
  1  1   

 1    
2

 ∆  … … … 2.5  

 

 
∆

 
   

 1    1    2  ∆  
 … … … 2.6  

Where  
 ∞

√
  ∞

√
 √
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The study considers steady, two-dimensional motion of a viscous fluid in a tube. The equations of 

motion which govern the flow field in the tube are the Navier–Stokes equations in cylindrical 

coordinates and they are given by 

 
1

      ,  … … … 2.9  

  0 ,      , ′  0 ,      … … … 2.10  

Here φ(x,r) is given function of x and r . 

The unknown function ψ(x,r) is computed in terms of the components defined by the 

decomposition series given as 

   ,     ,  
∞

… … … 2.11  

As a results, the series solutions is given by 

   ,    
1

       
∞

… … … 2.12  

Where Lx and Lr symbolize ∂2/∂x2 and ∂2/∂r2 respectively  and assuming inverse operator exists;  

   .     

Reader-Harris et al (1995) stated that the orifice plate is the recognized flow meter for the 

measurement of natural gas and light hydrocarbon liquids, and the orifice discharge coefficient 

equation in use in the international standard ISO 5167-1:19911 is based on data collected more 

than 50 years ago. 

The study described the work undertaken to derive an improved orifice plate discharge coefficient 

equation based on the enlarged EEC/API database including the data collected in 50 and 600 mm 
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pipes. It consists of several terms, each is based on an understanding of the physics. An earlier 

version of this equation, based on a smaller database, was accepted at a meeting of EEC and API 

flow measurement experts in New Orleans in 1988. Emphasis is placed on the two principal 

changes to the equation: improved tapping terms for low Reynolds number and an additional term 

for small orifice diameter, and its physical basis in orifice edge roundness given. 

Cruz-Maya et al (2006) selected a toroidal Venturi nozzle, operating mainly at critical conditions 

and shaped according to the recommendation of the ISO Standard 9300. The focus was to provide a 

new theoretical and numerical correlation for the calculus of the discharge coefficient on turbulent 

boundary layer conditions for gases at Pr = 0.7. The study was performed to investigate the effects 

of the viscous stresses in the boundary layer, dimensionless wall temperature in the throat nozzle, 

and the flow field curvature at the nucleus of the nozzle on the discharge coefficient. The 

determination of this coefficient was based on the turbulent boundary layer theory and a numerical 

simulation for a two-dimensional flow. The numerical simulation of the flow was carried out by 

means of the commercial CFD code. The correlation obtained was validated by means of a direct 

comparison between the experimental correlations of the discharge coefficient of ISO-9300 and the 

correlations obtained by the Korea Research Institute of Standards and Science (KRISS) with 

turbulent boundary layer. This validation was performed for throat Reynolds numbers from 1.4 to 

2.6 × 106. The agreement of the theoretical and measured discharge coefficients by these 

correlations was better than 0.2%. 
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Chapter Three: Relief valve 

3.1 Pressure Relief Devices  

A pressure relief device is actuated by inlet static pressure and is designed to open during 

emergency or abnormal conditions to prevent a rise of internal fluid pressure in excess of a 

specified value. The device may also be designed to prevent excessive internal vacuum. 

Pressure relief devices protect a vessel against overpressure only. These devices do not 

protect against structural failure when the vessel is exposed to abnormal conditions such as 

high temperature due to fire. The main types of pressure relief devices are: (1) reclosing-

type pressure relief devices, (2) vacuum-type pressure relief devices, and (3) non-

reclosing-type pressure relief devices. Figure 3.1 shows the main types of pressure relief 

devices. 

 

Figure 3.1 Main types of pressure relief devices 

3.2 Reclosing-Type Pressure Relief Devices  

A reclosing-type pressure relief device is a pressure relief device designed to close after 

operation. There are many types of reclosing-type pressure relief devices. Figure (3.2) 

shows types of reclosing-type pressure relief devices.  
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Figure 3.2 Types of reclosing relief devices 

3.3 Pressure relief valves   

A pressure relief valve is a spring-loaded pressure relief device, which is designed to open 

to relieve excess pressure and to reclose and prevent further flow of fluid after normal 

conditions have been restored (Fig. 3.3). It may be used for either compressible or 

incompressible fluids, depending on design, adjustment, or application. Pressure relief 

valve is a general term, which includes safety valves, relief valves, and safety relief valves.  

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

19 
 

 

Figure 3.3 Pressure relief valve 

3.4 Safety valves  

A safety valve is a pressure relief valve actuated by inlet static pressure and characterized 

by rapid opening or pop action (Fig. 3.4). Safety valves are used primarily with 

compressible gases and in particular for steam and air. 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

20 
 

 

Figure 3.4 Safety valve 

Safety valves are classified according to the lift and bore of the valves. Types of safety 

valves are low-lift, full-lift, and full-bore safety valves.  

 Low-lift safety valve. A low-lift safety valve is a safety valve in which the disk lifts 

automatically such that the actual discharge area is determined by the position of 

the disk.  

 Full-lift safety valve. A full-lift safety valve is a safety valve in which the disks lift 

automatically such that the actual discharge area is not determined by the position 

of the disk. 

 Full-bore safety valve. A full-bore safety valve is a safety valve which has no 

protrusions in the bore and in which the valve disk lifts to an extent sufficient for 
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the minimum area at any section at or below the seat to become the controlling 

orifice.  

3.5 Relief valves  

A relief valve is a pressure relief device actuated by inlet static pressure and having a 

gradual lift generally proportional to the increase in pressure over opening pressure. It may 

be provided with enclosed spring housing suitable for closed discharged system 

applications. Relief valves are commonly used in liquid systems, especially for lower 

capacities and thermal expansion applications. They can also be used on pump systems as 

pressure overspill devices.  

Adjustable relief valve.  

Adjustable relief valves feature convenient adjustment of the pressure setting through the 

outlet port. These are generally available with pressure ranges up to 508 psi (35 bar), and 

operating temperature up to 600°F (315°C). Adjustable relief valves are suitable for 

nonvented or vented inline applications in chemical, petrochemical, and high-purity gas 

industries.  

Electronic relief valve.  

An electronic relief valve (ERV) is a pilot-operated relief valve which offers zero leakage. 

The ERV package combines a zeroleakage isolation valve with electronic controls to 

monitor and regulate system pressure. These valves provide protection either in a capacity 

relieving function or simply in an overpressure-protection application. An electronic relief 

valve system is shown in Fig. (3.5).  
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The electronic relief valve system consists of:  

1. The valve. Generally a metal seated ball valve is used.  

2. The actuator. The actuator may be electric, hydraulic, or pneumatic and operated by 

gears. 

 

Figure 3.5 Electronic relief valve 

3. The control system. The ERV is supplied with or without remote controls and display. 

Numerous pressure ranges from zero to 5000 psi (34.5 MPa) are available. Accuracy of 

1/4% is achieved for 1000to 3000-psi and 0.1% for 5000-psi units. Standard units operate 

from 115 V ac or V 125 dc and control AC, DC, or pneumatic actuators.  

3.6 Conventional pressure relief valves Operation 

The conventional pressure relief valve is characterized by a rapid-opening pop action or by 

opening in a manner generally proportional to the increase in pressure over the opening 

pressure (Figs. 3.6). The basic elements of a conventional pressure relief valve consist of:  
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 An inlet nozzle connected to the vessel or system to be protected  

 A movable disk which controls flow through the nozzle  

 A spring which controls the position of the disk 

 

Figure 3.6 Conventional pressure relief valves 

Under normal operating conditions, the pressure at the inlet is below the set pressure and 

the disk is seated on the nozzle, preventing flow through the nozzle. Conventional pressure 

relief valves are used for applications where excessive variable or built-up back pressure is 

not present in the system. The operational characteristics are directly affected by changes 

of the back pressure on the valve.  
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Working principle.  

The working principle of a conventional spring loaded pressure relief valve is based on the 

balance of force. That means the spring load is preset to equal the force exerted on the 

closed disk by the inlet fluid when the system pressure is at the set pressure of the valve. 

The disk remains seated on the nozzle in the closed position when the inlet pressure is 

below the set pressure. The valve opens when the inlet pressure exceeds set pressure, 

overcoming the spring force. The valve recloses when the inlet pressure is reduced to a 

level below the set pressure. 

When the pressure relief valve is closed during normal operation, the vessel pressure acting 

against the disk surface is resisted by the spring force. When the vessel pressure 

approaches the set pressure, the seating force between the disk and the nozzle approaches 

zero. When vessel pressure slightly exceeds the set pressure, fluid will move past the 

seating surfaces into the huddling chamber. During this operation, pressure is built up in 

the huddling chamber as a result of restricted flow between the disk holder and adjusting 

ring. The controlled pressure buildup in the huddling chamber will overcome the spring 

force, causing the disk to lift and the valve to pop open. Additional pressure buildup 

occurs, causing the disk to lift substantially at pop. This is the result of sudden flow 

increase and the restriction to flow through another annular orifice formed between the 

inner edge of the disk holder skirt and the outside diameter of the adjusting ring. 

The pressure relief valve closes when the inlet pressure has dropped considerably below 

the set pressure, allowing the spring force to overcome the summation of forces. The 

pressure at which the valve reseats is called the closing pressure. The difference between 
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the set pressure and the closing pressure is called blowdown. During operation, the disk 

travels as pressure is built-up. The disk travels from the set pressure to the maximum 

relieving pressure during overpressure, and to the closing pressure during blowdown. 

Types of valves.  

Seat leakage is an important consideration in the design of a conventional pressure relief 

valve. Seat leakage may result in continuous loss of system fluid and may cause 

progressive damage to the valve seating surfaces. Based on the seating material, 

conventional pressure relief valves are classified as: metal seated valves and soft seated 

valves.  

Conventional metal seated valves.  

Metal-to-metal seats, commonly made from stainless steel, are normally used for high 

temperature such as steam. The following are advantages of conventional metal-seated 

pressure relief valves:  

 Lowest cost (in smaller sizes and lower pressures)  

 Wide chemical compatibility  

 High temperature capability  

 Standard center-to-face dimensions (API 526).  

 General acceptance for most applications  

The following are disadvantages of conventional metal-seated pressure relief valves:  

 Seat leakage, resulting in lost product and unacceptable emissions, causing 

environmental pollution.  
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 Simmer and blowdown adjustment is a compromise, which may result in 

intolerable leakage, and product loss.  

 Vulnerable to effects of inlet pressure losses.  

 Sensitive to effects of back pressure (set pressure and capacity).  

 Generally not able to obtain accurate, in-place set-pressure verification. 

Conventional soft seated valves.  

As alternative to metal, resilient disks can be fixed to either or both the seating surfaces 

where tighter shut-off is required, specially for gas or liquid applications. These inserts 

may be made from a number of different materials, but Viton, nitrile or EPDM are the 

most common. Soft seal inserts are not recommended for steam use. The conventional soft 

seated pressure relief valve has the following advantages:  

 Good seat tightness before relieving  

 Good reseat tightness after relieving  

 Good cycle life and maintained tightness  

 Low maintenance costs The conventional soft seated valve has the following 

disadvantages:  

 Temperature is limited to seat material used.  

 Chemically limited according to soft goods used.  

 Vulnerable to effects of inlet pressure losses.  

3.7 Pilot-operated pressure relief valves  

A pilot-operated pressure relief valve is a pressure relief valve in which the major relieving 

device is combined with and is controlled by a self actuated auxiliary pressure relief valve 
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(Fig. 3.7). The primary difference between a pilot-operated pressure relief valve and a 

spring-loaded pressure relief valve is that the pilot-operated valve uses process pressure to 

keep the valve closed instead of a spring. A pilot is used to sense process pressure and to 

pressurize or vent the dome pressure chamber which controls the valve opening or closing.  

 

Figure 3.7 Pilot-operated pressure relief valve 

A pilot-operated pressure relief valve consists of the main valve, a floating unbalanced 

piston assembly, and an external pilot. The pilot controls the pressure on the top side of the 

main-valve unbalanced moving chamber. A resilient seat is normally attached to the lower 

end of this member.  

 At pressures below set, the pressure on opposite sides of the moving members is 

equal.  A
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 When the set pressure is reached, the pilot opens, depressurizes the cavity on the 

top side and the unbalanced member moves upward, causing the main valve to 

relieve.  

 When the process pressure decreases to a predetermined pressure, the pilot closes, 

the cavity above the piston is depressurized, and the main valve closes. 

Advantages of the pilot-operated pressure relief valve are as follows:  

 The pilot-operated valve’s set pressure is not affected (comparing with 

conventional relief valve) by back pressure. The pilot control valve, isolated from 

the influence of downstream pressure, controls the main valve’s opening and 

closing.  

 The pilot-operated valve operates bubble tight at higher operating pressure-to-set 

pressure ratios, allowing operators to run very close to the vessel’s maximum 

allowable working pressure.  

 As the system pressure increases, the force holding the disk in closed position 

increases. This allows the system operating pressure to be increased without danger 

of increased seat leakage in the main valve.  

 Reduced cost of the larger size valves. The large spring and associated envelope is 

replaced by a small pilot, thus reducing the mass and cost of the valve.  

 Less susceptible to chatter.  

 Pilot-operated pressure relief valves have the following disadvantages:  

 Pilot is susceptible to plugging.  

 Potential for back flow. 
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Working principle of pilot operated-pressure relief valve.  

The working principle can be described for three positions: Closed valve position, 

relieving cycle, and reclosing cycle.  

Closed valve position. As the system approaches set pressure, the pressure pickup 

transmits the pressure from the inlet of the main valve through the pilot control and into 

the dome of the main valve. This pressure acts on the top of the piston in the dome, 

holding the piston firmly against the seat on the nozzle of the main valve.  

Relieving cycle. When the inlet pressure overcomes the spring force in the pilot valve, the 

pilot valve lifts. As the seat assembly in the pilot control begins to lift, it seals off the flow 

of pressure to both the vent and the main valve dome. At that time, the pressure in the 

dome is released through the pilot vent. As the pressure in the dome has been released, the 

system pressure acting on the bottom of the piston lifts the piston and relieves system 

overpressure.  

Reclosing cycle. When the system pressure blows down, the spring force in the pilot valve 

overcomes the force of the system acting on the pilot control seat assembly. The pilot 

control redirects system pressure back into the main valve dome, closing the main valve. 

Of course, blowdown can be adjusted by raising and lowering the blowdown adjuster 

position in the pilot valve.  

Types of valves.  

There are two general types of pilot-operated pressure relief valves: piston and diaphragm.  
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Piston-type pilot-operated pressure relief valve.  

This type of valve (Fig. 3.8) uses a piston for the unbalanced moving member. A sliding 

O-ring or spring-loaded plastic seal is used to obtain a pressure seal for the dome activity. 

The piston-type valve is used for pressures from 5 to 10,000 psig, and occasionally for 

even higher pressures.  

 

Figure 3.8 Piston type pilot-operated pressure relief valve 

Diaphragm-type pilot-operated pressure relief valve.  

This type of valve (Fig. 3.9) is similar to the piston type except that a flexible diaphragm is 

used to obtain a pressure seal for the dome volume instead of a piston and sliding piston 

seal. This is done to eliminate sliding friction and permit valve operation at much lower 

pressures than would be possible with a sliding seal. The diaphragm-type valve can be 

used for pressures from 3-in water column (0.108 psig) to 50 psig.  
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Figure 3.9 Diaphragm-type pilot-operated pressure relief valve 

Types of pilots.  

The pilot that operates the main valve can be classified based on (1) action and (2) flow.  

Based on action.  

Based on action, the pilot may be classified as a popaction or a modulating-action pilot.  

Pop-action pilot. The pop-action pilot (Fig. 3.10) causes the main valve to lift fully at set 

pressure without overpressure. Typical relationship between lift of disk or piston and 

vessel pressure in a pop-action pilot operated pressure relief valve is shown in Fig. (3.11).  
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Figure 3.10 Pop action pilot-operated pressure relief valve 

 

Figure 3.11 Typical relationship between lift of disk and vessel pressure in a pop-

action pilot-operated pressure relief valve 
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Modulating-action pilot valve.  

The modulating pilot opens the main valve only enough to satisfy the required relieving 

capacity. Typical relationship between lift disk or piston and vessel pressure in 

modulating-action pilot-operated pressure relief valve is shown in Fig. (3.12).  

 

Figure 3.12 Typical relationship between lift of disk and vessel pressure in a 

Modulating -action pilot-operated pressure relief valve 

Based on flow.  

Based on flow, the pilot may be classified as flowing or nonflowing type.  

Flowing-type pilot.  

The flowing type allows process fluid to flow continuously through the pilot when the 

main valve is open (Fig. 3.13).  
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Figure 3.13 Modulating-flowing-type pilot-operated pressure relief valve 

Nonflowing-type pilot.  

The nonflowing-type pilot does not allow process fluid to flow continuously when the 

main valve is open (Fig. 3.14). This type of pilot is generally recommended for services to 

reduce the possibility of hydrate formation (icing) or solids in the landing fluid affecting 

the pilot’s performance.  
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Figure 3.14 Pop-action nonflowing-type pilot-operated pressure relief valve 

3.8 Symbols of different types of hydraulic relief valves: 

Here is a table of hydraulic symbols for different types of relief valves according DIN ISO 1219. 
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Table 3.1 Relief valves hydraulic symbols 

Symbol Description 

 

Pressure relief valve 

Direct operated  

Internal pilot oil feed 

 

Pressure relief valve 

Direct operated 

External pilot oil feed 

 

Pressure relief valve 

Pilot operated 

Internal pilot oil feed and 

return 

 

Pressure relief valve 

Pilot operated 

Electrically operated relief 

Internal pilot oil feed 

External pilot oil return 

 

3.9 This study of pressure relief valve 

The study investigates a hydraulic pilot operated relief valve, due to the dependency of 

controlling pilot pressure on orifices, and the aim of this study is to describe the relation A
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between Cd and √Re, which could be used by designer of hydraulic components to 

understand the relation between the flow and the pressure drop through the orifice better. 

A relief valve from Rexroth Bosch group has been chosen with the following specification: 

Table 3.2 This study relief valve main specifications 

Series  DB 

Nominal size 20 

Pressure setting 315bar 

Mounting subplated 

 

This valve has the options of simple blocking of unnecessary pilot control lines, easy to 

insert porting plate between the main stage and the pilot stage, changeable orifice so one 

can dismantle the orifice and make dimension measurement. 

The work principle of the pilot operated relief valve which is shown in Fig. (3.15) can be 

explained as below: 

The pressure present in port (A) acts on the main poppet (3). At the same time pressure is 

applied via the control line (6), which is fitted with orifices (4) and (5), on the spring 

loaded side of the main poppet (3) and at the ball (8) in the pilot control stage. If the 

pressure in port (11) exceeds the value set at the spring (9), the ball (8) opens against the 

spring (9). The signal for this comes internally via the control lines (6) from port (A). The 

pressure fluid on the spring loaded side of the main poppet (3) now flows via the control 

line, and ball (8) into the spring (9) chamber. It flows internally via the control line (13) to 
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tank. Due to the orifices (4) and (5) a pressure drop occurs at the main poppet (3), the 

connection from port (A) to tank port is open, now the pressure fluid flows from port (A) 

to tank whilst maintaining the set operating pressure. (Rexroth Bosch Group). 

 

Figure 3.15 Cross sectional view of pilot operated relief valve, REXROTH 

The aim of putting the orifice in the pilot stage is to crack the pressure to have control pilot 

pressure -which is a fraction of the main pressure- to support the spring forces –poppet 

closing forces- to hold the poppet closed acting opposite of the force of main pressure that 

tries to open the poppet. So the pilot pressure and spring forces hold the poppet close till 

the main pressure exceeds the set point, in that case the main pressure pushes the poppet 
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and forces it to move upward, allowing the fluid to pass to tank line, which is the relief 

action. 

The opening of the poppet (the circumstances area between the edge of poppet and the 

housing cavity of the valve) depends directly on the flow rate that is required to be passed 

to the tank line to maintain the pressure at the set point, so higher flow rate to be 

discharged higher area to be created, which leads to longer stroke the poppet has to travel, 

and knowing that the spring force depends directly on the compression stroke, this means 

that higher flow rate to be discharged higher stroke poppet has to  travel and higher spring 

force leads directly to rise the main pressure under the poppet higher than the set point, 

which could be considered as disadvantage of the nonlinearity of the relief valve, that the 

relief valve starts to open in the set point pressure, then it overshoots the pressure setting to 

a higher pressure if the valve has to pass higher flow rate, in other word the pressure 

setting is no more independent of flow rate, which puts the designer in two bad option; to 

have early crack pressure for the relief valve , or to have high overshoot for the system 

pressure. This makes the following sentence totally right in both direction –for the flow or 

for the pressure- : “Because of the high nonlinearities associated with this type of valve 

(pressure flow control valves), it is impossible, in practice, to design such a valve where 

the flow rate is completely unaffected by the pressure drop across the valve.”, ( Wu , et al. 

, 2007). This generates the recommendation of carrying out thorough investigations on the 

pressure-flow control devices, including orifices. 
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Chapter Four: Computational Fluid dynamics 

Computational fluid dynamics (CFD) is an engineering method in which flow fields and 

other physics are calculated in detail for an application of interest. The CFD, or fluid 

simulation, results can be used as part of a simulation driven product development process 

to illustrate how a product or process operates, to troubleshoot problems, to optimize 

performance and to design new products. 

4.1 Numerical Simulation and Computational Fluid Dynamics 

This is a description of the main steps of Computational Fluid Dynamics software that are 

automatically generated, by ready options and functions, already programmed code and 

prepared as graphical user interface. Famous software package will be used in this study 

which is Fluent and Gambit. This chapter is just a demonstration how things happen 

internally. 

4.2 The Need for CFD 

Applying the fundamental laws of mechanics to a fluid gives the governing equations for a 

fluid. The conservation of mass equation is 

  .  0 … … … … … … . . 4.1  

And the conservation of momentum equation is  

  .   p  ρg   . τ … … … … … … … 4.2  
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These equations along with the conservation of energy equation form a set of coupled, 

nonlinear partial differential equations. It is not possible to solve these equations 

analytically for most engineering problems. 

However, it is possible to obtain approximate computer-based solutions to the governing 

equations for a variety of engineering problems. This is the subject matter of 

Computational Fluid Dynamics (CFD). 

4.3 Applications of CFD 

CFD is useful in a wide variety of applications and here is a brief to give an idea of its use 

in industry. The simulations shown below have been performed using the FLUENT 

software. 

The CFD analysis showed the effectiveness of a simpler manifold design without the need 

for field testing. 

CFD is attractive to industry since it is more cost-effective than physical testing. However, 

one must note that complex flow simulations are challenging and error-prone and it takes a 

lot of engineering expertise to obtain validated solutions. 

4.4 Ansys Fluent Software Package 

Fluent fluid flow analysis technology allows for an in-depth analysis of the fluid 

mechanics in many types of products and processes. Not only does it reduce the need for 

expensive prototypes, it provides comprehensive data that is not easily obtainable from 

experimental tests. Fluid simulation can be used to complement physical testing. Some 

designers use it to analyze new systems before deciding which validation tests, and how 

many, need to be performed. When troubleshooting, problems are solved faster and more 
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reliably because fluid dynamics analysis highlights the root cause, not just the effect. When 

optimizing new equipment designs, many what-if scenarios can be analyzed in a short 

time. This can result in improved performance, reliability and product consistency. 

4.5 Fluent 

Fluent software contains the broad physical modeling capabilities of this important 

engineering design and analysis tool have been successfully applied to industrial 

applications ranging from flow over an aircraft wing to combustion in a furnace, from 

bubble columns to glass production, from blood flow to wastewater treatment plants. The 

ability of the software to model internal combustion engines, aeroacoustics, 

turbomachinery and multiphase systems has served to broaden its reach. 

Fluent software makes it easy for new users to come up to productive speed. 

Its adaptive architecture enables users to easily set up anything from standard fluid flow 

analyses to complex interacting systems with simple drag-and-drop operations. Users can 

easily assess performance at multiple design points or compare several alternative designs. 

Fluent technology is a leader in the number of complex physical models offered for 

solution on unstructured meshes. Combinations of elements in a variety of shapes are 

permitted such as quadrilaterals and triangles for 2-D simulations and hexahedra, 

tetrahedra, polyhedra, prisms and pyramids for 3-D simulations. Meshes can be created 

using Ansys or Gambit or third-party meshing products and, in the case of polyhedra, via 

automatic cell agglomeration directly within Fluent software. 

Inside Fluent software, sophisticated numeric and robust solvers ― including a pressure-

based coupled solver, a fully-segregated pressure-based solver and two density-based 
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solver formulations ― help ensure robust and accurate results for a nearly limitless range 

of flows. 

Inside Fluent software, several popular k–epsilon and k–omega models are available, as is 

the Reynolds stress model (RSM) for highly swirling or anisotropic flows. Advanced 

computing power is making large eddy simulation (LES) and the eddy simulation (DES) 

turbulence models very attractive for applications. Innovative models such as those for 

predicting laminar-to-turbulent transition and the novel scale-resolving Scale-Adaptive 

Simulation (SAS) model for flows in which steady-state turbulence models are insufficient 

are also available. Wall functions and enhanced wall treatment options allow for the 

representation of all wall-bounded flows. 

4.6 Gambit  

This software is an advanced engineering tool to draw 2D and to model 3D problems, and 

to generate mesh automatically for CFD problem solvers, e.g. Fluent. It provides the ability 

to draw by converting the point to line to shape to model, or by direct modeling using top-

down approach.  

The “top-down” approach means that one will construct the geometry by creating volumes 

(bricks, cylinders, etc.) and then manipulating them through Boolean operations (unite, 

subtract, etc.). In this way, one can quickly build complicated shapes without first creating 

the underlying vertices, edges, and faces. Once one has built a valid geometry model, one 

can directly and (in many cases) automatically creates the mesh. More complicated 

geometries may require some manual decomposition before one can create the mesh. 

Furthermore, details and options, like; adjusting the distribution of nodes on individual 

edges of the geometry, setting continuum types (for example, identifying which mesh 
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zones are fluid and which are solid) and boundary types, can be use to improve the 

preparations of the mesh. 
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Chapter Five: Experimental setup 

The experiment setup consisted of: 

‐ A hydraulic power pack (a pump, tank, electric motor, safety valve, and an inlet filter),  

‐ Positive displacement flow meter  

‐ Flow control valve  

‐ Pressure transducers  

‐ Pilot operated relief valve which is tested. 

5.1 The hydraulic circuit 

A hydraulic schematic diagram Fig.(5.1) shows the components in their symbols. The 

hydraulic unit exists in the hydraulic and pneumatic laboratory at JU was used, to reduce 

the cost of the required equipment. The hydraulic flow control valve and safety valve also 

existed and was suitable for this study. 
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Figure 5.1 : Experiment setup schematic diagram 

5.1.1 The hydraulic circuit description 

As it is known that each hydraulic component has its function(s), according to the position 

it exists in. But to understand a hydraulic circuit, one should have the basic knowledge 

about the interaction between the components’ functions, and the details of “know how” 

inside each component. Side by side of the knowledge of the general function of each 
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component, the details about the function will be obvious when reader reach the 

experimental procedure. 

5.1.2 Preparation and modification of the pilot operated relief vale  

The pilot stage and the main stage of the valve were sub-plate mounted originally by 

manufacturer design, refer to Fig. (3.27) in the relief vale chapter, the pilot control lines 

pressures are to be measured in the experiment, so simply a spacing aluminum plate is 

inserted between the two stages, to extract the pressure from the pilot control lines to 

sensors ports and to block unnecessary pilot lines in account of this experiment. 

Two pressure sensors, see Fig (5.2), and a volumetric flow meter are used to carry out the 

required measuring. The first pressure transducer was placed upstream of the orifice and 

the second one was placed downstream of the same orifice.  

5.2 Pressure Transducers 

Referring to Fig (3.27) in the case of studying flow though the orifice (5), the first pressure 

transducer is placed on the control line (6) and the second pressure transducer is placed on 

the control line (7). The range of each pressure transducer was 0-40bar outputs it as 0-5volt 

scale with nonlinearity of 0.25% as manufacturer specifications, table (5.1) shows full 

specifications. Simply the measured pressure is calculated as 

  . 
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Table 5.1 Pressure transducer specifications 

Specs.  

Pressure range (Gauge) 40 Bar 

Outputs 5V 

Pressure Connection 1/4” BSPP 

Operating temperature Ambient - 5 to 40°C (41 to 104°F) 

Fluid temperature -20 to 100°C (-4 to 212°F) Compensated 

range 

Temperature effects ±2% Full scale typical 

Accuracy ± 0.25% Full scale 

Proof pressure Minimum 2 times full scale 

 

 

Figure 5.2 Pressure transducer 
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5.3 The positive displacement flow meter 

The positive displacement piston type flow meter shown in Fig (5.3), is placed on the drain 

(outlet) line of the pilot stage (14), which is the unique outlet of the pilot stage after 

blocking the unnecessary pilot control lines between the pilot stage and the main stage (7), 

and after blocking the tank line of the main stage (B) to guarantee no by-pass flow or 

leakage due to loosely lapping of the poppet (3). The electronic output signal of the flow 

meter was modified in a signal conditioner to convert it from 0-20mA to 0-10volt scaled to 

0-7lit/min., the signal conditioner was built up with an operational amplifier and a ripple 

smoothing simple filter, refer to appendix C for the amplifier circuit, while the flow meter 

specifications are shown in table (5.2). 

Table 5.2 Flow meter specifications 

Specs.  

Measuring Range 6-420 lit/h. 

Accuracy ±1.0% of reading 

Repeatability ±0.2% of reading 

Viscosity Range 5-100 cSt 

Process Temp. Range Max. 80 °C 

Ambient Temp. -10 to +60 °C 

Connection G ¼ 

Power supply 24 VDC ±20% 

Output 0-20 mA, 3-wire 

Max. Load 500Ω 
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Figure 5.3 Piston type flow meter 

5.4 The electronic operational Amplifier  

There are three facts one should know when designing an operational amplifier; first there 

is no operational amplifier has 100% linearity (0% non-linearity), second there is no 

operational amplifier has no bias or initial drift, third there is no operational amplifier that 

has fixed exactly known value of amplification factor. To solve these problems first let 

start with easiest one (to me at least); the amplification factor, choosing approximate 

resistances values for input and output circuits with one or more variable resistance(s), to 

control the ratio between input and output voltage, and to fix it at desired optimum value. 

In this study design one position is selected to put the variable resistance, but practically 

two parallel variable resistances with different ranges were used, to achieve the option of 

changing the amplification factor in coarse mode (rapid change of factor by a little bit 

change in a resistance), or fine mode (fine change of factor by a large change in the another 

resistance), the resistances were calibrated to finally get an operational amplifier converts 

the range of 0-20mA (which is the output of the flow meter) to 0-10V (which is the 

suitable input to the data acquisition card), at the most accurate factor could be achieved. 

The other two problems; bias and nonlinearity, were solved by testing the operational 
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amplifier using a current source and precise digital multi-meter(s), the procedure was to 

input some known current at the input circuit and measure the output voltage at the output 

circuit, and the result data entered to Matlab to perform curve fitting to have a relation 

between the input current and the output voltage, so reversely in experimental study 

measured voltage at the output of the operational amplifier represent that some current has 

entered the operational amplifier according the relation, which represents the flow rate. 

The reading and curve fitting in mentioned in appendix D3. 

 0.4969  0.006586 … … … 5.1  

At these values in the equation, one can say that the range of 0-20mA was converted to 0-

10volt, meaning that equation (5.1) could be reduced to be   0.5    with 

root mean square error of 0.008. And easily   . 0.7   , due to 

the fact that the flow rate 0-7lit/min. is proportional to the current 0-20mA proportional to 

the voltage 0-10volt.  But if high accuracy is needed –and available for no extra cost- 

equation (5.1) should be used, the flow rate as manufacturer is, 

 .   
7 .
20   

Arranging,            

Substitute in equation (5.1) 0.4969   0.006586  

Rearranging     .
.   

This is how to predict volumetric flow rate from the voltage measured by the data 

acquisition card, used in the Matlab program code. 
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5.5 Data acquisition system 

The data acquisition system consists of a data acquisition card (DAQ), software and PC. 

The DAQ card that was used was National Instruments USB-6008, it accepts 8-analogue 

inputs, and the output is Universal Serial Bus (USB). The software used is LabVIEW; it is 

a graphical development environment, can quickly create front panel user interface, and 

specify system function by assembling diagrams for a natural design notation. 

The voltage output signals from the pressure transducers and the flow meter (after signal 

conditioner) are entered to the data acquisition card, the data is then acquired by LabVIEW 

software, this configuration basically grabs the analogue voltage signals and displays it on 

a waveform chart on the front panel, shows the flow rate on dial gage, and stores them in 

an excel sheet, in a batch sample of 30 reading for each run for each signal, in a rate of 30 

reading every 3 seconds, storing updates and display updates every batch (every 3 

seconds). A Matlab code in written to average the 30 reading of each run for one reading 

for each signal, then simple calculating generated the coefficient of discharge and square 

root of Reynolds number for each batch, and a curve fitting tool is opened to formulate the 

data in a fitting equation, which will be discussed in results part.  

The connection of the measuring devices and DAQ is shown in Fig (5.4). 
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Figure 5.4 Flow chart from the devices to the result 

5.6 Experimental procedure 

The pump converts the mechanical energy to hydraulic energy, and generates a flow that 

has “the potential of pressure” if any restriction faces the flow. A main relief valve is 

mounted to protect the system from over pressure and to guarantee the minimum level of 

safety, this valve is not this study relief valve, and this valve has –almost- no effect on the 

circuit while the pressure is within the safety limit of the experiment.  

As in the hydraulic schematic diagram Fig (5.1), the flow has two options; to pass through 

the flow control valve or to flow through the orifices to push the needle and the spring of 

the pilot stage. Knowing that the main stage outlet is blocked to guarantee that all flow 

passes the orifices exists from the drain line of the pilot stage to be measured in the flow 
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meter, if the flow control valve is totally opened, it could handle all the flow rate freely 

without any noticeable rise of pressure, due to the small value of flow rate that the pump 

delivers and to the suitable size of the flow control valve. 

While carrying out the experiment, the flow control valve is closed -manually- slowly 

while noticing the rising of main system pressure which in an indirect indicator to the 

rising of the pilot control line pressure. The pressure reaches a value that is able to open the 

pilot stage and flow starts in the control line which contains the orifice. At this moment 

one has an indicator about flowing through the pilot stage, which is the reading of the flow 

meter on the front panel of the LabVIEW software on the PC.  

As much as the flow control valve is closed, the main pressure increases, making the pilot 

pressure increase –which is originally a crack pressure of the main pressure, and for this 

reason the orifice is put there- and flow rate through the pilot stage increase. All these data 

is grabbed by the data acquisition card and recorded by the software to an excel sheet, as 

mentioned. 

Now, the run is started, the software recorded 30 readings in 3 seconds for each parameter; 

upstream pressure (P1), downstream pressure (P2), volumetric flow rate. All these reading 

will be averaged to one reading per run, after the software finishes the threes second 

period, the flow control valve sitting was change, then after waiting a hold for a second, 

and another single run by software was performed, see Fig (5.5). This holding second is 

just to make sure everything reached steady state, even all components have a very high 

response comparing with human reaction, e.g. a hydraulic circuit has pipes and hoses of A
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totally length in order of few meters has a response in order of milliseconds, and so is the 

pressure sensor (as manufacturer, and as the common sense of its working principle). 

 

Figure 5.5 Levels of data, every 30reading averaged to one run, group of runs make a 

set and draw a curve, each set generates an empirical formula 

‐ Note: a rough test has performed to test the response of the flow meter, by carrying out 

a continuous run for the software, and flow control valve is changed suddenly, all 

three signals changed at the same position on the wave form history diagram, which 

means that the flow meter has the same order of response of pressure sensors, that is 

so fast for human reaction, that makes “holding second(s)” more than enough for the 

hydraulic circuit and measuring devices to achieve steady state. A
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Figure 5.6 Setup components together, labeled 

 

Figure 5.7 Relief valve and pressure sensors mounting 
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Chapter Six: Experimental and simulation results and discussion 

 

This chapter will show the results of the experimental work and numerical simulation, and 

discuss each of them, after that compare both results together, to verify the model. 

6.1 Experimental results 
As experimental setup was described the in the previous chapter, and the experimental 

procedure also, it is the “harvesting time’” now. All data were stored by computer 

software, and entered into Matlab code to average them. Here are a sample of data for the 

upstream pressure P1, downstream pressure P2 and volumetric flow rate from the third set, 

to see full data refer to Appendix B. 

Table 6.1 Sample of data, first 5runs of set 3 

 

 

 

 

 

A sample of results for set no.3 is shown in table (6.2), the readings data were converted 

simply to results by entering them in the Matlab code, more details Appendix A, which 

contains the calculations of the equations, and results then entered to curve fitting tool. 

Run 
no. P1 [bar] P2 [bar] 

Vol 
Flow 
[lit/min] 

1 7.653333 7.404533 0.077279
2 7.814667 7.586667 0.077537
3 7.901333 7.714667 0.077068
4 8.013333 7.864 0.077749
5 8.245333 8.021333 0.104538
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Table 6.2 Sample of calculate results, first 5runs of set 3 

Run 
no. P1 [bar] P2 [bar] 

Vol 
Flow 
[lit/min] 

SQRT 
RE Cd 

1 7.653333 7.404533 0.077279 3.660322 0.210328
2 7.814667 7.586667 0.077537 3.666433 0.220446
3 7.901333 7.714667 0.077068 3.655314 0.242158
4 8.013333 7.864 0.077749 3.671426 0.273133
5 8.245333 8.021333 0.104538 4.257216 0.299854

 

The result of the first experimental set is shown in Fig (6.1), which proves the variety of Cd 

with √Re, that is the theory states that “the coefficient of discharge is constant” could 

really cause a large error in the case of small opening orifice at low Reynolds number. The 

Cd value changes widely over the range of √Re from 4 to 20.  
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Figure 6.1 Plot for Cd vs. SQRT Re for 1st set of data and results 

To make the result more reliable, the experiment was carried out several times, five sets 

were considered, each set has its own conditions, table (6.3). The downstream pressure of 

the orifice were controlled, by changing the setting of the pilot stage spring load, this made 

both pressures –upstream and downstream- to be changed, for example; if 28bar was 

applied  at the inlet of the orifice and 15bar at the outlet, then one can get 13bar pressure 

difference, and if 20bar was applied at the inlet of the orifice and 7bar at the outlet, then 

one can get 13bar pressure difference, this should give same results -theoretically- due to 

the nature of the relation of flow rate, which is related to the square root of pressure 

difference, and this is obvious from the crowded scattered results in Fig (6.2), even the 
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pressure ranges were changed widely, but the results showed that the key parameter was 

the pressure difference. 

Table 6.3 Experimental work, different sets conditions 

Set no. P1 range [bar] P2 range 
[bar] 

Spring 
load 

Temperature 
°C 

Kin Viscosity 
[m^2/s] 

1 3.2304 
- 
27.7869 

2.979733 
- 
15.26693 

medium 27.5 0.000133 

2 1.850667 
- 
19.82747 

1.373333 
- 
6.354933 

low 28.5 0.000125 

3 7.653333 
- 
31.19787 

7.404533 
- 
20.40667 

high 29.5 0.000120 
 

4 4.0664 
- 
27.58213 

3.917067 
- 
16.14373 

medium 34 0.000092 
 

5 2.117333 
- 
23.89413 

1.954667 
- 
12.4816 

medium 40 0.000068 

 

‐ Note: The digit accuracy of reading is generated due to averaging the 30 reading of 

each run, although the real accuracy of the measuring devices does not reach such 

level. 

On the other hand viscosity was changed for each set, by changing the temperature of the 

oil. The results were comparable in most of the range, but the low viscosity experiment 

reached high Reynolds number due to the nature of the relation -inversely proportional- 

between the Reynolds number and viscosity, at the same maximum flow rate that is limited 

by the hydraulic unit ability (about 2.25lit/min.). Unfortunately, when the experiment were 

designed and the range of data were selected to carry out the work on at the proposal 

phase, it was expected that the hydraulic unit could handle the nominal 3lit/min., which is 
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the specification, so the curve did not show obviously and surely that Cd approaches from a 

fixed number, even it looks like to tend to rest on some maximum value. But it is 

recommend that deeper researches to be carried out with higher turn down ratio (ratio 

between the maximum flow rate and the minimum flow rate), to cover higher range of 

Reynolds number, specially that in this study investigation reached Reynolds number 

about 700, and previous researchers got the approach of the Cd from the maximum limit of 

it before this Reynolds number for some types of orifice, e.g. for needle valve the Cd value 

reached the maximum at √Re of about 15, (Wu 2002). 

 

Figure 6.2 Scatter plot for all sets, Cd vs. SQRT Re 
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The temperature affects the viscosity, and the viscosity is included in the Re already so it is 

not correct mathematically to consider independent axis for viscosity, and experimentally 

all sets showed the same curve and all points tend to condense in same region, even for 

different temperatures. 

6.2 Formula modeling by curve fitting 

The empirical formula that Wu suggested was an exponential function of one or two terms, 

the first one was in the shape of   1    √    , and the second one was 

  1    √      √    . As noticed form previous studies that the 

second form is more convenient for the relation between Cd and √Re when there is an over 

shoot in the shape of function, Fig (2.1), meaning that Cd value reaches a high value Cdm in 

some small value of √Re rapidly then it return to stable at Cd∞, which is value that Cd 

approaches to at √Re approaches ∞. But in this study the orifice did not result an over 

shoot, and the value of Cd∞ could be considered identical with Cdm , and the first model 

was more appropriate, with one exponential term. 

Matlab curve fitting is shown in Fig (6.3), as a sample for set no. 1, and the resultant 

parameters for all sets are listed in table (6.4) for different data sets. 
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Figure 6.3 Curve fitting Cd vs. SQRT Re sample, 1st set 

The different sets showed the same phenomena, with a very small difference in the higher 

range of √Re. The maximum value of discharge coefficient achieved were about 0.98, but 

the predicted value from the empirical formula showed that the value could reach about 1.2 

for some sets, if the experiment range extended to higher Re till the Cd approaches a 

constant value, which seems not to be realistic, even there is some explanations and 

excuses. 
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Table 6.4 The result parameters according to fit of equation Cd= Cdm (1+a1*e^((-
delta1* √Re))) 

Set no. Cdm a1 delta1 RMSE 
1 1.213 -1.046 0.06975 0.009572 
2 1.181 -1.032 0.07557 0.01395 
3 1.148 -1.089 0.08413 0.01487 
4 1.089 -1.15 0.09327 0.01747 
5 1.059 -1.207 0.09387 0.01548 
 

The experiments showed high Cd value for this study orifice comparing with sharp edge 

shaped orifices in previous researches, this could be resulted because of more than one 

reason; besides it could be error due a combination of uncertainties, but it could be for a 

physical reason, which is that the entrance of this study orifice has the shape of 

convergence, acts like a nozzle which converts hydraulic energy (pressure energy 

component) to kinetic energy (velocity energy component), due to the smooth pressure 

gradient at the entrance, in the time that sharp edge shaped orifices result a sudden pressure 

change and this converts hydraulic energy to heat, but this could be “under studying 

theory” till investigation prove its correctness, and it still just a point of view. Thorough 

investigation should be carried out with the help of measuring temperature in each position 

in the orifice which could be considered a real challenge for measurement setup. 

To compare this work with previous researches, a comparison should be made with some 

works on similar orifice geometry, but due to that this is new field of research and that 

there is no available data for this orifice, it was found that Wu formulate an empirical 

formula for a needle valve, the physical behavior is just showed in Fig (6.4), which 

compares the empirical formula for needle valve  

0.75 2.47 .  √  1.72 .  √    
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with this experimental work set no. 1, it shows the same shape of curve but some shifting 

due to different type of orifice geometries. 

 

Figure 6.4 Comparison between empirical formula for needle valve (Wu 2002) and 
this experimental work. 

6.3 Simulation results 

To simulate a flow through a pipe or any round cross-section it is common to use 

axisymmetric solver in Fluent, for that purpose a 2D mesh for half of pipe or flow passage 

should be generated with Gambit.  

The orifice was placed between two flowing pipes each of length of 10mm, Fig (6.5) the 

upper half drawn, the center line defined as axisymmetric axis, and inlet at the left define 
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to be uniformly distributed pressure, and the outlet at the right define to be uniformly 

distributed pressure also, the surface is filled with fluid. 

 

Figure 6.5 This study orifice 1st generated mesh 

Then the case is saved and mesh generated in a form that Fluent can handle, in the Fluent 

interface; read the case by fluent, grid scale: grid was created in mm scale , define model 

solver axisymmetric , define model viscous laminar, ( because the predicted velocity 10m/s 

, Re about 100 ) , create material hydraulic oil, density  886kg/m^3, dynamic viscosity 0.06 

Pa.s, define boundary condition P1 and P2, define the fluid as hydraulic oil (previously 

created) , solve initialize compute from P2 , initial guess for axial velocity 5m/s, radial 

velocity 0.1 m/s , check plot when solving for monitor residuals and set the criteria of 

continuity, x-velocity and y-velocity as residual 0.001 , then finally iterate, the velocity 

vector field and pressure contours are illustrated in Fig (6.6) and Fig (6.7),  the key 

parameter of the results by simulation was the mass flow rate, for that the software was 

asked to report the flux, the results (P1,P2,mass flow rate) were entered in a tale, each run 

the pressure outlet was change, while fixing the inlet pressure, refer to appendix C1 for 

data. A
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Figure 6.6 Velocity vector field in orifice by simulation 
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The velocity vector field, Fig (6.6), shows that the velocity is highest at the center line and 

this is common sense, due to friction at pipe wall. The velocity also shows high values in 

the middle of the outlet passage after the orifice directly, this is the motivations layers of 

the flow that drag the rest of the fluid, and “transfer momentum” form a layer to another. 

 

Figure 6.7 Pressure contours in orifice by simulation 
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At the inlet of the orifice there is a noticeable pressure gradient, the colors changed widely. 

At the orifice itself the pressure changes dramatically also, this may caused by the pressure 

loss in small pipes due to restriction effect, the pressure field in Fig (6.7) is acceptable to 

be near the real case from a logical point of view. 

The resultant of the simulation after applying the pressures at the inlet and the outlet of the 

orifice would be the mass flow rate. The results were entered to excel sheet manually, and 

Cd and Re were calculated and plotted in Fig (6.8). 

 

Figure 6.8 Simulation result for Cd v. SQRT Re, first trial 
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Simulation work definitions  

• Mesh refinement, residual minimizing and pressure near 

experimental  

The results was good, comparing with experimental work, but to make sure that our results 

is near the true value –knowing that there is no true value in numerical solution- the solve 

was repeated with refinement of mesh in the critical positions, which are the neighborhood 

of converge surface at the inlet and the sharp edge outlet, and with residual criteria of 

continuity 0.0005, x-velocity and y-velocity as 0.0001, and the pressure inlet and outlet 

were changed both to values near practical values of experimental work, to guarantee 

testing the orifice in same conditions and to extend range similar to experimental to make 

the comparison reasonable as much as possible.  

 

Figure 6.9 Refinement for mesh grid, see crowded cells at orifice edge. 

The residual was selected after more than one trial so that Fluent should give answer in 

reasonable number of iteration for each run, for such simple problem. Knowing that in this 

experimental work the pressure changed smoothly and gradually, and for accurate 

simulation same pressure ranges were used, increasing pressure smoothly also, the 
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software procedure is to try to use the last answer as a guess value for the next run even if 

one or more of the boundary conditions was/were changed, that means the convergence 

should occurred in few number of iterations. 

Sometimes the residuals may not fall below the convergence criterion set in the case setup. 

However, monitoring the representative flow variables through iterations may show that 

the residuals have stagnated and do not change with further iterations. This could also be 

considered as convergence, see Fig (6.10). 

 

 

Figure 6.10 Example of run when residual does not change with iterations 

The comparison between the two trials of two simulations is shown in Fig (6.12), but the 

main differences are illustrated in table (6.5). A
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Table 6.5  Differences between two trials of simulation 

 First trial Second trial 
Mesh  Normal Fine in critical region 
Residual criteria of 
continuity 

0.001 0.0005 

Residual criteria of  
x-velocity 

0.001 0.0001 

Residual criteria of  
y-velocity 

0.001 0.0001 

Inlet Pressures Fixed at 10 bar Variable from 4.066 to 32 bar 
Outlet Pressures Variable from 9.63 to 8.4 bar Variable from 3.917 to 17 bar 
The number of iterations increased as the input value increased more widely and rapidly, in 

the first runs in the second trial simulation the pressures were increased so smoothly, the 

number of iteration for each run was low, but to reach high values of square root of 

Reynolds number and pressures, and to achieve reasonable comparison with experimental, 

pressure rapidly increased, specially that the desired relation relates the flow rate –which 

represents the velocity and Reynolds number- with the square root of pressure difference, 

therefore increasing pressure smoothly in high range will cause large number of runs with 

no valuable data, on the other hand maintaining acceptable accuracy with reasonable 

number was a key object. Fig (6.11) shows how number of iterations increase when 

pressures were increased roughly. 
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Figure 6.11 Number of iterations change with different run conditions 

After carrying out the definition of the simulation case, as shown in table (6.6), the second 

case is compared with the first case in Fig (6.12), it is expected that the definition is more 

accurate, as a common sense, even both cases results were close to each other, but the idea 

from this comparison is that if there was a noticeable difference this could mean that the 

definition was not optional and it was must, and more modifications from this type could 

result “better” results. But as in our case the definitions added a little bit enhancement, and 

the shape of the relation is identical but the curve shifted a little bit. Considering that the 

residual were decreased by one-fifth or by one-tenth, and that the cell size decreased in the 

critical area, no more noticeable enhancement was expected for more definition of the 

case. 
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Figure 6.12 Comparison between Cd vs. SQRT Re for two simulations, x-marker for 

fine mesh, o-marker for coarse mesh 

• Simulation with modification of cross-sections 

Due to the fact that the orifice exists in a practical passage, which is imperfect, and has its 

physical geometry, the inlet and outlet diameters are not identical. The inlet and outlet 

diameters are modified and mesh generated to perform the simulation again, mesh is 

shown in Fig (6.13). SIMPLEC code was used, with second order pressure discretization, 

and second order momentum discretization. The result curve of the Cd vs. square root of 

Reynolds number became a little bit higher; Fig (6.14) shows the results. 
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Figure 6.13 Mesh with modification of cross sections 

 

 

Figure 6.14 Simulation results with modification of cross section 

 

6.4 Experimental and Simulation results comparison 

To show the validation of using the numerical simulation in such small opening practical 

orifice, a comparison should be carried out. To perform a comparison between 

experimental work and numerical simulation, both results were plotted on one chart, see 

Fig (6.15) that shows the experimental result of set no. 1 and simulation set no.1, and Fig 
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(6.16) shows the experimental result of set no. 4 and simulation set no.2, but Fig (6.17) 

illustrates Comparison between Experimental result of set no. 4 and numerical simulation 

after modification of  cross section, for full results see appendix B for experimental, and 

appendices C1 and C2 for simulation set no.1 and 2, respectively. 

 

Figure 6.15 Comparison between Experimental result of set no. 1 and numerical 
simulation with fixed inlet pressure 
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Figure 6.16 Comparison between Experimental result of set no. 4 and numerical 
simulation with refined mesh and variable inlet and outlet pressures 
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Figure 6.17 Comparison between Experimental result of set no. 4 and numerical 
simulation after modification of cross section 

The simulation showed the phenomena of changing Cd with √Re in small opening orifice 

in the same shape of experimental relation, but with some shifting up in low range of √Re 

and shifting down in high range of √Re, naturally two curves (experimental and 

simulation) intersects at √Re=8, and look to have sharing region from √Re=5 to √Re=18, 

the maximum absolute tolerance between experimental and simulation occurred at the 

highest reported point √Re=23.1 and simulation Cd=0.85, and experimental  Cd=0.94, that 

is error of about 10% maximum, but in the low range of √Re the maximum tolerance were 

reported at √Re=4.46 and simulation Cd=0.31 while experimental Cd=0.26 that is error of 

about 20% if absolute error was divided by experimental Cd considering that it is the “true” 
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reference value, in both cases –high and low range-, but when considering the reference is 

the larger value, the second relative error –at low Reynolds number- would be 17%, both 

of these errors (20% and 17%) could be ignored, and very low range of Re points could be 

excluded from experimental work, due to the huge uncertainty in experimental work in the 

low Re range, because it is almost at the minimum of measuring range of sensors and 

devices, this will be discussed later. 

6.5 The final shape of the flow equation 

Knowing that the flow equation in an orifice is:  

  
2 ∆

… … … 6.1  

And the resultant Cd formula in this study was 

  1    √   … … … 6.2  

The flow equation became  

 1    √     
2 ∆

… … … 6.3   

The pressure sensitivity, which represents the sensitivity of the change of the flow rate 

with the change of the pressure difference, could be then found as 

 ∆  
 1    √     

 ∆  
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6.6 Uncertainty Analysis 

Uncertainty analysis quantifies the variation between the actually measured value of a 

physical quantity and the true value of the same physical quantity. The result of any 

physical measurement comprises two parts: an estimate of true value of the measured and 

the uncertainty of this estimate. Uncertainty analysis provides the experimenter a rational 

way of evaluating the significance of the scatter on repeated trials. This can be a powerful 

tool in locating the source of trouble in misbehaving experiment, so it will be used to check 

the reliability of our data. 

To find the value of uncertainty for any function: 

Let the variable  X1,X2,X,… Provide the result “R” through a functional relationship,  

                                  R=f( X1,X2,X3…)    

Then, by differential calculus, a small changes or errors in the measured variable are 

related to change or error in R as: 

       

The error dX1,dX2,dX3… are random in nature, having even changes of positive and 

negative value. Then through squaring each side, one can be canceling off the sum of 

product terms. Thus 

       

Or 
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...          

Where, WX1, WX2, WX3… are the uncertain or error in the independent variable and WR is 

the error in the result. Thus from a knowledge of errors in the measured variables, the 

probable error in the result “R” can be worked out. 

To find the value of uncertainty percentage; 

                                  Percentage Analysis = | | 100%    

 

Figure 6.18 Sources of uncertaity in results 
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6.6.1 Measuring devices uncertainty 

Pressure Measurement 

The specifications of the pressure sensor stated that pressure is linear with output voltage, 

so a range of 0-5volt represents the range 0-40bar, simply the conversion factor is inserted 

in software as 8bar/volt. But the manufacturer specifications also stated a non-linearity of 

±0.25% of full scale, so one can expect or doubt a range of error of reading ±0.25% * 

40bar = ± 0.1bar, for the minimum reading of pressure in this experiment, which is 

1.3732bar, the maximum relative error is expected as 0.1/1.3732 = 7.3% which is a little 

bit large value in such level of technology. 

But this is not the end of the story; another source of uncertainty in pressure measurement 

is the resolution of the DAQ card. The maximum range of the card is 10volt, and the 

resolution is 12bit, so DAQ discretizes the reading in step of 2.44mV, an error have to be 

expected or doubted, which could be called as uncertainty, of about ±1.22mV, noticing that 

this is a fixed absolute doubt of error, it is simply noticed that it affects the small readings 

also more than the large values. Referring to the minimum reading of pressure 1.3732bar, 

which was read as 0.17167volt, the largest relative expected error –may called uncertainty- 

is about 0.7%. On the other hand the absolute accuracy of the DAQ is 14.7mV as 

specification, Appendix H3, which is much larger than the step 1.22mV, so let the 

combined uncertainty of the measured voltage 15mV, because DAQ systems is not our 

study. 
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Knowing that it is independent uncertainties, the combination of them should be derived as 

follows; 

The pressure reading P = constant of linearity (8bar/volt) * measured voltage = C0 * Vm 

Ideal Uncertainty of pressure is   P       

    

 8  1.22 10 0.17167  8 0.25% 12% 

While the Maximum uncertainty is  

 8  1.22 10 0.17167  8 0.25% 35%  

For this reason the low range results were too much scattered to show a physical 

phenomena, but at higher ranges of results the points tend to condense together. 

Flow measurement  

As discussed for the pressure, the measuring device has its uncertainty and it equals 1% of 

indicated reading, and in this case it is relative already, and the DAQ analogue input is 

same for both pressure and flow, and discussed previously, but in this case the electronic 

operation amplifier exists, the curve fitting by Matlab showed a root mean square error of 

about 0.004 for a confidence level 95%, refer to appendix D3,  

If the flow simply calculated from the measured voltage as     
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Where C0 is the constant of converting measured voltage Vm to current reading, and C1 is 

the constant of converting current reading to flow, due to the linear relationships. 

Then combined uncertainty is  

      

And considering that; C0 = 2 with uncertainty of 0.004, C1=7/20 with uncertainty of 1%, 

Vm for minimum considered reading 0.15volt with uncertainty of 15mV, the combined 

uncertainty result a value of about 1.1%. 

But to be “scientifically honest”, it was not sure that the specifications from the 

manufacturer of the flow meter are true, but there was no method to check if the accuracy 

is 1% of the reading, so one has to “trust” the manufacturer. 

6.6.2 Setup uncertainty  

The setup uncertainties mainly have no way to be measured -at our technology level- and 

most of them to be “evaluated” by our limit of experience and sense. The first source is the 

by-pass flow due to leakage inside the valve, which causes that some of the counted flow 

by the flow meter did not pass through the orifice of study, instead it by-pass it. This could 

be expected to be less than 2-3%.  

Second is the doubt error of measuring the diameter of the orifice. Such small internal 

diameter usually measured by “Go/No Go pin gauge”, special for hole shapes, it is a set of 

needles each has a certain diameter, graded with a step of 0.05mm -in this case- the orifice 

of this study let the 1mm needle to enter freely –and a little bit loosely- and did not let the 
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1.05mm to do so. The diameter was considered to be 1.02mm, and knowing that the 

talking is about traditional manual way of measurement, with such step of about 0.05mm, 

it is accepted to have a doubt of about ±0.02mm. But knowing that it was used to calculate 

the area, which is related to the square of the diameter, then one would get a really 

considerable error. 

Third is the uncertainty of the oil viscosity. The ISO 51 519 and DIN 51 524 standard 

allows a wide range of viscosity to be considered in the class, this makes the user doubt in 

the value of the kinematic viscosity labeled of some product, e.g. the VG 68 hydraulic oil 

manufacturer could supply oil with viscosity of 61.2 or 74.8 instead of 68 mm2/s. This 

could cause a serious error in calculation.  

The viscosity is affected by two variables; temperature and pressure. The temperature of 

the oil is observed and recorded in each experiment, but the accuracy in reading the 

temperature affects the viscosity widely, Appendix F shows how the viscosity is sensitive 

to the temperature in semi-log scale. Knowing that the temperature was read on an 

ordinary thermometer, the level of confidence one could judge the viscosity is pour, but the 

uncertainty is not measurable due to lack in sources. 

The viscosity is also sensitive to high pressures, in this study the pressure was lower than 

the effective pressure range and pressure effect could be neglected on the density up to 

150bar so is on the dynamic viscosity, Fig (6.19) shows the variation in dynamic viscosity 

(in 10-3 Pa.s) with temperature and pressure (in bars). 
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Figure 6.19 Temperature-pressure relation of viscosity 
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Chapter Seven: Conclusions and Recommendations 

7.1     Conclusion 

The flow rate through an orifice in pilot operated relief valve usually is small due to small 

orifice openings. A problem occurs in using the classical orifice flow equation in this case. 

The discharge coefficient is not a constant due to viscous laminar flow conditions in such 

small opening orifice. In addition, it is difficult to determine the actual coefficient of 

discharge. This paper provides an empirical flow equation. In practice, Cd must also be 

measured (for example, Wu (2002), which requires measurement of other parameters. It is 

thus possible to differentiate the flow equations with respect to the pressure drop in order 

to obtain pressure sensitivity of the pilot valve. A comparison between experimental and 

empirical models showed that CFD approach is valid for such flow conditions. 

Briefly the following could be concluded from all this work: 

‐ Coefficient of discharge is not constant at low Reynolds number (less than 700) in 

small opening orifices (in order of millimeter) in laminar viscous flow. 

‐ The relation between the coefficient of discharge and the square root of Reynolds 

number is exponential. 

‐ The value of the maximum discharge coefficient varies widely from a shape to 

another. 

‐ The numerical simulation is valid for rough estimation of flow rate in orifices, 

using the ordinary option of Fluent without any code modifications. 

‐ The outlet pressure range does not affect the coefficient of discharge 

independently; the real effect is for the pressure difference. 
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‐ The viscosity range does not affect the coefficient of discharge independently; the 

real effect is for the Reynolds number. 

7.2    Recommendations 

For further work, next researchers are recommended to: 

‐ Repeat the experimental work with higher accuracy instruments. 

‐ Repeat the reverse engineering of the orifice and the whole valve by slicing it, and 

make the experiment on identical one, to compare the experiment and the 

simulation in the same conditions. 

‐ Repeat the experimental work with higher flow rate hydraulic unit, and higher flow 

rate flow meter, to cover wider range of Reynolds number. 

‐ Repeat the experimental investigation with highly controlled hydraulic unit with 

thermal conditioning supportive system, to accurately control the temperature of 

the hydraulic oil. 

‐ To measure the hydraulic oil that will be used in the experiment, with high 

technology device, and not to depend on the labeled specifications of the 

manufacturer. 

‐ Calibrate every instrument before using it in testing with the highest possible level 

of standard (as much as short the chain from the standard to the measuring device 

as much as it is considered to be accurate). 
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Appendices 

Appendix A 

Matlab M‐file for averaging experimental reading data 

1 function 
[SQRT_Re,Cd,P1,P2,VolFlowrate,data]=coefficientofdischarge(V1,V2,V3,kin_visc) 
2 % this program is used to take the average of each 30 reading due to the 
3 % fact that the DAQ card takes 30 reading for each analogue input in a 
4 % period of 3 seconds every single run, then each reading vector V1 , V2 
5 % and V3 scaled to manufacturer specifications to represent the volumetric 
6 % flow rate , upstream pressure and downstream pressure, respectively, and 
7 % simple calculation to get square root of Reynolds number and Coefficient 
8 % of discharge, 
9 % note : V1 V2 and V3 should be column vector first, as copy paste from 
10 % excel sheet, one column in each time , not a matrix for all , ENJOY! 
11 clc 
12 V1=transpose(V1); 
13 V2=transpose(V2); 
14 V3=transpose(V3); 
15 
16 d=0.00102; % define orifice diameter % 
17 
18 [lines,originalsizelength]=size(V1); 
19 readinglegth=originalsizelength/30; 
20 
21 for i=1:1:readinglegth 
22 
23 sum=0; 
24 for j=1:1:30 
25 
26 sum=sum+V1(30*(i-1)+j); 
27 end 
28 
29 VolFlowrate(i)=sum/30; 
30 
31 end 
32 
33 for i=1:1:readinglegth 
34 
35 sum=0; 
36 for j=1:1:30 
37 
38 sum=sum+V2(30*(i-1)+j); 
39 end 
40 
41 P1(i)=sum/30; 
42 
43 end 
44 
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45 for i=1:1:readinglegth 
46 
47 sum=0; 
48 for j=1:1:30 
49 
50 sum=sum+V3(30*(i-1)+j); 
51 end 
52 
53 P2(i)=sum/30; 
54 
55 end 
56 %scaling from voltage to reading in lit/min and bar % 
57 VolFlowrate=(VolFlowrate-0.006586)/(0.4969*20/7); % converting voltage 
reading to 
58 %current in mA 
59 %according curve fit of electronic 
60 %operational amplifier to 
61 %flow in lit/min % 
62 
63 P1=P1*8; % manufacturer specs 0-5volt represents 0-40bar % 
64 P2=P2*8; 
65 delta_P=(P1-P2)*100000; % pressure difference across orifice in Pascal% 
66 VolFlowrate=VolFlowrate/60000; % converting from lit/min to m^3/sec 
67 MassFlowrate=VolFlowrate*886; %then multiply by density 
68 velocity=VolFlowrate/((pi/4)*d^2); % simple continuity incompressible 
69 Re=velocity*d/kin_visc; % Reynolds number calculation using kinematic 
70 % viscosity in unit of m^2/s 
71 SQRT_Re=sqrt(Re); 
72 for k=1:1:readinglegth 
73 Cd(k)=VolFlowrate(k)/(((pi/4)*d^2)*sqrt(2*delta_P(k)/886)); 
74 end 
75 
76 cftool(SQRT_Re,Cd) % curve fitting tool open for data set SQRT_Re and Cd % 
77 
78 SQRT_Re=transpose(SQRT_Re); 
79 Cd=transpose(Cd); 
80 P1=transpose(P1); 
81 P2=transpose(P2); 
82 VolFlowrate=transpose(VolFlowrate*60000); 
83 data=[P1 P2 VolFlowrate SQRT_Re Cd]; 
84 
85 end 
86 
87 
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Appendix B  

Experimental results 

Set 1  

Spring load  Temperature °C  Kin Viscosity [m^2/s] 
medium  27.5  0.000133 
 

Run no.  P1 [bar]  P2 [bar] 
Vol Flow 
[lit/min]  SQRT RE  Cd 

1  3.2304  2.979733  0.10550057 4.062384 0.286066 
2  3.538667  3.168  0.10550057 4.062384 0.235247 
3  3.829333  3.4712  0.130857785 4.52432 0.29685 
4  4.0488  3.613333  0.13416831 4.581192 0.276015 
5  4.365333  3.874933  0.163376065 5.055309 0.316719 
6  4.624  4.058667  0.191245522 5.469519 0.345302 
7  4.802667  4.216  0.190517676 5.459101 0.337676 
8  5.093333  4.426667  0.21117911 5.7475 0.351121 
9  5.331467  4.634667  0.221744617 5.889522 0.360628 
10  5.517333  4.7864  0.248275776 6.231903 0.394236 
11  5.7424  4.989333  0.252995036 6.290853 0.395782 
12  6.082933  5.251467  0.285278527 6.680179 0.424724 
13  6.269333  5.381333  0.279831421 6.616096 0.403135 
14  6.432  5.490667  0.311645334 6.982064 0.436063 
15  6.717333  5.706667  0.324112632 7.120353 0.437676 
16  6.972267  5.901333  0.344281009 7.338547 0.45164 
17  7.181333  6.069333  0.373840947 7.647103 0.481277 
18  7.474667  6.290667  0.371516536 7.623293 0.463514 
19  7.68  6.410667  0.398986852 7.900104 0.480763 
20  7.834667  6.597067  0.402954786 7.93929 0.49173 
21  8.089867  6.749333  0.426175421 8.164841 0.499701 
22  8.400267  6.982133  0.460360703 8.485993 0.524808 
23  8.746667  7.226667  0.491916348 8.772011 0.541664 
24  9.032  7.4048  0.504383645 8.882476 0.536786 
25  9.376  7.677333  0.526782518 9.077562 0.548703 
26  9.6896  7.877867  0.562846113 9.383144 0.567679 
27  10.05333  8.013333  0.603135909 9.713173 0.573272 
28  10.31733  8.165333  0.608207352 9.753924 0.562848 
29  10.744  8.450667  0.659649628 10.15805 0.591344 
30  11.03467  8.642667  0.664627155 10.1963 0.583389 
31  11.35387  8.840533  0.689632186 10.38633 0.590545 
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32  11.54667  8.946667  0.716445093 10.58632 0.603193 
33  11.89333  9.152  0.746592004 10.80675 0.612157 
34  12.1784  9.330667  0.782373851 11.06269 0.629398 
35  12.47733  9.496  0.805571007 11.22549 0.633372 
36  12.74133  9.6512  0.832759576 11.41336 0.643119 
37  12.97067  9.810667  0.834426578 11.42477 0.637243 
38  13.24  9.928  0.861709063 11.61004 0.6428 
39  13.61067  10.12667  0.898500503 11.8553 0.653491 
40  13.784  10.22667  0.930783994 12.06641 0.669957 
41  14.09067  10.37067  0.949402764 12.18649 0.668251 
42  14.408  10.55333  0.983775877 12.40514 0.680242 
43  14.768  10.72533  1.014768028 12.59902 0.685162 
44  14.92  10.816  1.008804387 12.56195 0.676026 
45  15.208  10.964  1.036603408 12.73385 0.683102 
46  15.4368  11.07547  1.069145167 12.93218 0.695004 
47  15.68533  11.184  1.108707117 13.16928 0.709425 
48  15.8448  11.26933  1.119906554 13.23562 0.710762 
49  15.97333  11.33067  1.126128463 13.27234 0.70952 
50  16.22107  11.44187  1.157284967 13.45469 0.718659 
51  16.85067  11.73333  1.213141276 13.77556 0.728031 
52  17.352  11.9448  1.246810022 13.96541 0.727905 
53  17.7976  12.128  1.273834239 14.11595 0.726268 
54  18.3376  12.36053  1.352418126 14.54484 0.750978 
55  18.7312  12.512  1.377070973 14.67681 0.749634 
56  19.33867  12.7608  1.450606896 15.06359 0.767834 
57  19.7656  12.9088  1.54015543 15.52158 0.79848 
58  20.1816  13.0696  1.594016033 15.79065 0.811441 
59  20.6112  13.22827  1.573800698 15.6902 0.786313 
60  20.96533  13.34373  1.599674448 15.81865 0.786627 
61  21.32533  13.47733  1.638907694 16.01145 0.79421 
62  21.7336  13.6168  1.692862212 16.27288 0.806658 
63  22.28693  13.83973  1.745407996 16.5235 0.815269 
64  22.58427  13.91467  1.767619038 16.6283 0.814985 
65  22.97653  14.0488  1.796474609 16.76348 0.816227 
66  23.49707  14.19627  1.866981754 17.08927 0.831075 
67  23.77387  14.26773  1.884215268 17.16796 0.829639 
68  24.25707  14.38133  1.921030187 17.33487 0.82987 
69  24.7616  14.57493  1.921006708 17.33477 0.817096 
70  25.11493  14.68187  1.943264708 17.4349 0.816745 
71  25.48187  14.78533  2.007103844 17.71897 0.833122 
72  25.8888  14.98267  2.033094989 17.83333 0.835762 
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73  26.17333  14.98213  2.071295163 18.00008 0.840551 
74  26.584  15.0648  2.108415308 18.16066 0.843345 
75  27.02187  15.1792  2.239286711 18.7158 0.883375 
76  27.39467  15.25573  2.272744147 18.8551 0.885565 
77  27.57413  15.28267  2.298946602 18.96348 0.8902 
78  27.69813  15.26427  2.301787549 18.97519 0.886181 
79  27.78693  15.26693  2.332920574 19.10308 0.895072 

 

Set 2 

Spring load  Temperature °C  Kin Viscosity [m^2/s] 
low  28.5  0.000125 
 

Run no.  P1 [bar]  P2 [bar] 
Vol Flow 
[lit/min]  SQRT RE  Cd 

1  1.850667  1.373333  0.216415 6.001612 0.425243
2  2.106667  1.498667  0.250389 6.455529 0.435937
3  2.325333  1.546667  0.275652 6.773374 0.424078
4  2.661333  1.746667  0.330828 7.420364 0.469603
5  2.848267  1.810667  0.372221 7.870906 0.496074
6  2.917333  1.866667  0.399903 8.158333 0.529642
7  3.042667  1.922667  0.414459 8.305492 0.531659
8  3.130667  1.997333  0.42857 8.445694 0.546517
9  3.3088  2.040533  0.460619 8.755788 0.555261
10  3.477333  2.12  0.492409 9.052896 0.573777
11  3.713867  2.208  0.52967 9.38917 0.585967
12  4.013333  2.36  0.565945 9.705358 0.597523
13  4.221333  2.453333  0.601046 10.0018 0.613659
14  4.36  2.499467  0.630888 10.24709 0.627905
15  4.602667  2.577333  0.665378 10.52346 0.634718
16  4.765333  2.672  0.690877 10.7232 0.648249
17  5.029333  2.744  0.713768 10.89941 0.640978
18  5.242933  2.824  0.741544 11.10946 0.64727
19  5.466667  2.913333  0.783877 11.42216 0.665969
20  5.710133  3.034667  0.838535 11.81368 0.695956
21  5.994667  3.090667  0.865043 11.99895 0.689128
22  6.156267  3.085333  0.889978 12.17065 0.689452
23  6.402667  3.16  0.929352 12.43696 0.700631
24  6.610667  3.258667  0.952032 12.58781 0.705928
25  6.821333  3.328  0.980137 12.77226 0.711913
26  7.194667  3.477067  1.010284 12.96719 0.711332
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27  7.3568  3.522667  1.037824 13.14275 0.719533
28  7.568  3.626667  1.069591 13.34238 0.731403
29  7.861067  3.722667  1.093915 13.49324 0.730008
30  7.952  3.786667  1.172124 13.96725 0.779667
31  8.216  3.849333  1.176608 13.99395 0.764394
32  8.471733  3.970667  1.201684 14.14228 0.768941
33  8.696  4.026667  1.232206 14.32076 0.774134
34  8.877333  4.058667  1.265898 14.51522 0.782881
35  9.205333  4.146667  1.244204 14.39031 0.75099
36  9.568  4.280533  1.384373 15.17927 0.817315
37  9.922667  4.376  1.367938 15.0889 0.788516
38  10.33867  4.488  1.414966 15.34608 0.794152
39  10.70667  4.616  1.48181 15.70437 0.815118
40  11.096  4.696533  1.594955 16.29291 0.855928
41  11.60533  4.789067  1.595683 16.29662 0.829724
42  11.98667  4.898667  1.566217 16.14546 0.798639
43  12.1904  4.944  1.691407 16.77831 0.852996
44  12.63733  5.061333  1.745408 17.04405 0.86087
45  12.9448  5.104  1.747357 17.05356 0.847153
46  13.44987  5.2248  1.805162 17.33335 0.85449
47  13.8016  5.296  1.863225 17.6099 0.867308
48  14.21867  5.36  1.892856 17.74938 0.863363
49  14.67387  5.469333  2.010907 18.29449 0.899812
50  15.18933  5.536267  1.926783 17.90774 0.8419
51  15.46187  5.588533  1.945542 17.9947 0.840561
52  16.072  5.698133  2.012833 18.30325 0.848394
53  16.384  5.752  2.039246 18.42295 0.849029
54  16.61813  5.789333  2.097826 18.68569 0.865446
55  16.848  5.802667  2.098272 18.68768 0.857103
56  17.17867  5.861333  2.215643 19.20323 0.894104
57  17.61333  5.949867  2.272979 19.45011 0.903529
58  17.79013  5.938933  2.305169 19.58735 0.909038
59  18.15733  5.992  2.360555 19.82127 0.918782
60  18.52267  6.06  2.400094 19.98658 0.92296
61  18.85067  6.097867  2.425404 20.09169 0.922023
62  19.22933  6.187467  2.477433 20.30604 0.931306
63  19.82747  6.354933  2.530801 20.52359 0.936038
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Set 3 

Spring load  Temperature °C  Kin Viscosity [m^2/s] 
high  29.5  0.000120 
 

Run no.  P1 [bar]  P2 [bar] 
Vol Flow 
[lit/min]  SQRT RE  Cd 

1  7.653333  7.404533  0.077279 3.660322 0.210328
2  7.814667  7.586667  0.077537 3.666433 0.220446
3  7.901333  7.714667  0.077068 3.655314 0.242158
4  8.013333  7.864  0.077749 3.671426 0.273133
5  8.245333  8.021333  0.104538 4.257216 0.299854
6  8.447733  8.117333  0.108623 4.339604 0.256545
7  8.634667  8.282933  0.131562 4.775889 0.301151
8  8.827467  8.472  0.134943 4.836866 0.307264
9  9.026667  8.653333  0.1603 5.271764 0.356161
10  9.221333  8.779733  0.162484 5.307547 0.331937
11  9.458667  9.016  0.181784 5.613917 0.370917
12  9.6984  9.222933  0.191903 5.768057 0.377817
13  9.933333  9.368  0.229352 6.305794 0.414105
14  10.32533  9.648  0.26079 6.724101 0.43018
15  10.66133  9.928  0.275323 6.908923 0.436469
16  10.97467  10.184  0.317914 7.424098 0.485371
17  11.18933  10.33067  0.309955 7.330573 0.454095
18  11.41333  10.504  0.341158 7.690715 0.485685
19  11.7736  10.73333  0.378678 8.102584 0.504031
20  11.98667  10.91467  0.403518 8.364121 0.529086
21  12.6072  11.33867  0.481867 9.140132 0.580814
22  12.93893  11.60533  0.4941 9.255419 0.580848
23  13.21867  11.78667  0.534225 9.623897 0.606057
24  13.52267  11.96747  0.544157 9.712942 0.592368
25  13.88  12.19733  0.602455 10.22 0.630501
26  14.11227  12.3672  0.605085 10.24228 0.621828
27  14.43467  12.59467  0.631123 10.46034 0.631634
28  14.79467  12.84613  0.662725 10.71903 0.644525
29  15.06347  13.05867  0.684396 10.89288 0.656194
30  15.3496  13.24533  0.694962 10.97663 0.650386
31  15.71733  13.496  0.719075 11.16544 0.654979
32  16.1896  13.83707  0.780519 11.6327 0.690838
33  16.66933  14.1472  0.806299 11.82325 0.689243
34  17.06  14.4  0.833464 12.02077 0.693755
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35  17.58933  14.7464  0.858117 12.19725 0.690913
36  18.00533  14.992  0.926511 12.67401 0.724582
37  18.568  15.33333  0.952972 12.85372 0.719326
38  19.1376  15.66667  1.014345 13.26116 0.739134
39  19.65067  15.93387  1.037496 13.41164 0.73057
40  20.408  16.35467  1.185248 14.33486 0.799215
41  21.12827  16.73067  1.219128 14.53829 0.789227
42  21.876  17.112  1.269749 14.83705 0.789755
43  22.536  17.42107  1.391346 15.53125 0.835171
44  22.87467  17.536  1.363594 15.37557 0.801178
45  23.5704  17.83733  1.416633 15.67175 0.803201
46  24.01867  18.056  1.471926 15.97466 0.818325
47  24.36133  18.1848  1.447766 15.84302 0.790836
48  24.88  18.41867  1.540414 16.34208 0.822691
49  25.38933  18.62347  1.609747 16.70581 0.840149
50  25.832  18.77867  1.656024 16.94424 0.846505
51  26.112  18.89067  1.716975 17.25324 0.867393
52  26.43707  19.02667  1.756631 17.45135 0.876032
53  26.89333  19.1816  1.772902 17.53198 0.866701
54  27.23707  19.28  1.797508 17.65323 0.865077
55  27.53707  19.4  1.836154 17.84199 0.873847
56  27.92613  19.48613  1.895485 18.12796 0.885747
57  28.51173  19.66933  1.893842 18.1201 0.864607
58  28.85547  19.77333  2.042651 18.81853 0.920154
59  29.12  19.84267  1.929835 18.29148 0.86014
60  29.89627  20.0856  1.993956 18.59287 0.864225
61  30.31253  20.22187  2.048544 18.84566 0.875479
62  30.656  20.2912  2.067515 18.93272 0.871824
63  31.09893  20.4096  2.120296 19.17286 0.880403
64  31.19787  20.40667  2.306882 19.99869 0.953347

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

98 
 

Set 4 

Spring load  Temperature °C  Kin Viscosity [m^2/s] 
medium  34  0.000092 
 

Run no.  P1 [bar]  P2 [bar] 
Vol Flow 
[lit/min]  SQRT RE  Cd 

1  4.0664  3.917067  0.075894 4.142745 0.266617
2  4.272  4.072  0.076598 4.161925 0.232521
3  4.512  4.309067  0.076809 4.167662 0.231472
4  4.698667  4.461333  0.076105 4.148509 0.212077
5  4.9144  4.674667  0.105548 4.885505 0.292647
6  5.176  4.88  0.130341 5.429082 0.325234
7  5.328533  5.026667  0.134427 5.513508 0.332153
8  5.602667  5.266133  0.163681 6.08394 0.383041
9  5.869333  5.453333  0.191668 6.583554 0.403426
10  6.1864  5.736  0.209911 6.889747 0.424617
11  6.413333  5.933333  0.228389 7.186595 0.447523
12  6.685333  6.129867  0.249168 7.506397 0.453862
13  6.914133  6.330667  0.283964 8.013401 0.504679
14  7.197333  6.552533  0.312397 8.405018 0.528146
15  7.565333  6.797333  0.357429 8.99043 0.553694
16  7.909333  7.093333  0.40225 9.537481 0.604522
17  8.173333  7.306667  0.430449 9.866113 0.627705
18  8.492533  7.504  0.460384 10.20342 0.628616
19  8.722667  7.704  0.491329 10.54076 0.660872
20  8.941867  7.832  0.482431 10.44487 0.62167
21  9.274133  8.037333  0.544932 11.10086 0.665201
22  9.650933  8.229333  0.571721 11.37045 0.650962
23  10.0456  8.498667  0.602385 11.67138 0.657504
24  10.4976  8.730933  0.655306 12.17328 0.66931
25  10.808  8.952  0.69522 12.53853 0.692777
26  11.2776  9.254133  0.754246 13.05996 0.719823
27  11.57067  9.397333  0.769014 13.1872 0.70816
28  12.0808  9.6904  0.839733 13.78022 0.737337
29  12.60907  10.01093  0.881103 14.11558 0.742089
30  13.31787  10.38667  0.95748 14.71466 0.759219
31  13.73973  10.64747  1.019863 15.18645 0.787343
32  14.2072  10.87733  1.03705 15.31388 0.771519
33  14.83733  11.22933  1.123522 15.93956 0.802988
34  15.75253  11.69333  1.209103 16.53549 0.814711
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35  16.3072  11.9616  1.24249 16.76223 0.809149
36  17.45093  12.53867  1.364134 17.56362 0.835558
37  18.35653  12.97573  1.418347 17.90922 0.830079
38  19.256  13.35893  1.506228 18.45571 0.842041
39  19.69067  13.544  1.532994 18.61897 0.839423
40  20.208  13.7824  1.586785 18.94281 0.849809
41  20.80773  13.99493  1.738998 19.83056 0.904475
42  21.3336  14.2184  1.748719 19.88591 0.889993
43  22.05067  14.4856  1.810867 20.23619 0.893801
44  22.86667  14.79147  1.867264 20.54888 0.89205
45  23.23173  14.8856  1.898866 20.72204 0.892302
46  23.69867  15.05253  1.980056 21.16042 0.91417
47  24.21413  15.19173  2.085876 21.71849 0.942731
48  24.67547  15.34427  2.140135 21.99916 0.951115
49  24.95467  15.44  2.188173 22.24469 0.963042
50  25.31467  15.5488  2.222523 22.4186 0.965498
51  26.28347  15.84853  2.289414 22.75347 0.962144
52  26.8024  15.94907  2.280633 22.70979 0.939797
53  27.2928  16.0672  2.317589 22.89305 0.939057
54  27.58213  16.14373  2.341467 23.01068 0.939866
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Set 5 

Spring load  Temperature °C  Kin Viscosity [m^2/s] 
medium  40  0.000068 
 

Run no.  P1 [bar]  P2 [bar] 
Vol Flow 
[lit/min]  SQRT RE  Cd 

1  2.117333  1.954667  0.076128 4.826123 0.256247
2  2.309333  2.112  0.075894 4.818675 0.231935
3  2.530667  2.328  0.077068 4.855801 0.232403
4  2.757333  2.510667  0.107966 5.747356 0.295115
5  2.968  2.712  0.107215 5.727324 0.28767
6  3.050667  2.826667  0.110196 5.806421 0.316085
7  3.2056  3.0128  0.132994 6.378837 0.411188
8  3.36  3.122667  0.164409 7.092313 0.458149
9  3.472  3.165333  0.156544 6.920583 0.383763
10  3.618933  3.301333  0.1634 7.070503 0.393614
11  3.784  3.4184  0.194063 7.705419 0.435712
12  3.994667  3.578667  0.193875 7.701689 0.408071
13  4.208  3.797333  0.226675 8.327735 0.480197
14  4.381333  3.965333  0.246773 8.689081 0.519412
15  4.645333  4.122667  0.245904 8.673773 0.461758
16  4.902133  4.352533  0.28711 9.37236 0.525757
17  5.154667  4.528  0.314228 9.804994 0.538874
18  5.466667  4.763467  0.364849 10.56528 0.590655
19  5.674933  4.906667  0.372949 10.68192 0.577635
20  5.917333  5.093333  0.401851 11.08811 0.600983
21  6.135733  5.26  0.433477 11.51617 0.628841
22  6.405333  5.429333  0.461558 11.88333 0.634252
23  6.632  5.565333  0.489803 12.24153 0.643825
24  6.872267  5.730667  0.516076 12.56556 0.655718
25  7.098667  5.917333  0.552022 12.99581 0.689495
26  7.394667  6.0888  0.576933 13.2858 0.685388
27  7.690667  6.272  0.602901 13.58151 0.687173
28  7.885333  6.410667  0.643355 14.02976 0.719224
29  8.133067  6.618667  0.675803 14.37921 0.745522
30  8.443733  6.752  0.701583 14.6509 0.732274
31  8.728  6.952  0.746099 15.10856 0.760038
32  9.021333  7.08  0.778875 15.43686 0.758889
33  9.36  7.290667  0.826068 15.89765 0.779581
34  9.650667  7.4248  0.863846 16.2571 0.786044
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35  9.938667  7.605333  0.896646 16.56286 0.79688
36  10.26133  7.744  0.921956 16.795 0.78886
37  10.648  7.9568  0.985161 17.36115 0.815257
38  10.87467  7.981333  1.024981 17.70854 0.818045
39  11.3304  8.24  1.069075 18.08543 0.825584
40  11.81333  8.453333  1.119484 18.50691 0.829103
41  11.968  8.546667  1.128547 18.58167 0.82829
42  12.29333  8.696267  1.179684 18.99799 0.844407
43  12.63173  8.853867  1.221969 19.33548 0.853488
44  12.89333  8.981333  1.241058 19.48592 0.85183
45  13.17867  9.088  1.277215 19.76774 0.857289
46  13.33147  9.1664  1.259911 19.63337 0.838087
47  13.64267  9.328  1.315721 20.0635 0.859905
48  13.90667  9.392  1.358922 20.39023 0.868244
49  14.32533  9.595467  1.397098 20.67466 0.872093
50  14.6432  9.703733  1.422667 20.86299 0.869008
51  14.98933  9.888  1.47641 21.2534 0.887413
52  15.24533  9.9736  1.451546 21.07368 0.858251
53  15.55467  10.08453  1.477396 21.2605 0.857548
54  15.82427  10.19387  1.561451 21.85692 0.893345
55  16.16293  10.328  1.598524 22.11487 0.898383
56  16.40267  10.39467  1.602328 22.14117 0.887456
57  16.6152  10.5072  1.656 22.50894 0.909644
58  17.1328  10.67733  1.682884 22.69091 0.899188
59  17.60533  10.832  1.741205 23.08075 0.908258
60  18.17067  11.01947  1.806289 23.50815 0.916976
61  18.44267  11.12987  1.837187 23.70836 0.922299
62  19.01627  11.29333  1.896424 24.08755 0.926413
63  19.33067  11.39067  1.89356 24.06935 0.912282
64  19.98267  11.58293  2.050563 25.04733 0.960508
65  20.072  11.60773  1.951412 24.43427 0.910573
66  20.2376  11.63733  1.952868 24.44338 0.904018
67  20.544  11.73867  1.991303 24.68275 0.911013
68  20.7376  11.77867  2.012833 24.81583 0.912935
69  21.06133  11.8536  2.039528 24.97985 0.91246
70  21.44747  11.96453  2.097333 25.33137 0.924606
71  21.7528  12.01947  2.135322 25.55975 0.929165
72  22.05067  12.084  2.218273 26.05148 0.953895
73  22.28053  12.136  2.254548 26.26362 0.960957
74  22.55467  12.20027  2.278708 26.40397 0.961361
75  22.95733  12.29173  2.305638 26.55953 0.958427
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76  23.29067  12.36  2.367388 26.91284 0.97209
77  23.4424  12.38213  2.369055 26.92232 0.967058
78  23.70693  12.44533  2.393614 27.0615 0.96831
79  23.86347  12.49787  2.417492 27.19615 0.973485
80  23.89413  12.4816  2.411786 27.16404 0.969188
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Appendix C 

Appendix C1 

Simulation data and results, first mesh, residual criteria of continuity, x‐velocity and y‐velocity as 
0.001, 

P1 
[bar] 

P2 
[bar] 

Delta P 
[Pa] 

vol flow 
rate 
[m^3/s] 

Mass flow 
rate [kg/s]  d [m] 

Velocity 
[m/s]  Re 

SQRT 
Re  Cd 

10  9.96  4000  5.45E‐07 0.0004826 0.001 0.69388 7.5422  2.7463  0.23092
10  9.93  7000  9.15E‐07 0.00081039 0.001 1.16517 12.665  3.55878  0.29312
10  9.9  10000  1.23E‐06 0.0010931 0.001 1.57165 17.083  4.13318  0.33079
10  9.8  20000  2.14E‐06 0.0019 0.001 2.73181 29.694  5.44918  0.40657
10  9.7  30000  2.92E‐06 0.002586 0.001 3.71813 40.415  6.35724  0.45182
10  9.6  40000  3.6E‐06 0.0031876 0.001 4.58311 49.816  7.05808  0.48232
10  9.5  50000  4.2E‐06 0.0037175 0.001 5.345 58.098  7.62219  0.50311
10  9.4  60000  4.74E‐06 0.0042039 0.001 6.04434 65.699  8.10551  0.51937
10  9.3  70000  5.26E‐06 0.004656 0.001 6.69437 72.765  8.53023  0.53255
10  9.2  80000  5.73E‐06 0.0050777 0.001 7.30069 79.355  8.90816  0.54328
10  9.1  90000  6.16E‐06 0.005456 0.001 7.8446 85.267  9.23404  0.55037
10  9  100000  6.57E‐06 0.005824 0.001 8.37371 91.019  9.54037  0.55734
10  8.9  110000  6.98E‐06 0.006181 0.001 8.887 96.598  9.82842  0.56398
10  8.8  120000  7.36E‐06 0.006519 0.001 9.37298 101.88  10.0936  0.56949
10  8.6  140000  8.14E‐06 0.007216 0.001 10.3751 112.77  10.6195  0.58362
10  8.4  160000  8.85E‐06 0.0078385 0.001 11.2701 122.5  11.068  0.59302
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Appendix C2 

Simulation data and results, refined mesh, residual criteria of continuity 0.0005, x‐velocity and y‐
velocity as 0.0001, 

P1 
[bar] 

P2 
[bar] 

Delta P 
[Pa] 

vol flow 
rate 
[m^3/s] 

Mass flow 
rate [kg/s]  d [m] 

Velocity 
[m/s]  Re 

SQRT 
Re  Cd 

4.066  3.917  14900  1.6374E‐06 0.0014507 0.001 2.086  22.672  4.761 0.3597
4.272  4.072  20000  2.0716E‐06 0.0018354 0.001 2.639  28.684  5.356 0.3927
5.176  4.88  29600  2.7959E‐06 0.0024772 0.001 3.562  38.714  6.222 0.4357
5.87  5.45  42000  3.605E‐06 0.003194 0.001 4.592  49.916  7.065 0.4716
6.9  6.3  60000  4.6184E‐06 0.0040919 0.001 5.883  63.949  7.997 0.5055
8.5  7.5  100000  6.4602E‐06 0.0057237 0.001 8.23  89.451  9.458 0.5477
10  8.5  150000  8.3475E‐06 0.0073959 0.001 10.63  115.58  10.75 0.5779

11.25  9.25  200000  9.9722E‐06 0.0088354 0.001 12.7  138.08  11.75 0.5979
12.6  10  260000  1.1704E‐05 0.01037 0.001 14.91  162.06  12.73 0.6154
14.8  11.2  360000  1.4238E‐05 0.012615 0.001 18.14  197.15  14.04 0.6363
18.4  13  540000  1.8121E‐05 0.016055 0.001 23.08  250.91  15.84 0.6612
22  14.5  750000  2.1983E‐05 0.019477 0.001 28  304.39  17.45 0.6806

24.7  15.3  940000  2.5078E‐05 0.022219 0.001 31.95  347.24  18.63 0.6935
28  16  1200000  2.8896E‐05 0.025602 0.001 36.81  400.11  20 0.7073
32  17  1500000  3.2868E‐05 0.029121 0.001 41.87  455.11  21.33 0.7195
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Appendix C3 

Simulation data and results, modified cross section, SIMPLEC code, second order pressure 
discretization second order momentum discretization, residual criteria of continuity 0.0001, x‐
velocity and y‐velocity as 0.00001, 

P1 
[bar] 

P2 
[bar] 

Delta P 
[Pa] 

vol flow rate 
[m^3/s]

Mass 
flow rate 
[kg/s]

d 
[m]

Velocity 
[m/s]

Re 
 

SQRT 
Re  Cd

4.07  3.917  14900  1.4334E‐06 0.00127 0.001 1.83  19.8  4.46  0.315

4.27  4.072  20000  1.8352E‐06 0.001626 0.001 2.34  25.4  5.04  0.348

5.18  4.88  29600  2.509E‐06 0.002223 0.001 3.2  34.7  5.89  0.391

5.87  5.45  42000  3.2822E‐06 0.002908 0.001 4.18  45.4  6.74  0.429

6.9  6.3  60000  4.2991E‐06 0.003809 0.001 5.48  59.5  7.72  0.471

8.5  7.5  100000  6.3093E‐06 0.00559 0.001 8.04  87.4  9.35  0.535

10  8.5  150000  8.5124E‐06 0.007542 0.001 10.8  118  10.9  0.589

11.3  9.25  200000  1.0471E‐05 0.009277 0.001 13.3  145  12  0.628

12.6  10  260000  1.2585E‐05 0.01115 0.001 16  174  13.2  0.662

14.8  11.2  360000  1.5688E‐05 0.0139 0.001 20  217  14.7  0.701

18.4  13  540000  2.0474E‐05 0.01814 0.001 26.1  283  16.8  0.747

22  14.5  750000  2.526E‐05 0.02238 0.001 32.2  350  18.7  0.782

24.7  15.3  940000  2.9074E‐05 0.02576 0.001 37  403  20.1  0.804

28  16  1200000  3.3781E‐05 0.02993 0.001 43  468  21.6  0.827

32  17  1500000  3.8668E‐05 0.03426 0.001 49.3  535  23.1  0.847
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Appendix D 

Appendix D1 

Experimental setup electronic circuit for flow meter, signal conditioner (operational amplifier and 
simple filter), current to voltage convertor 
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Appendix D2 

Experimental setup electronic circuit for flow meter, readings of current to voltage convertor. 

Due to unnecessary full range, we chosen to calibrate the lower half range, the reason is that the 
flow meter full range is 7lit/min. represented by 20mA, but the hydraulic source range 3lit/min. 
max, so linearization for smaller range for a good number of reading is better, (in our opinion). 

mA  Volt 
5.00E‐05  0.0071 
0.159  0.0865 
0.274  0.1434 
0.29  0.1513 
0.3  0.1557 

0.3033  0.1583 
0.43  0.2209 
0.585  0.297 
0.67  0.3397 
0.68  0.3451 
0.7  0.3551 
0.8  0.403 

0.853  0.431 
0.95  0.479 
1  0.502 
1.1  0.553 
1.32  0.662 
1.439  0.722 
1.5  0.752 

1.533  0.769 
1.55  0.777 
1.606  0.805 
1.757  0.881 
1.929  0.966 
2.05  1.025 
2.1  1.05 
2.11  1.055 
2.4  1.199 

2.606  1.303 
2.8  1.392 

2.908  1.453 
3  1.498 

3.005  1.501 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

108 
 

3.126  1.562 
3.25  1.622 
3.325  1.661 
3.405  1.669 
3.42  1.706 
3.985  1.984 
4.012  2.002 
4.673  2.33 
4.83  2.403 
4.976  2.482 
5  2.487 

5.03  2.509 
5.06  2.523 
5.265  2.626 
5.57  2.778 
5.59  2.784 
5.83  2.903 
5.844  2.914 
5.88  2.926 
6.2  3.089 

6.288  3.134 
6.3  3.139 
6.59  3.283 
6.9  3.437 
7  3.484 

7.431  3.701 
8.15  4.06 
8.2  4.08 
8.3  4.13 

8.404  4.18 
8.555  4.26 
9.07  4.51 
9.08  4.52 
9.862  4.91 
9.94  4.94 
10.1  5.02 
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Appendix D3 

Experimental setup electronic circuit for flow meter, fitting of readings of current to voltage 
convertor. 

fittedmodel1 = 

     Linear model Poly1: 

       fittedmodel1(x) = p1*x + p2 

     Coefficients (with 95% confidence bounds): 

       p1 =      0.4969  (0.4965, 0.4972) 

       p2 =    0.006586  (0.004901, 0.008271) 

RMSE= 0.00419 
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Appendix E 

Experimental setup photos
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Appendix F 

Hydraulic oil specification 

Shell Tellus oil, Grade 68
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Appendix G 

LabVIEW front panel and control panel
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Appendix H 

Measurement devices and instruments 

Appendix H1 

Pressure Transducers
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Appendix H2 

Positive displacement piston type flow meter 

DRZ‐1110 G1 L303
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Appendix H3 

National Instrument Data acquisition Card 

NI‐6008USB
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Appendix I

tudy orifice g

I 
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3D isometric view of our study orifice geometry 
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معامل التصريف في الاختناقات عند عدد رينولد منخفض في صمام الامان ثنائي 
  بالنمذجة الحاسوبية و بالتجربة العمليةالمرحلة 

 
 إعداد

 ماهر خضر مطر
 

 المشرف
السلايمةالدآتور أحمد سعيد   

 
 ملخـــــــص

  
  

تفترض معادلة التدفق داخل الاختناقات أن معدل التدفق الحجمي يتناسب طرديا مع الجذر التربيعي 
آرقم ثابت لكل , بالعتبار ان معامل التناسب هو معامل التصريف, لفرق الضغط قبل و بعد الاختناف

, لتصريف يتغيير تبعا لتغيير عدد رينولدزغير أن الدراسات التفصيلية أثبتت أن معامل ا. نوع اختناق
عند التدفقات الطبقية , في حالة تدفق مائع عالي اللزوجة في اختناقات صغيرة في حدود الملميتر

  . وبالذات عند عدد رينولدز أقل من سبعمائة 
-يكية هذه الدراسة تتقصى هذه الظاهرة في صمام الأمان ثنائي المرحلة المستخدم في الأنظمة الهيدرول

بالتجربة  -حيث تستخدم فيه الاختناقات لكسر الضغط جزئيا بين المرحلة الئيسية والمرحلة الثانوية
و , العملية و بالنمذجة الحاسوبية للوصول الى علاقة واضحة بين عدد رينولدز و معامل التصريف

دفق الحجمي التي تؤدي الى وصف علاقة واضحة بين فرق الضغط على طرفي الاختناق و معدل الت
وبطريقة مباشرة دون اللجوء الى الحل الرقمي الذي يعتمد طريقة , بأقل خطأ حسابي ممكن, من خلاله 

 .و ذلك لتوفير الوقت, التجربة و الخطأ 
و آان شكل العلاقة بين معامل التصريف و  0.97و  0.21وجد ان قيم معامل التصريف تراوحت بين 

  .يةالجذر التربيعي لعدد رينولدز أس
  

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it


	Full page photo print.pdf
	1  2   titl and comm and didic to abstrct new.pdf
	all chprs.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


