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ABSTRACT 

 

NUMERICAL DETECTION OF CAVITATION IN PLUNGER VALVES 

 

Cavitation is a very serious problem for control valves. Besides noise and 

vibration, cavitation can seriously damage mechanical parts such as erosion and pitting. 

Experimental costs for cavitation tests are high, especially when the difficulty of testing 

large sized valves is considered. For these reasons, developing a Computational Fluid 

Dynamics (CFD) model can be an attractive solution for predicting cavitation. 

Cavitation; is a phase change event where the bubbles that occur when the fluid 

pressure drops below the vapor pressure seriously damages the parts of the machines 

such as pumps, impellers and valves. The first aim of this research is to determine the 

onset of cavitation by performing two-phase CFD simulations in plunger valves. Then, 

several cavitation cages are connected to observe the change at the beginning of 

cavitation. A cavitation cage is used to protect the valve and valve disc when 

downstream pressure is too low. As a result of the analysis, it was observed that the 

cavitation delayed using the cavitation cage. 

The second purpose of this research is to design an interface program that will 

present the Loss Coefficient (휁) and Flow Coefficient (𝐶𝑣) diagrams obtained from tests 

and CFD analysis to the user. Each valve has its own flow coefficient. This depends on 

how the valve is designed to allow flow through the valve. Therefore, the main 

differences between the different flow coefficients are due to the valve type and of 

course the valve opening position. The flow coefficient is important to choose the best 

valve to use in a particular application. If the valve is to be operated in a fully open 

configuration most of the time, a valve with a low head loss should probably be chosen 

to save energy. Or if a control valve is needed, the range of the coefficients for the 

different opening positions of the valve must match the application's requirements. 
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ÖZET 

 

İĞNELİ VANALARDA KAVİTASYONUN NÜMERİK OLARAK 

TESPİT EDİLMESİ 

 

Kavitasyon, kontrol valfleri için zararlı bir olgudur. Gürültü ve titreşimden 

başlayarak, kavitasyon mekanik parçalarda erozyon ve çukur oluşturabilir. Büyük 

boyutlu vanaları test etmenin zorlukları düşünüldüğünde bile kavitasyon testleri için 

deneysel maliyetler yüksektir. Bu nedenlerden dolayı, bir Hesaplamalı Akışkanlar 

Dinamiği (HAD) modelinin geliştirilmesi kavitasyonu tahmin etmek için çekici bir 

çözüm olabilir. 

Kavitasyon; akışkan basıncı buhar basıncının altına düştüğünde oluşan 

kabarcıkların pompa, pervane ve vana gibi makinelerin parçalarına ciddi zararlar verdiği 

bir faz değişikliği olayıdır. Bu araştırmanın ilk amacı iğne vanalarda iki fazlı HAD 

simülasyonları yapılarak kavitasyon başlangıcını belirlemektir. Ardından birkaç farklı 

kavitasyon kafesi bağlanarak kavitasyon başlangıcındaki değişimi gözlemlemektir. 

Aşağı akış basıncının çok düşük olduğu durumlarda vanayı ve vana diskini korumak 

için bir kavitasyon kafesi kullanılır. Yapılan analizler sonucu kavitasyon kafesi 

kullanılarak kavitasyonun daha geç başladığı gözlemlenmiştir. 

Bu araştırmanın ikinci amacı testlerden ve HAD analizlerinden elde edilen 

Kayıp Katsayısı (휁) ve Akış Katsayısı (𝐶𝑣) diyagramlarını kullanıcıya sunacak bir 

arayüz programı tasarlamaktır. Her vananın kendi akış katsayısı vardır. Bu, vananın 

akışın vanadan geçmesine izin verecek şekilde nasıl tasarlandığına bağlıdır. Bu nedenle, 

farklı akış katsayıları arasındaki temel farklar, vana tipinden ve tabii ki vananın açılma 

konumundan kaynaklanmaktadır. Belirli bir uygulama için en iyi vanayı seçmek için 

akış katsayısı önemlidir. Vana çoğu zaman açık kalacaksa, enerji tasarrufu için 

muhtemelen düşük yük kaybına sahip bir vana seçilmelidir. Veya bir kontrol vanasına 

ihtiyaç duyulursa, vananın farklı açılma pozisyonları için katsayı aralığı uygulamanın 

gerekliliklerine uymalıdır.  
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CHAPTER 1 

INTRODUCTION 

Cavitation is a highly detrimental phenomenon for hydraulic machinery. 

Cavitation can cause a reduction in the efficiency and life expectancy of the system as 

well as extra noise and vibration. The biggest drawback of cavitation is that it damages 

the surface of the valve or hydraulic machinery (pumps, turbines, etc.). Cavitation 

occurs by the collapse of vapor bubble when it goes in to an increased pressure volume 

of the fluid flow. Cavitation is expected when the local static pressure of a liquid drops 

below the saturated vapor pressure of the liquid for a certain time at a certain 

temperature. 

It is generally agreed today that cavitation is one of the most important problems 

to be dealt with for control valves. Experimental expenditures for cavitation tests are 

quite high, especially when the difficulty of testing large sized valves is considered. 

Especially testing of any valve bigger than 500 mm is costly. By means of the 

developing technology, all parts of the product are created by using simulation and 

design programs on the computer, and the design can be made by simulating as if the 

actual production was made, before the prototype production process.Computer 

programs that work with the CFD (computational fluid dynamics) logic can analyze 

between products and fluids, solve the equations of the flow using numerical methods, 

and present the results obtained numerically and visually. A CFD simulation can be a 

good solution to estimate cavitation. Even so, it is difficult to arrive at a reliable 

numerical estimate of the onset of cavitation and it is necessary to perform the two-

phase analyzes required for an accurate explanation of this phenomenon. 

The purpose of this research is to calculate the performance characteristics of the 

plunger control valve using CFD and also to predict the conditions under which the 

onset and development of cavitation occurs. The Solidworks Flow Simulation program 

has been used for CFD because of its availability. The first section contains information 

about the phenomenon in general and deals with the behavior of the phenomenon in 

valves. It also provides information about the operation of the plunger valve to be 

simulated. The second chapter includes studies in the literature on valve characteristics 

and cavitation in the past. There is no experimental study in this research. However, 

since experimental results are used, the experimental setup is mentioned. Then the 
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procedures and methods to be applied were mentioned and the results achieved were 

given. In the last section, it is discussed whether the model, which is analyzed 

numerically by evaluating the results, can be used instead of more expensive and 

difficult experimental methods. 

1. 1. Cavitation Theory 

1.1.1. The Physical Phenomenon 

Cavitation is the process of rapid vaporization and condensation of a fluid. 

When the process occurs at constant pressure, the process is referred to as boiling due to 

a temperature increase. When the process occurs at a constant temperature, it is called 

cavitation due to a pressure reduction.  

Cavitation bubbles, which are vapor filled bubbles, appear when the local 

pressure of the fluid drops to the vapor pressure or drops below the vapor pressure. So 

as to understand the situation, the phase diagram of a substance with a curve separating 

the solid, liquid, and vapor phases of the substance at different temperatures is presented 

in Figure 1.1 (Franc & Michel, 2005). 

 
Figure 1. 1. Phase diagram of water (Source: Franc & Michel, 2005) 
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According to the Bernoulli principle (Pritchard, 2011), increasing the velocity of 

a moving fluid due to the narrowing of the cross-section in a system causes the fluid 

pressure to decrease, as seen in Figure 1.2. 

 Consequently, the evaporation temperature of the fluid drops. As the 

evaporation temperature decreases, a condition called cold boiling occurs at much lower 

temperatures in the system, and cavitation bubbles are formed. After that, the cavitation 

bubbles are transported through regions where the pressure higher. Due to the local 

pressure around the bubble is upon the vapor pressure of the liquid, the bubble becomes 

unsteady and implodes. The bubble formation in the vena contracta and its downstream 

implosion process is called cavitation (Bianchi, 2014). 

 
Figure 1. 2. Orifice restriction and pressure curve (Source: Bianchi, 2014) 

In general some conditions to produce cavitation: 

 The liquid contains entrapped air or impurities which are called nuclei. Nuclei 

provide an interface for vaporization. If there are no nuclei in the water, the 

liquid could sustain much higher tensions, so that the liquid will not boil at 

normal temperatures or cavitate at normal liquid vapor pressure (Tullis, 

1993).The size of the nuclei is between a few micrometers and some 

hundreds of micrometers (Franc & Michel, 2005); 

 The pressure anywhere in the flow should fall to the vapor pressure of the 

liquid or under the vapor pressure of the liquid; 
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 In order for the bubble to collapse, the outlet pressure must be higher than the 

vapor pressure of the liquid. 

In general some conditions for the creation and implosion of the cavitation 

bubbles: 

 The velocity increase through the restriction in order to decrease the pressure; 

 The bubbles continue to grow for a while until they move away from the vena 

contracta, and then the growth of the bubbles is prevented by the increased 

pressure recovery; 

 When the cavitation bubbles are transported through regions where the 

pressure higher, the bubbles collapse. 

1.1.2. Cavitation Quantification 

To investigate cavitation in a flowing liquid, a dimensionless number which is 

used commonly in fluids engineering must be introduced to characterize the 

phenomenon. Since many factors such as viscosity, impurities affect cavitation, it is an 

extensive implementation in fluids engineering to describe a cavitation parameter and 

show deviations from this dimensionless parameter due to different effects (Mahvadi, 

2014). 

The flow over or through a solid body can be defined as the usage of 

streamlines. A non-dimensional parameter which is known as pressure coefficient is 

used to define the pressure drop in a streamline: 

𝐶𝑝
𝑃1− 𝑃2

0.5𝜌𝑢2


∆𝑃

0.5𝜌𝑢2
   (1.1) 

where 𝑃1 and 𝑃2 are the first and second reference pressure respectively.Assuming a 

flow cavitate as 𝑃2 reaches vapor pressure at a given temperature, and then the Equation 

(1.1) becomes: 

𝜎=
𝑃1− 𝑃𝑣

0.5𝜌𝑢2
   (1.2) 

Equation (1.2) is called cavitation number. When the pressure decreases or the 

velocity increases, the cavitation number can be changed until incipient cavitation is 

observed. Figure 1.3 shows two identical systems, which operate under identical 

conditions but different pressures. In this figure, case 2, which has a lower pressure, 

cavitates where case 1 does not. Since the upstream pressure of case 2 is lower, case 2 
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has a lower cavitation number (Mahvadi, 2014). 

 
Figure 1. 3. System pressure operating under different ambient pressures with the same 

velocity 

Equation (1.2) is not very useful for internal flow applications, since the ratio of 

head produced is much larger than the dynamic head. An example of this is the 

investigation of cavitation in pumps, and another definition is required for the number 

of cavitation. One of the non-dimensional parameters used for the pump is: 

𝜎
𝐻𝑆𝐻

𝐻
 (1.3) 

whereH is the head produced by the pump and variable 𝐻𝑆𝐻 is the suction head which is 

defined as: 

𝐻𝑆𝐻 = 
𝑃∞

𝛾
 + 

𝑃

𝛾
 + 

𝑢2

2𝑔
−

𝑃𝑣

𝛾
   (1.4) 

whereP is the pressure supplied, 𝑃∞ is the ambient pressure and 𝛾 is the specific weight. 

However dynamic head is much smaller than the static head for pumps, valves, turbines, 

etc. (Mahvadi, 2014). So that Equation (1.3) and Equation (1.4) reduce to: 

𝜎
𝑃∞+ 𝑃− 𝑃𝑣(𝑇)

𝑃1− 𝑃2


𝑃𝑟− 𝑃𝑣(𝑇)

∆𝑃
 (1.5) 

where 𝑃𝑟 is the pressure at reference point r which is usually called upstream pressure; 

𝑝𝑣 is the vapor pressure of the liquid at the operating temperature T and ∆𝑃 is the 

pressure difference that characterizing the system. 
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Equation 1.5 can be used as internal flow devices such as valves, turbines and 

nozzles. Equation 1.2 has been used for hydrofoils and submerged geometries 

(Mahvadi, 2014). 

1.1.3. Equilibrium of a Nucleus 

When the local pressure falls under the vapor pressure of the liquid, a bubble 

starts to form which overcomes the tensile strength of the liquid, provided that a 

nucleation forms. This bubble, which is supposed to be a spherical bubble, contains gas 

and vapor in equilibrium as shown in Figure 1.4. 

 
Figure 1. 4. Microbubble in a liquid (Source: Franc, 2005) 

The bubble radius R is considered small enough that the hydrostatic pressure 

(2𝜌gR) difference is negligible compared to the pressure difference corresponding to the 

surface tension (2S/R). This condition requires that R be smaller than the limiting value 

√(𝑆/𝜌𝑔), i.e. 2.7 mm for water (Franc, 2005). 

The equilibrium of the interface requires the following condition to be satisfied: 

𝑝∞𝑝𝑔𝑝𝑣 −
2𝑆

𝑅
   (1.6) 

where𝑝𝑔 is the partial pressure of the gas inside the bubble, S the surface tension. 

For the initial conditions, Equation (1.6) can be as: 

𝑝∞0𝑝𝑔0𝑝𝑣 −
2𝑆

𝑅0
   (1.7) 

1.1.4. Cavitation in Fluids and Damage Mechanism 

An important problem in multiphase flows is the increase in friction and 

associated with pressure drop. A cavitating flow is a form of liquid-vapor flow, and its 

pressure drop properties differ from the non-cavitation single-phase flow. With the 
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onset of cavitation, fluid flow is no longer a single-phase flow. The bubbles begin to 

grow and as their number increases, the flow becomes a two-phase flow (Mahvadi, 

2014). At the beginning of cavitation, bubbles form and collapse, and they do not 

significantly affect the flow area. However, when cavitation becomes more advanced, 

the bubbles collapse more violently in the downstream direction. The collapse is violent 

and is usually accompanied by noise, vibrations, potential erosion damage to solid 

surfaces and in advanced stages, a reduction in capacity or efficiency. 

When cavitation occurs in a hydraulic system such as turbines, pumps and 

valves, there is reduction inefficiency as well. For example, measurements have been 

made on hydro turbines and the efficiency of the machines has been observed to depend 

on the cavitation coefficient (Kang, et al., 2018). However, while this decrease in 

performance was not observed in the early stages of cavitation onset, this poor 

performance was observed while cavitation became more dominant. 

During the first stage of cavitation a noise generation, defined as an explosion or 

cracking sound, occurs, while a continuous hissing or crackling sound occurs during the 

intense cavitation stage. Noise is generally complemented by extreme vibration that can 

lead to pipe fatigue, incorrect calibration, or breakdown of precision instrumentation. In 

some cases, pipes can be securely fastened on a floor, walls, etc. by which vibration can 

be minimized.  

 
Figure 1. 5. Occurrence of a micro jet next to a solid boundary (Source: Tullis, 1993) 

Another important effect is wall erosion that occurs when the collapse is too near 

or on the surface. If a bubble collapses near the surface, the pressure distribution around 

the bubbles is not symmetrical due to the presence of the boundary.As the bubble 

collapses inward, the region of the bubble away from the surface reaches a very high 

velocity. Then the bubble collapses inward, creating a jet shooting through the center of 

the bubble as shown in Figure 1.5. When this jet impacts the wall it creates a local pit 

(Bianchi, 2014). 
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In the final stage of the collapse, it has been observed that these high velocities 

could reach 130 and 170 m/s for situations where the bubble is near and away from the 

wall, respectively. Figure 1.6 shows the situation where the bubble is near and away 

from the wall (Plesset & Chapman, 1971). 

 
Figure 1. 6. Bubble collapse stages from an initial spherical bubble (Source: Plesset & 

Chapman, 1971) 

The reason why cavitation erosion depends on the flow rate is that the impulsive 

pressure pulses caused by the collapsing bubbles increase with the flow rate. 

Corrosion occurs due to cavitation erosion damage. Since cavitation removes 

oxidized material from the surface, so fresh material is exposed and this greatly 

accelerates corrosion. 

Cavitation can also speed up erosion due to the presence of sediments in the 

flow, because of the easier wear of the surface, which weaken by the cavitation, with 

the abrasive effect of the sediment (Bianchi, 2014). 

1.1.5. Cavitation Detection 

Experiments are conducted to predict various levels of cavitation in a laboratory 

setting. Cavitation can be detected with a device sensitive to pressure fluctuations, 

noise, vibrations, abrasion, and any efficiency loss. Various electronic instruments such 

as accelerometers, pressure transducers, and hydrophones are used to measure 

cavitation in laboratories. (Martin, et al., 1981): 

 Hydrophone, which is a device like a microphone used to convert sound 

waves into electrical signals. However, unlike the microphone, it is primarily 
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used to detect sound waves from an underwater source, such as a submarine. 

Usually, they are made with a transducer that generates electrical energy 

when there is a pressure change. 

 Accelerometer, which is an electromechanical device to measure acceleration 

forces. There are two types of acceleration forces: static forces such as 

friction or gravity and dynamic forces such as vibration. 

 Pressure transducer, which often called the pressure transmitter, is a 

transducer that converts pressure into an analog electrical signal. 

There are other methods to detect cavitation such as visually and aurally. In 

particular, if a transparent material is installed, cavitation may be observed with the 

naked eyes or stroboscopic lighting. Also, in systems where the background noise is not 

very high, cavitation can be detected by ear.Besides the use of electronic tools to 

measure cavitation, the audible level of the noise should be recorded so that electronic 

measurements of cavitation can be interpreted (Tullis, 1993). 

1. 2. Cavitation in Valves 

1.2.1. Introduction 

Cavitation, which is a common problem for liquid valves, develops when the 

flow passes through a partially open valve, and water pressure drops below its vapor 

pressure in the low-pressure zone downstream of the restriction. Cavitation problems in 

a valve the most difficult to solve within piping elements, including pumps, pipes, 

weirs, channels, turbines, etc. (Boddeus, 1999). Due to the fact that it needs to create 

significant pressure drops to adjust the flow rate over a wide range of values. The larger 

portion of fluid control elements, other than valves, can be sized and designed to reduce 

cavitation or even prevent cavitation for the system conditions to which they will be 

exposed. 

The valves, by their nature, change the flow passages so that they can control the 

flow. Because of this, valves often operate within the cavitation regime. 

Cavitation mitigation can be done by three basic methods (Bianchi, 2014): 

 Modifying the geometry of valve which usually involves directing cavitating 

flow away from the walls; 
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 Making certain parts of the inner body from hardened or hard materials to 

minimize erosion; 

 Placing pressure drop orifices upstream of a valve so that pressure reduction 

will not happen at the valve so suddenly.  Similarly, cavitation cages placed 

on the valve itself not only to reduce the cavitation damage but also serve as 

economically replaceable sacrificial part. 

1.2.2. Discharge, Loss and Flow Coefficients 

The relationship between flow and pressure drop at any valve opening can be 

expressed in terms of nondimensional groups. Pressure drop can be expressed as a 

function of flow rate (Q) or average velocity (V); ∆𝑃 = f (Q, D, 𝜌, 𝜇) or ∆𝑃 = f (V, D, 𝜌, 

𝜇). If it is nondimensionalized by the Buckhingham PI Theorem, an expression such as 

(∆𝑃/ 𝜌.𝑉2) = g (𝜌.V.D / 𝜇), that is, 𝐶𝑝 = g (Re), is obtained (Pritchard, 2011). Here, 𝐶𝑝 

is the dimensionless pressure drop and Re is the Reynolds number expressing the flow 

regime. As the Reynolds number reaches high values, the turbulent flow approaches a 

certain average profile, so the effect of the Reynolds number almost disappears and 

therefore the 𝐶𝑝 coefficient approaches a constant. 

However, in practice, the pressure drop coefficient is not necessarily used in this 

way, and sometimes even without dimensions. Some of these coefficients (Tullis, 

1993): 

 Discharge coefficient is a nondimensional number and defined as: 

𝐶𝑑 = 
𝑉

√
2∆𝑃𝑛𝑒𝑡

𝜌
+ 𝑉2

 
(1.8) 

or 

𝐶𝑑 = 
𝑉

√2𝑔∆𝐻𝑛𝑒𝑡+ 𝑉2
 (1.9) 

 Loss coefficient, as seen above is a nondimensional number as well and 

defined as: 

휁 = 
2 ∆𝑃𝑛𝑒𝑡

𝜌𝑉2
 (1.10) 

or 

휁 = 
2𝑔 ∆𝐻𝑛𝑒𝑡

𝑉2
 (1.11) 
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 Flow coefficient, on the other hand, is not a nondimensional number. But it is 

widely used in practical engineering and defined as: 

𝐶𝑣= 
𝑄

√
∆𝑃𝑛𝑒𝑡

𝑆𝐺

 
(1.12) 

where V is the average velocity at the entrance of the valve, 𝜌is the fluid density at the 

fluid temperature, g is the gravity, ∆𝑃𝑛𝑒𝑡 and ∆𝐻𝑛𝑒𝑡 arethe net pressure drop and net 

head loss across the valve in terms of length of fluid column (such as [m wc]), SG is the 

specific gravity of the fluid. 

Cavitation occurrence at a fixed valve opening can be identified from pressure 

drop plots. One of the widely used plots for that is Q-∆P plot where a constant slope 

indicates a constant 𝐶𝑣 value, see Figure 1.7. When a 𝐶𝑣 value is constant, which 

indicates a high Reynolds number and noncavitating flow, as the square root of the 

pressure drop increases, the flow rate increases linearly. However, if the pressure drop 

increases above a certain point at which the lowest pressure at the valve exit may be 

below the vapor pressure of liquid and cavitation may start, this linear relationship will 

disappear. Cavitation bubbles begin to appear with the disappearance of this linearity. 

As the cavitation intensity increases, this linear curve flattens, as seen in Figure 1.7, and 

ultimately approaches a horizontal line where the further increase in pressure drop is 

ineffective in changing the flow rate (Boddeus, 1999). This is the region of choked 

flow. 
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Figure 1. 7. The observed behaviour of flow through valves, nozzles or orifices up to and 

beyond the point of cavitation (Source: Monsen, 2018) 

1.2.3. Cavitation Index 

A dimensionless cavitation index is used to measure the cavitation density in a 

valve under various flow conditions. This index is generally described as the ratio of the 

force suppressing cavitation to the force that causes it. The force that suppresses 

cavitation in valves is proportionate to the magnitude of the mean pressure relative to 

the absolute vapor pressure. This force causing cavitation is directly proportional to the 

pressure drop ∆P across the valve or velocity head (𝜌𝑉2/2). Therefore, the cavitation 

number is defined as in Equation (1.13) as follows (Tullis, 1993): 

𝜎= 
𝑃1− 𝑃𝑣(𝑇)

∆𝑃
 (1.13) 

where𝑃1 the absolute is pressure just upstream from the valve,𝑃𝑣is the absolute vapor 

pressure of the liquid at the working temperature and ∆𝑃𝑛𝑒𝑡 pressure drop across the 

valve. 𝑃1and𝑃2 pressure are shown in Figure 1.8. 

 
Figure 1. 8. Upstreamand downstream pressure locations 
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Different cavitation parameters have been introduced in the literature by various 

researchers. All of those cavitation indices are more or less in similar structure and they 

contain the same information. Some of those are given as (Bianchi, 2014): 

𝜎1 = 
𝑃2− 𝑃𝑣

𝑃1− 𝑃2
= 𝜎 − 1 (1.14) 

𝜎2 = 
2(𝑃2− 𝑃𝑣)

𝜌𝑉2
 (1.15) 

K = 
𝑃1− 𝑃2

𝑃1− 𝑃𝑣
 = 

1

𝜎
 

(1.16) 

In the present study, Equation (1.15) has been used as cavitation number. 

1.2.4. Cavitation Limits 

The acceptable level of cavitation in a particular system diversifies depending on 

the valve type, piping details, valve function and operating time. In order to have 

sufficient knowledge for the analysis and design of the valve, it must be defined as 

numerical or experimental data for various levels of cavitation intensity. 

Cavitation index 𝜎 only quantifies the service conditions. This index does not 

transmit any information about the productivity of a valve by itself. Therefore, 𝜎 should 

be evaluated in-service conditions and then compared with a benchmark for the valve 

that reflects the cavitation limit allowed for the application. These benchmarks are as 

seen in Figure 1.9 (Bianchi, 2014): 

 incipient cavitation; 

 constant or critical cavitation; 

 incipient damage; 

 choking cavitation. 

Incipient Cavitation 

The formation of vapor bubbles as the pressure decreases is called incipient 

cavitation (Skousen, 1997). Cavitation intensity at initial conditions comprises of 

slightly intermittent explosion sounds that are scarcely audible in the flowing liquid. 

Since the bubble occurrence and collapse is very scarce, incipient cavitation do not 

cause noticeable erosion. Therefore, the incipient cavitation is an unnoticeable design 

limit and it is recommended to be used only when cavitation noise cannot be tolerated. 
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If incipient cavitation is chosen as a limit, all procedures are limited to a 

cavitation-free regime. 

Critical Cavitation 

When critical or constant cavitation occurs, the intensity of cavitation is the 

similar to as the incipient cavitation, but cavitation is stable, not discontinuous. Critical 

cavitation level is generally not objectionable and this level is also considered 

conservative. In this condition, no harmful noise, damage or vibration occurs. The 

critical cavitation level is recommended for non-cavitation operation in most 

applications. The critical cavitation level for a valve required for continuous operation 

would be the design limit in an environment where cavitation noise up to a certain 

amount can be tolerated. 

The incipient and critical sigma values are evaluated by plotting the 

accelerometer output against sigma in log-log coordinates. Figure 1.9 shows this plot 

(Bianchi, 2014). 

 
Figure 1. 9. Evaluation of incipient and critical cavitation 

The points A, B and C in Figure 1.9 mean: 

A: Incipient cavitation index 

B: Critical cavitation index 

C: Choking cavitation index 
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Choking Cavitation 

Larger pressure drops (or smaller sigma values) carry the flow in a choking 

cavitation range. The maximum value of the noise occurs when a valve has begun to 

choke where further dropping the downstream pressures do not cause flow rate increase 

(Tullis, 1993). When the valve starts to choke (point C), the cavitation intensity 

suddenly drops because as the length of the vapor cavity downstream of the valve 

increases, the cavity collapses away from the valve. Choking cavitation is a severe level 

of cavitation and is suitable for valves operating for short periods of time and where 

heavy vibration and noise are tolerable (Bianchi, 2014). 

A typical pressure change for flow through an orifice is shown graphically in 

Figure 1.10. The top line #1 represents the pressure change throughout the centerline 

streamline for non-choking flow from an orifice. The minimum value of the pressure 

arises just below the vena contracta, and when the jet dissipates and re-establishes the 

normal hydraulic grade line, pressure recovery occurs. 

 
Figure 1. 10. Pressure change for choking cavitation (Source: Tullis, 1993) 

When a valve or orifice starts to choke minimum downstream pressure reaches 

its lowest value which is the vapor pressure of the liquid, line #2. Pressure recovery 

occurring downstream of this point is very much like a no cavitation case. 

Since the minimum value of the average pressure, 𝑃𝑗, cannot fall under the vapor 

pressure of the liquid, the flow rate cannot be increased by reducing the pressure in 𝑃2 

any further. As the pressure decreases further in the downstream pipe at 𝑃2, the pressure 
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at 𝑃𝑗and flow remains constant but the length of the vapor cavity increases. Line #3 in 

Figure 1.10 illustrates this situation. 

If the downstream pressure decreases further, the vapor cavity eventually 

extends beyond 𝑃2 (line #4), then 𝑃2 = 𝑃𝑣 and 𝜎 = 1 according to (Equation 1.13). This 

condition is called supercavitation. If viewed through a transparent pipe, it looks like a 

free discharge jet (Tullis, 1993). 

Incipient Damage Cavitation 

The grade of cavitation where a rise in cavitation density causes any detectable 

detriment to the valve or pipes is called incipient damage. The method used to 

determine the incipient damage is to measure the ratio of detriment in soft material 

specimens. In order to minimize the test time, soft aluminum is chosen especially for 

the test material (Bianchi, 2014). 

There may be undesirable noise and vibrations at this cavitation level, and their 

intensity varies depending on the test device.  

Erosion damage begins when the vapor cavities only have enough energy. When 

a valve is designed similarly to a high expansion ratio orifice, the collapse arises away 

from the surfaces. Thus, it is doable to cavitate very heavily with no erosion. Generally, 

erosion detriment starts long before the valve begins to choke and reaches the maximum 

intensity of vibration and noise. The incipient damage is normally the next stage after a 

critical or constant cavitation state, and the next limiting operating state. 

A procedure has been developed to determine the initial cavitation damage. Soft 

aluminum specimens are placed in the valve or downstream pipe where the damage area 

is determined by being exposed to high cavitation beforehand. After the soft aluminum 

is attached, the valve is worked at low cavitation for approximately 30 minutes. After 

the specimen is removed, all pits are collected to determine the pitting rate. The whole 

procedure is repeated by increasing the velocity. The plot of pitting rate versus velocity 

is given in the Figure 1.11. Incipient damage is expressed by the flow condition that 

produces a pitting rate of 1 pits/in2/ min on soft aluminum (Tullis, 1993). It can be 

observed that the damage due to speed also increases from the Figure 1.11. 



31 

 
Figure 1. 11. Effect of flow velocity on reference pitting rate (Source: Tullis, 1993) 

1.2.5. Pressure and Size Scale Effects 

It is assumed that valve size and process fluid properties have little effect on the 

cavitation index. In reality, cavitation behavior and cavitation coefficient are not 

independent of various inlet pressures and size of valve. A variation in cavitation index 

associated with a variation in upstream pressure is termed as "pressure scale effect" 

(PSE). Similarly, a change in the cavitation index associated with size of valve is 

termed as the "size scale effect" (SSE). 

Scaling equations are obtained to set or estimate cavitation numbers from one 

system’s pressure and size to another. Equation (1.17) shows a connection that the 

cavitation number for the valve, 𝜎𝑣, is to calculate with a reference coefficient𝜎𝑅 (ISA-

RP75.23, 1995). 

𝜎𝑣 = (𝜎𝑅SSE – 1) PSE + 1 (1.17) 

Pressure Scale Effect (PSE) 

Cavitation intensity and level increases as (𝑃1 − 𝑃𝑣) increases. The pressure 

scale effect PSE is given in Equation (1.18) (Tullis, 1989); 
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PSE = [
(𝑃1− 𝑃𝑣)

(𝑃1−𝑃𝑣)𝑅
]

𝑎
 (1.18) 

whereR is reference pressures. The exponent, a, is attained by measuring the slope of 

the log-log plot of  𝜎versus (𝑃1 − 𝑃𝑣).‘a’ values found for different valve and valve 

diameters in the literature are given in Table 1.1below: 

Table 1.1. Pressure scale effect exponents for incipient and critical cavitation numbers 

for different valves (Source: Tullis, 1989) 

Valve Type  a Test Pressure( psi) 

4-inch Butterfly 0.28 17 to 96 

6-inch Butterfly 0.28 20 to 190 

12-inch Butterfly 0.28 17 to 174 

12-inch Butterfly 0.24 14 to 135 

12-inch Butterfly  12 to 135 

20-inch Butterfly 0.28 10 to 80 

24-inch Butterfly 0.30 22 to 107 

Average 0.28  

2-inch Ball 0.30 17 to 246 

8-inch Ball 0.28 7 to 149 

12-inch Ball 0.24 14 to 90 

Average 0.27  

24-inch Skirted Cone 0.22 66 to 220 

16-inch Globe 0.14 66 to 194 

8-inch Pelton Needle 0.14 66 to 150 

Size Scale Effect (SSE) 

Also, as the valve size increases, the cavitation level and intensity increases. The 

size scale effect (SSE) is given in Equation (1.19) (ISA-RP75.23, 1995). The exponent 

b of Equation (1.18) is obtained from limited testing for cavitation levels of incipient, 

critical, and incipient damage. There is not SSE for the choking cavitation level. For this 

reason, the exponent b is a zero for the choking cavitation level. 

SSE = (
𝑑

𝑑𝑅
)

𝑏
 (1.19) 

b = 0.068 (
𝐶𝑣

𝑁1𝑑2)
1/4

 (1.20) 

whereCv is the valve flow coefficient, d and dR are the diameter and reference diameter 

respectively. 𝑁1is numerical constant for units of measure used in equations given in 

Appendix A (ISA-RP75.23, 1995). 
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1.2.6. Plunger Valves 

Plunger valves are used in water vapor, air, water, oil, gas, fuel oil, low viscosity 

fluids, and similar services to provide sensitive flow control in small diameter lines. 

Shaft threads are thinner than normal and can be used for finer adjustments. 

These valves are designed for continuous regulation of the pipeline system in 

case of high-pressure drops and high flow rates. Pressure, flow, temperature, and similar 

parameters are regulated as a result of the axial movement of the clack connected to a 

crank mechanism controlled by the actuating mechanism. The clack is bedded by the 

clack springs creating minimum friction on the body, thus providing a balanced 

movement. The assembly drawing of a plunger valve example is shown in Figure 1.12. 

 
Figure 1. 12. Plungervalve assembly [DVD Valves catalog] 

The shaft rotated by the actuating mechanism activates the crank mechanism in 

the inner body and the crank mechanism moves the clack axially to change the valve 

opening. When the valve is fully open, it takes on an aerodynamic structure and 

maximizes the flow capacity by minimizing the pressure loss on the valve. Likewise, 

when the valve is fully closed, complete sealing is achieved thanks to the special sealing 

mechanism. Since a circular opening is formed in all opening positions of the valve, 

cavitation is minimized and it can be used for regulation purposes without noise and 

vibration. Special stainless clack alternatives such as cavitation cage and grooved 

cylinder are available in special cases where cavitation formation is high. 

Thanks to the disc that works independently from the system pressure and the 

special gearbox, the torque required even in large diameters is very low. In this way, 

very economical actuators can be selected (İskender, 2017). 
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Plunger valves have a high safety coefficient used to control the flow rate, 

pressure, and water level difference in a system with a high-pressure difference. 

In Figures 1.13 and 1.14, 2D drawing and solid model of a plunger valve are 

given. 

 
Figure 1. 13. Plunger valve 2D drawing 

 

 
Figure 1. 14. Plunger valve [DVD Valves catalog] 
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1.2.7. Controlling Cavitation 

Valves in Series 

Placing the valves in series makes it possible to suppress cavitation as it 

gradually decreases the pressure. In this way, the vapor pressure is not reached as there 

will be no large pressure drop available in the case of a single valve. Figure 1.15 shows 

a situation whereby using a series of valves instead of a single valve, the pressure does 

not drop below the vapor pressure, thus cavitation is avoided (Bianchi, 2014). 

 
Figure 1. 15. Pressure trends with a single valve and with valves in series 

(Source: Bianchi, 2014) 

where𝑃1 is the upstream and 𝑃2is the downstream pressure. 𝑃𝑣is the vapor pressure and 

𝑃𝑣𝑐 is the pressure in the vena contracta in the case of a single valve. 

The disadvantage of increasing the number of valves is the increased cost in 

terms of additional valves, but in some cases, it may be cheaper than producing a 

specially designed single valve. 

Cavitation Resistance Material 

Cavitation causes more damage to soft materials with low tensile strength 

(Skousen, 1997). Making the valve out of hard materials or covering the valve parts and 

downstream pipes with such materials can be a solution to prevent cavitation. 

Aeration 

Nuclei mean a void or gas bubble in liquid. There must be an interface for 

evaporation, which creates boiling or cavitation, and the nuclei provide such an 
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interface. When the inside of a liquid is cleaned and the liquid is completely de-aerated, 

no contaminants, trapped air or voids remain. In such a case, the liquid does not boil at 

normal temperatures and does not cavitate until the pressure drops far under the normal 

vapor pressure of the liquid. For this reason, nuclei are necessary for cavitation to occur 

as soon as liquid pressure drops below vapor pressure (Tullis, 1993). 

Industrial liquids generally contain enough nuclei and contamination to cavitate 

when local pressure drops to vapor pressure. It is impractical to try to control cavitation 

by reducing the core content. Because of laboratory conditions are needed to reduce the 

critical pressure for cavitation to the point where it is significantly less than the vapor 

pressure. However, it is possible to control cavitation by artificially increasing the air 

content. Adding air to the water provides extra nuclei that can host vapor bubbles and 

early start to cavitation. Cavitation applications have shown which a certain level of 

additional air content in the process flow can degrade the eruptive force of the erupted 

bubbles by working as a vibration damper and reduce overall damage (Skousen, 1997). 

This damage mitigation technique is usually employed at cavitation prone hydraulic 

turbines and it might be economically feasible for large control valves as well. 

Downstream Back-Pressure Device 

The downstream back-pressure devices are used to reduce the pressure drop 

across the valve and to increase the resistance of the downstream and downstream 

pressure. They are installed between the valve and the downstream pipe. Back-pressure 

devices are preferred for large diameter valves as they will limit the flow capacity of the 

valve. 

In addition, these devices allow cavitation to arise in small tubes where the 

cavitation density is lower in special cases and can be absorbed by the tubes themselves, 

and in this way, the existing cavitation is controlled (Bianchi, 2014). 
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Figure 1. 16. Downstream back-pressure device (a.k.a. multi-hole orifice) used with globe 

valves 

Cavitation Cages 

These cages, usually attached to the valve outlet, split the flow into many small 

parallel jets. This is thanks to the trim containing multiple openings.Trim is usually a 

cylindrical shape made up of multiple holes. Some trims are designed so that the jets 

can crash into each other around the center of the valve body. Some are also designed to 

allow the jets to move beyond the valve boundary. Thanks to these trims, noise and 

vibration are also reduced (Tullis, 1993). 

Orifice and slot cages are examples of cavitation cages commonly used in 

control valves. The number and size of slots or holes may vary according to the desired 

flow through the valve. In Figure 1.17, DV-20 Slot and DV-20 Orifice cavitation cages, 

which are used in this study, are shown respectively. 

 
Figure 1. 17. DV-20 Slot and DV-20 Orifice cavitation cages 
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Figure 1. 18. Cavitation cages assembly 

Although anti-cavitation design tools are expensive, they may be the only 

solution in some applications.These tools are one of the best solutions to suppress 

cavitation in a single dispersion step. Because it has a well-defined large separation 

zone allows it to minimize shear stresses. It also allows cavitation in the liquid away 

from solid boundaries with a large separation zone. 

. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Numerical Investigations of Valve Performance 

Davis et al. (2002) have performed Computational Fluid Dynamics (CFD) 

analysis on globe valves to calculate valve performance characteristics and compared 

the results with experiments. The simulations and experiments were run for three 

different 1-inch globe valves with various seat sizes. The CFD model was an 

axisymmetric model and the turbulence model chosen was k- ε model. The solver 

chosen was FLUENT. 

 
Figure 2. 1. Flow coefficients for globe valve with three different seat sizes 

As can be seen from Figure 2.1, they showed that the flow coefficient 𝐶𝑣 values 

for openings smaller than 70% were in good agreement between the CFD model and the 

tested data. However, discrepancies existed in the results for larger openings as shown 

in Figure 2.1. 

Chern & Wang (2004) have been studied the linear volume flow rate control on a 

ball valve. They placed a plate with a V-shaped opening downstream of the ball valve 

and numerically and experimentally visualized the flow changes caused by this V-port. 

Test scenarios were made for valves operating from 50% to 100% valve openings. 

Figure 2.2 gives the numerical and experimental results of the loss coefficients for 

the 90, 60, and 30 degree V-ports, respectively. There is an agreement between 

numerical and experimental results at 90 degrees V-port, but the estimated loss 

coefficients at 60 and 30 degrees V-port are lower than experimental results. Small-

angle V-ports cause more pressure loss than large-angle V-ports. Consequently, using a 
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V-port can control the volume flow rate in the pipe, but at the same time, it causes more 

energy loss. 

 
(a) 

 
(b) 

 
(c) 

Figure 2. 2. Loss coefficients of (a) 90, (b) 60 and (c) 30 degree V-port respectively 

(Source: Chern & Wang, 2004) 
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Wojtkowiak et al. (2006) were performed the flow properties, flow fields, and 

pressure distributions of a butterfly control valve, both numerically and experimentally. 

The numerical analysis results obtained with the k-ε turbulence model matched 

qualitatively with the results of the experimental study. 

2.2. Numerical Investigation of Valve Cavitation 

Chern et al. (2013) performed a CFD study of cavitation in an open-closed globe 

valve. They solved the governing equations for cavitation and flow estimates using the 

CFD software STAR-CCM + and they used a 3D mixing model to predict cavitation. 

This model was also used to design a cavitation cage which allows cavitation to be 

visible only around the cage in order to reduce the damage caused by cavitation.  

A 𝑆𝑓 parameter is defined to diagnose cavitation formation. This parameter 

indicates the percentage of the total vapor volume caused by cavitation in the flow 

region. 

𝑆𝑓 = 
1

𝑉𝑡
∫ ∫ ∫ 𝑉𝑓𝑑𝑉 (2.1) 

where𝑉𝑡 is total volume of the fluid flow domain and 𝑉𝑓 is the fraction of vapors. 

Table 2.1. Average of 𝑆𝑓 in three cases (Source: Chern et. al., 2013) 

Case Fully open condition Half-open condition 

Without a cage 0.0024 0.0025 

With the one-stage perforated cage 0.0075 0.0035 

With the one-stage step cage 0.0058 0.0042 

The 𝑆𝑓 averages given in Table 2.1 are the maximum values obtained from a 

one-stage perforated cage, one-stage step cage, and non-caged valve. This shows that 

the total amount of vapors is increased by the cages. 

Based on the estimated vapor distribution, vapor was seen in the vortices within 

the valve and in the outlet region of a cage-less valve. However, no vapor is generated 

in these parts of the two cage globe valves. The vapor is primarily collected at the 

outlets of the cages’ flow passage. Both results have shown that vapor formation in the 

downstream region is less than in the non-caged area, and thus it has been proven that 

the cages cause cavitation primarily in areas close to them. This prevents cavitation 

from damaging the valve body and downstream region. 

Malavasi et al. (2013) aimed to examine the onset of cavitation with a simple 
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model by solving single-phase flow simulations. They applied minimum pressure 

criteria which defines a characteristic volume defining the onset of cavitation conditions 

in their study. Finally, cavitation indices were calculated and a good agreement was 

obtained by comparing numerical and experimental results. These results are shown in 

Table 2.2. 

Table 2.2. Comparison of experimental and numerical values for different openings in 

two types of valves (Source: Malavasi et. al., (2013) 

Valve Diameter Opening[°] Numerical 𝜎 Experimental 𝜎 

77 mm 60 2.76 2.80 

77 mm 40 2.61 2.30 

203 mm 90 6.21 5.30 

203 mm 60 4.96 4.40 

Amirante et al. (2014) aimed to quantify the effects of cavitation on the 

productivity curves of typical hydraulic valves and developing a computational strategy. 

The numerical estimation of cavitation has obtained by flow simulation constant 3D 

flow for the axial positions of reel 10 with the Fluent 14 code. They demonstrated how 

the simulation results can be used to measure the cavitation intensity by calculating the 

vapor volume, determine the cavitation zones, consider how cavitation affects the 

driving force, and determine the minimum cavitation number. 

In their analysis, the maximum simulated valve opening was performed for x = 

2.2 mm and a constant pressure drop of 70 bar, and the discharge pressure was 

increased from 1.5 bar to 50 bar. It was observed that the cavitation parameter increased 

linearly with the increase of discharge pressure. 

Flow velocity and flow force depending on the number of cavitation are shown 

in Figure 2.3(a), and the corresponding percentage reductions are shown in Figure 

2.3(b). 
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Figure 2. 3.  Plots of cavitation numbers versus predicted flow velocity and flow force 

(a) and their percentage reductions (b) (Source: Amirante et. al., 2014) 

The estimated values of the vapor volume in 𝑚𝑚3are shown in Figure 2.4. 

 
Figure 2. 4. Cavitation numbers versus estimated water vapor volume 

(Source: Amirante et. al., 2014) 

Although the pressure decreased steadily, the increase the cavitation number 

reduced the cavitation intensity. This increased the flow rate and hence the flow force. 
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They demonstrated in their work that the change in outlet pressure causes a large 

change in flow force. They also showed that if an open-loop control system is used to 

arrange the flow rate, it will definitely cause major errors in spool position. 

Aung and Li (2014) performed a partial 3D CFD simulation to investigate 

cavitation in the flapper nozzle of a servo-valve. Because of the flapper nozzle structure 

is symmetrical; a quarter of the nozzle was used for the calculation area. In addition to 

simulating cavitation by applying various entrance pressures, they suggested an 

alternative flapper shape that could decrease cavitation. They also experimentally 

analyzed cavitation by creating a flapper nozzle installation with a front cover and 

transparent back, and the observed images were recorded with a digital camera capable 

of high-speed capture. 

Gao et al. (2002) experimentally and numerically researched cavitation 

occurring behind a poppet valve cone for water systems. The structure of the valve is 

simplified with the two-dimensional axially symmetrical model of the flow resolved by 

using the k - 휀turbulence model and the mixing model. Thanks to this model, the 

recirculation zones outlet of the valve, which dramatically affects the intensity of 

cavitation, were estimated. They also performed experimental flow visualization with 

the help of a high-speed video camera to capture cavitation images. 

The cavitation zone empirically visualized and numerically estimated almost 

coincided. The volume fraction of the numerically estimated water vapor distribution 

showed that cavitation occurred mainly behind the orifice and at the corner of the 

conical valve seat. They observed that flow rate and geometry change dramatically 

affect the intensity of cavitation. They also showed that the rise in the outlet pressure 

can suppress the onset of cavitation. 

 

 

 

 

 



45 

CHAPTER 3 

MATERIAL AND METHODS 

3.1. Computational Fluid Dynamics (CFD) 

Computational fluid dynamics is a method used to analyze all kinds of fluid 

motion for different boundary conditions. CFD is based on solution techniques of the 

differential equations that define the motion of the fluid such as continuity, momentum, 

and energy equations. These equations are solved by numerical techniques to obtain 

flow parameters such as velocity, temperature, pressure and density etc. 

Computational fluid dynamics is widely used in today's engineering R&D 

studies. With the help of CFD, many parameters related to the flow can be found, such 

as the pressure distribution on the wings of the aircraft, the distribution of the airflow 

formed around a wind turbine, the velocity of the air formed around a moving car, or 

the analysis of the flow in the valves, pumps, pipes used in fluid transmission lines. 

Thanks to the developments in CFD theory and computer software in recent years, it has 

enabled high turbulent flows and dynamic systems to be numerically analyzed and 

simulated in the virtual environment. 

Solidworks Flow Simulation was used in the numerical solution processes 

within the scope of this project. 

3.1.1. Capabilities of Flow Simulation Software 

It is doable to examine a variety of heat transfer and fluid flow phenomena with 

Flow Simulation. Some of those (Solidworks Flow Simulation Tech. Ref., 2012): 

 External and internal fluid flows 

 Steady-state and time-dependent fluid flows 

 Compressible gas and incompressible liquid flows 

 Fluid flows with boundary layers, including wall roughness effects 

 Laminar and turbulent fluid flows 

 Multiple liquids and multi-component solids 

 Fluid flows in models with moving / rotating surfaces and parts 

 Various types of thermal conductivity in a solid environment 

 Fluid flow and heat transfer in porous media 
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 Cavitation in incompressible water flows 

 Compressible fluid flows 

 Equilibrium volume condensation of water from vapor and its effect on heat 

transfer and fluid flow 

 Real gases 

 Two-phase (liquid + particles) flows 

3.1.2. Mathematical Formulation 

Flow Simulation solves formulations of conservation of mass, momentum, and 

energy for fluid flows. These equations are supported by equations of liquid state that 

describe the nature of the fluid, and experiential dependencies of fluid density, thermal 

conductivity and viscosity on temperature. Incompressible fluids are evaluated with 

their dynamic viscosity being dependent on flow temperature and shear rate, while 

compressible fluids are evaluated with their density depending on pressure. 

Reynolds Number 

Flow Simulation can predict both laminar and turbulent flows. When the 

Reynolds number drops below a specified critical value, laminar flows occur. Turbulent 

flows occur when the Reynolds number goes beyond a certain critical value, that is, 

flow parameters begin to fluctuate indiscriminately (Solidworks Flow Simulation Tech. 

Ref., 2012). Commonly, Re can be expressed as for two-phase flow: 

Re = 
𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=  

𝑉𝐷

𝑣
=  

𝜌𝑉𝐷

𝜇
 (3.1) 

where the 𝜌 is the density, D is the characteristic length, 𝜇 and v represent the dynamic 

viscosity and kinematic viscosity respectively. 

As an example, flow regime of a round pipe flow is classified according to 

Reynolds number (Pritchard, 2011): 

 Laminar flow Re ≤2300  

 Transitional flow 2300 ≤Re ≤4000  

 Turbulent flow Re ≥4000 

Flow Simulation was mainly developed to simulate turbulent flows, since most 

of the fluid flows encountered in engineering applications are turbulent flows with high 

Reynolds numbers. In order to estimate turbulent flows, time averaged Navier-Stokes 

equations are used that take into account the time-averaged effects of flow turbulence 

on flow parameters. Solving Navier-Stokes equations directly, as well as solving large 
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scales and modeling small scales, is not a realistic option for design purposes when the 

required computer storage and computer speed are considered. Equations such as time 

averaged Navier-Stokes are preferred, as an average value of flow is generally sufficient 

for design purposes (Solidworks Flow Simulation Tech. Ref., 2012).  Through this 

procedure, extra terms known as Reynolds stresses appear in equations for which 

additional information must be provided to close this system of equations. Flow 

Simulation uses transport equations for turbulent kinetic energy and dissipation rate, 

called the k-ε model. 

 k- ε Model 

The widely known and used k-휀 model is a two-equation eddy viscosity model. 

This model was first described by Jones and Launder (1972) and Launder and Sharma 

(1974). 

The k-휀 model was developed to improve the mixing length model and avoid the 

algebraic difficulties of turbulent length scale in complex flows (Bardina, et al., 1997). 

Transport equations are solved for two scalar properties of turbulence. The first of these 

equations, the k-equation, is a model of the transport equation for turbulent kinetic 

energy, and the second, 휀-equation, is a model for the dissipation rate of turbulent 

kinetic energy. 

This model has shown very good results for free shear layer flows with relatively 

small pressure gradients. The model fits well with experimental results for zero and 

small mean pressure gradients at wall-bounded flows. However, the model is less 

accurate for large reverse pressure gradients. The k-휀 model requires open wall damping 

functions and the use of fine mesh spacing near solid walls (Bardina, et al., 1997). 

1.1.2.1. Governing Equations 

The conservation laws for mass, momentum, and energy can be written in the 

conservation form as follows: 

𝜕𝜌

𝜕𝑡
 + 

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖)=0 (3.2) 

𝜕𝜌𝑢𝑖

𝜕𝑡
 + 

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) + 

𝜕𝑝

𝜕𝑥𝑖
=  

𝜕

𝜕𝑥𝑗
(𝜏𝑖𝑗 +   𝜏𝑖𝑗

𝑅)+ 𝑆𝑖𝑖  = 1,2,3 
(3.3) 

𝜕𝜌𝐻

𝜕𝑡
 + 

𝜕𝜌𝑢𝑖𝐻

𝜕𝑥𝑖
 = 

𝜕

𝜕𝑥𝑖
(𝑢𝑗(𝜏𝑖𝑗 +  𝜏𝑖𝑗

𝑅) +  𝑞
𝑖
) + 

𝜕𝑝

𝜕𝑡
− 𝜏𝑖𝑗

𝑅 𝜕𝜌𝑢𝑖

𝜕𝑥𝑗
 +𝜌휀+ 𝑆𝑖𝑢𝑖 + 𝑄𝐻 

(3.4) 
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H = h + 
𝑢2

2
 

(3.5) 

wherei& j= 1, 2, 3, ρ is the fluid density, u is the fluid velocity, 𝑆𝑖is a mass-distributed 

external force per unit mass due to a porous media resistance and buoyancy (𝑆𝑖= 

𝑆𝑖
𝑝𝑜𝑟𝑜𝑢𝑠

+𝑆𝑖
𝑔𝑟𝑎𝑣𝑖𝑡𝑦

).𝑄𝐻is a heat sink  or source per unit volume, h is the thermal 

enthalpy, 𝑞𝑖 is the diffusive heat flux, 𝜏𝑖𝑘is the viscous shear stress tensor. 

In practice, the energy equation (3.4) for incompressible liquids differs from the 

other two equations. Heat transfer and thus the energy equation is not always the 

primary problem in an incompressible flow. For an incompressible flow at constant 

temperature, the energy equation (and hence temperature) may drop, thus solving only 

the mass and momentum equations to obtain the velocity and pressure fields. 

The viscous shear stress tensor for Newtonian fluids is expressed as in Equation 

(3.6): 

𝜏𝑖𝑗  = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+ 

𝜕𝑢𝑗

𝜕𝑥𝑖
−  

2

3
𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘
) (3.6) 

Following the Boussinesq assumption, the Reynolds-stress tensor has the 

following form: 

𝜏𝑖𝑗
𝑅

 =𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+  

𝜕𝑢𝑗

𝜕𝑥𝑖
−  

2

3
𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘
) −

2

3
𝜌k𝛿𝑖𝑗 (3.7) 

𝛿𝑖𝑗is the Kronecker delta function (it is equal to unity when i= j and zero otherwise), 

𝜇is the dynamic viscosity, 𝜇𝑡 is the turbulent eddy viscosity and k is the turbulent 

kinetic energy.  

In the frame of the k-ε turbulence model, 𝜇𝑡is defined using two basic 

turbulence properties, these are the turbulent kinetic energy k and the turbulent 

dissipation rate ε: 

𝜇𝑡= 𝑓𝜇
𝐶𝜇 𝜌𝑘2

𝜀
   (3.8) 

𝑓𝜇is a turbulent viscosity factor: 

𝑓𝜇 = [1 − 𝑒𝑥𝑝 (−0.025𝑅𝑦)]
2
. (1 +  

20.5

𝑅𝑇
)   (3.9) 

𝑅𝑇 = 
𝜌𝑘2

𝜇𝜀
 ,    𝑅𝑦 = 

𝜌√𝑘𝑦

𝜇
 

(3.10) 
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wherey is the distance from the wall. This function allows taking into account the 

laminar-turbulent transition. 

Turbulent kinetic energy and turbulent dissipation equations are given as: 

𝜕𝜌𝑘

𝜕𝑡
 +

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑘)= 

𝜕

𝜕𝑥𝑖
((𝜇 +  

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
)+𝑆𝑘 (3.11) 

𝜕𝜌𝜀

𝜕𝑡
 +

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖휀)= 

𝜕

𝜕𝑥𝑖
((𝜇 + 

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑖
)+𝑆𝜀 

(3.12) 

where the source terms 𝑆𝑘and 𝑆𝜀are defined as: 

𝑆𝑘 = 𝜏𝑖𝑗
𝑅 𝜕𝑢𝑖

𝜕𝑥𝑗
– 𝜌휀 + 𝜇𝑡𝑃𝐵 (3.13) 

𝑆𝜀 = 𝐶𝜀1
휀

𝑘
(𝑓1𝜏𝑖𝑗

𝑅 𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝜇𝑡𝐶𝐵𝑃𝐵) – 𝐶𝜀2𝑓2

𝜌휀2

𝑘
 

(3.14) 

𝑃𝐵is the turbulent generation due to buoyancy forces: 

𝑃𝐵 = 
𝑔𝑖

𝜎𝐵

1

𝜌

𝜕𝜌

𝜕𝑥𝑖
 (3.15) 

where𝑔𝑖 is the component of gravitational acceleration in direction𝑥𝑖 , the constant 𝜎𝐵= 

0.9, and constant 𝐶𝐵 is defined as: 𝐶𝐵= 1 when 𝑃𝐵> 0, and 0 otherwise (Solidworks 

Flow Simulation Tech. Ref., 2012); 

𝑓1 = 1 + (
0.05

𝑓𝜇
)

3

 ,  𝑓2 = 1 − exp(−𝑅𝑇
2) (3.16) 

The constants 𝐶𝜇, 𝐶𝜀1, 𝐶𝜀2, 𝜎𝑘,𝜎𝜀 are defined empirically. In Flow Simulation the 

following typical values are used: 

𝐶𝜇 = 0.09, 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92, 𝜎𝜀 = 1.3, 𝜎𝑘 = 1 

These equations are valid for both laminar and turbulent flows. Moreover, it is 

possible to switch from one situation to another and back. For completely laminar 

flows, the k and 𝜇𝑡  parameters are zero. 

3.1.3. Laminar and Turbulent Boundary Layer Model 

In flow simulation, a laminar or turbulent boundary layer model based on the 

Wall Functions Approach is used to identify flows near the wall. 
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3.1.3.1. Wall Functions 

The k-ε turbulence model is valid only in the fully developed field of turbulence 

and therefore does not perform well in the region near to the wall. Two ways are 

suggested to achieve good performance in this region (Liu, 2016). The first way is to 

modify the turbulence models to allow the area affected by viscosity to dissolve with 

the entire mesh up to the wall. When using a modified low Reynolds turbulence model 

to resolve the area close to the wall, center of t the first cell should be placed in the 

viscous sublayer. Since this approach leads to the need for an abundant mesh number, a 

significant computational resource is required. A second method is to use the wall 

functions that can model the area close to the wall. Wall functions can be defined as 

experimental equations used to meet flow physics in the area close to the wall. To 

ensure the accuracy of the result, the center of the first cell must be placed in the log-

law area. Wall functions aim to bridge the inner region between the wall and the fully 

developed region of turbulence in order to provide near-wall boundary conditions for 

momentum and turbulence transport equations (Versteeg &Malalasekera, 2007). These 

two approaches are depicted schematically in Figure 3.1. In the near-wall model 

approach, the area near the wall is resolved to the wall, and turbulence models prevail 

throughout the near wall region. In the wall function approach, the region affected by 

viscosity is not resolved, but instead is bridged by wall functions. This distinction is 

shown in Figure 3.1. 

 
Figure 3. 1. The two approaches for near-wall mesh (Source: Gole, 2020) 
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The Near Wall Region 

The wall function approach was first proposed by Launder and Spalding in 1972 

(Wojtkowiak, et al., 2006).The requirement of using the wall functions is to find the 

first cell center in the wall to be located in the logarithmic layer. 

In order to know in which situation the wall functions approach can be used 

correctly, it is necessary to introduce a region close to the wall. Some parameters used 

to describe the zone close to the wall are as follows: 

𝑦+ = 
𝑦 × 𝑢𝑇

𝜈
 (3.17) 

𝑢𝑇 = √
𝜏𝑤

𝜌
 

(3.18) 

𝜏𝑤= 
1

2
𝐶𝑓𝜌𝑈∞

2  
(3.19) 

𝐶𝑓 = 0.0576(𝑅𝑒)𝑑

−
1

5 
(3.20) 

where 𝑢𝑇 is the so-called friction velocity, v is the kinematic viscosity, y is the distance 

from the wall, 𝜏𝑤is the wall shear stress, 𝜌 is the density, and 𝐶𝑓is friction coefficient 

assuming flat plate. The value of y+ of the first cell is essential since it judges where the 

first cell is located (Liu, 2016). 

 The dimensionless velocity is given by 

𝑢+ = 
𝑢

𝑢𝑇
 (3.21) 

The region close to the wall can be divided into 3 regions: viscous sublayer, 

buffer layer and logarithmic region. These regions are shown in Figure 3.2. 



52 

 
Figure 3. 2. Turbulent boundary layer near the wall 

 The viscous sublayer (𝒚+<5) 

In the viscous layer, the fluid is dominated by viscous motion and therefore the 

shear stress of the fluid is assumed to be equal to the wall shear stress 𝜏𝑤. In the viscous 

layer, the viscous stress determines the flow and the velocity profile is the liner. In this 

case; 

𝑢+ = 𝑦+ (3.22) 

 The Logarithmic Layer (30 <𝒚+< 200) 

Turbulent stress dominates the flow in the logarithmic layer. The velocity profile 

changes quite slowly with a logarithmic function through with the y distance, as seen in 

Figure 3.2. 

𝑢+ = 
1

Ƙ
×ln(E𝑦+) (3.23) 

whereƘ is the Von Karmon constant which is equal to 0.41 and E is 9.8 for the smooth 

wall, zero pressure gradient boundary layer flows (Liu, 2016). 

 

 

 The Buffer Layer 

The buffer layer is called the transition area between the turbulent-weighted part 

of the flow and the region where viscosity prevails. Turbulent and viscous stresses are 

of the same magnitude and the velocity profile is not well defined as they are complex.  
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3.1.4. Cavitation 

There are two cavitation models in Flow Simulation: Engineering cavitation 

model and Isothermal cavitation model. 

 Engineering cavitation model: Available only for predefined water, this 

model uses a homogeneous equilibrium approach taking thermal effects into 

account. 

 Isothermal cavitation model: Based on the approach that makes isothermal 

assumption and uses two-phase flows, and is only available for user-defined 

incompressible fluids. 

In this study, an engineering cavitation model is applied due to computer power 

and time constraints. It is assumed that the fluid is a gas-liquid mixture in 

inhomogeneous equilibrium with the gas phase consisting of dissolved gas and vapor. 

The mass fraction of the vapor is described under local equilibrium thermodynamic 

circumstances. The velocities and temperatures of the gaseous and liquid phases are 

assumed to be the same. The density of the gas-liquid mixture is calculated as 

(Solidworks Flow Simulation Tech. Ref., 2012): 

𝜌 = 
1

𝑣
 (3.24) 

v = 𝑦𝑔
𝑅𝑢𝑛𝑖𝑣𝑇

𝑃𝜇𝑔
+ (1 −𝑦𝑔 − 𝑦𝑣) 𝑣𝑙 (T,P) + 𝑦𝑣

𝑅𝑢𝑛𝑖𝑣𝑇𝑧𝑣(𝑇,𝑃)
𝑃𝜇𝑣

 
(2.25) 

wherev is the specific volume of the gas-liquid mixture and 𝑣𝑙is the specific volume of 

liquid. 𝑧𝑣 (T, P) is the vapor compressibility ratio, 𝑅𝑢𝑛𝑖𝑣is the universal gas constant, P 

is the local static pressure, T is the local temperature, 𝑦𝑣is the mass fraction of vapor, 𝜇𝑣 

is the molar mass of vapor, 𝑦𝑔is the mass fraction of the non-condensable gas; 𝜇𝑔is the 

molar mass of the non-condensable gas.  

The mass fraction of the vapor 𝑦𝑣 is calculated numerically from the equation 

given for the full enthalpy gas-liquid mixture: 

H = 𝑦𝑔ℎ𝑔(T,P) + (1−𝑦𝑔 − 𝑦𝑣 ) ℎ𝑙(T,P) + 𝑦𝑣ℎ𝑣(T,P) + 
𝐼𝑐𝑣2

2
+ 

5

2
 k (3.26) 

𝐼𝑐 = (𝜌𝑢𝑥)2 + (𝜌𝑢𝑦)2 + (𝜌𝑢𝑧)2 (3.27) 

in which temperature T is a function of pressure P and 𝑦𝑣.k is the turbulent energy.ℎ𝑣, 

ℎ𝑙, ℎ𝑔 are the enthalpies of non-condensable vapor, liquid and gas, respectively.  
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In this study, volume fraction of vapor was used instead of mass fraction of the 

vapor. This value varies between 1 and 0. A value of 1 indicates a 100% vapor bubbles. 

3.2. Simulation and Procedure Modeling 

The geometry, mesh, and solver settings must be defined for the CFD code to 

calculate the required results. A series of CFD simulations are performed to describe the 

effects of varying geometry parameters such as diameters, flow parameters. 

Solidworks Flow Simulation version 2019 was used in this study. A 3D solid 

model of the plunger valve is created and the cavitation solver option is selected. 

3.2.1. Generating the model and describing the geometry 

Geometry modeling was done in the Solidworks. The model was first drawn in 2 

dimensions and then revolved and make it 3 dimensional. The model inner diameter and 

pipe diameter are in DN300 standard dimensions. The direction of movement of the 

clack is in the x direction (it opens and closes by moving back and forth) and it is 

designed in 9 different openings from 0 to 90 degrees. 2D and 10D diameter long pipes 

have been placed at the inlet and outlet of the valve, respectively in order to create well 

defined boundary conditions (ISA-RP75.23). 

Model dimensions for DN300: 

Diameter:            300 mm 

Width:                 455 mm 

Clack diameter:   250 mm 

2D drawings of the DN300 diameter plunger valve are given in Figure 3.3. 

 
Figure 3. 3. 2D drawing of DN300 plunger valve 
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Since the geometry is symmetrical, only half of the system representing the entire 

domain considered was used to reduce the computational cost and simulation work. A 

3D drawing of half of the DN300 plunger valve is shown in the Figure 3.4. The arrow in 

Figure 3.4 indicates the flow direction from the inlet section. 

 
Figure 3. 4. 3D drawing of half of the DN300 plunger valve 

The 3D drawings of the DV-20 Slot, DV-40 Slot and DV20 Orifice, DV-40 

Orifice cavitation cages are shown in Figures 3.5 and 3.6, respectively. 2D drawings are 

given in Appendix A. 

  
Figure 3. 5. 3D illustration of DV-20 Slot and DV-40 Slot, respectively 

 

 
 

Figure 3. 6. 3D illustration of DV-20 Orifice and DV-40 Orifice, respectively 

The area where the water passes through the cavitation cages is given in Table 

3.1. 
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Table 3.1. Total opening areas in cavitation cages 

Cage Type Area(mm2) 

DV-20 Slot 12845.31 

DV-40 Slot 23121.56 

DV-20 Orifice 12666.9 

DV-40 Orifice 20357.52 

3.2.2. Generating Mesh 

A good mesh capability is essential for successful numerical and mathematical 

simulations. For 3D simulation, making a small change in the flow region will result in 

a significant change in element count. If there is a large increase in the number of 

elements, this will cause a significant increase in the calculation time. To balance the 

precision and (CPU) time of the simulations, an optimum mesh size must be selected. 

The Flow Simulation computational mesh is rectangular. Therefore, the edges of 

the mesh cells are perpendicular to the specified axes of the Cartesian coordinate 

system. Because of they do not fit the solid and fluid interface; the solid and fluid 

interface cuts the mesh cells close to the wall. These rectangular cells (cut cells) 

intersecting the surface is processed according to the boundary conditions defined on 

the surface (Solidworks Flow Simulation Tech. Ref., 2012). 

The Wall Function equations are used to select the minimum mesh size next to 

the wall. By giving various 𝑦+ values, the pressure values on the x-axis were compared 

with the experimental values and the most suitable boundary layer mesh was 

determined. 

 

Table 3.2. Cell number based on various y-values 

𝑦+ value Minimum mesh height [mm] Cell Number [million] 

30 0.12 9 

60 0.22 7.6 

150 0.66 6.5 

Various 𝑦+ values are given and the minimum mesh size in the boundary layer 

has been calculated. Based on these mesh sizes, the mesh has been assigned and 

analyzed. Static pressure was measured at certain x locations throughout the system and 



57 

compared with experimental results. These comparisons are shown in Figure 3.7 that 

follow. 

 
(a) 

 
(b) 

 
(c) 

Figure 3. 7. Mesh illustration for (a)𝑦+= 30, (b) 𝑦+= 60 and (c) 𝑦+= 150 
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(a) 

 
(b) 

 
(c) 

Figure 3. 8. CFD and experimental static pressures versus x-location for 𝑦+= 30 (a), 

𝑦+= 60 (b) and 𝑦+= 150 (c) 
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When the experimental and numerical results are compared according to the 

𝑦+values, it is understood that the most suitable 𝑦+ value is 60 shown in Figure 3.8 (b). 

Accordingly, the minimum mesh height in the boundary layer is 0.22 mm and the mesh 

number is 7.6 million.  

As seen in Figure 3.8, the smallest mesh height is smaller and the number of 

meshes is higher, which does not lead to the correct result. Thus, it is seen that the 

region with viscosity effect close to the wall does not need to be resolved by dividing it 

into dense grids. When high y
+
 value is used, the laminar sublayer is captured in 

extreme detail and the boundary layer does not pass into the logarithmic region until it 

is well into the free flow. As a result, there are cells that are not aligned with the 

direction of flow, and therefore the boundary layer profile cannot be resolved well. 

Hence the drag or pressure drop calculations affect. 

3.2.3. The CFD Modeling 

Single phase flow was preferred to examine flow characteristics and two-phase 

flow to examine cavitation in this study. Since the two-phase flow requires a lot of time 

and simulation work, it is not necessary to use it while examining the flow 

characteristics. All simulations were executed as 3D and k-𝜺 model was chosen in all of 

them. 

3.2.4. Boundary Conditions 

Initial and boundary conditions should be defined in CFD problems. The user 

must specify these conditions correctly and understand their role in the numerical 

algorithm. Some of the most common boundary conditions are: inlet, outlet, Wall, 

prescribed pressure, symmetry and periodicity (Versteeg & Malalasekera, 2007). 

All model openings are classified based on flow boundary conditions, including 

pressure openings, flow openings and fans in the Flow Simulation. In this study, 

internal boundary conditions and pressure opening boundary conditions have been 

applied. 

A pressure opening boundary condition, which can be static pressure, total 

pressure or ambient pressure, is applied when the magnitude or direction of flow at the 

pattern opening is unknown. These three parameters are determined depends on the 

known parameter. By Flow Simulation, ambient pressure is interpreted as total pressure 
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total pressure for inlet flows and static pressure for outlet flows (Versteeg & 

Malalasekera, 2007). 

In this study, the pressure boundary conditions have been applied by entering 

static pressure values at the inlet and outlet. Boundary conditions are given Table 3.3. 

Table 3.3. Pressure boundary conditions 

Surface Boundary Conditions 

Inlet Pressure Inlet 

Outlet Pressure Outlet 

3.3. Experimental Setup 

The experimental data used in this study comes from the tests performed at DVD 

Valves. In this section, experimental setup will be briefly mentioned. 

DN150, DN200, DN250 and DN300 diameter plunger valves have all been tested 

with cavitation cages. Water at the constant temperature is the main fluid used in this 

test procedure. The flow test system is given in Figure 3.9. Travel positions from 10 

degrees to 90 degrees at 10 degree intervals were used for a valve and the following test 

was performed for each movement position. The downstream plunger valve is in a 

travel or the fully open position that procures cavitation conditions in the test valve. The 

flow rate, the upstream pressure, the downstream pressure across and accelerometer 

levels was recorded with a preselected upstream pressure (1 bar). 
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Figure 3. 9. Flow test system 
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Some sensors have been used to detect cavitation and valve characteristic in the 

plunger valve. These sensors given in Figure 3.10 are as follows; 

 Piezoelectric accelerometer; measuring vibrations on the pipe, 

 The hydrophone probe; which is used to determine the noise of the bubbles 

inside the valve and pipe with the sound pressure level, 

 The dynamic pressure transducer; measuring the unstable dynamic 

fluctuations with the high frequency, 

 The static pressure sensor; which is to find the cavitation parameter and the 

pressure difference. 

  

  
Figure 3. 10. Accelerometer, dynamic pressure sensor, hydrophone and static pressure 

sensor, respectively 

The pressure tap on the inlet side is two nominal pipe diameters from the test 

sample connection and the outlet pressure tap is 10 nominal pipe diameters from the test 

sample connection (ISA-RP75.23, 1995). Static pressure sensors were placed on the 

downstream pipe at 2D intervals, 1D distance from the dynamic pressure sensor and 

accelerometer test valve, and finally 1.5D from the hydrophone test valve. This 

sequence is shown in Figures 3.11 and 3.12. 
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Figure 3. 11. Experimental setup 

 

 

 
Figure 3. 12. Experimental setup in the facility 

The data and signals received from the sensors reach the data acquisition system. 

Data were transferred to Labview software and measurements were obtained. From 

here, flow characteristics have been evaluated. Cavitation numbers were calculated with 

the formula given in Equation (1.30).A plot of cavitation numbers versus a log / log (or 

semi-log) acceleration plot was created for each test performed on a given travel. A 

separate drawing is made for each tested motion position. Incipient cavitation number 

and critical cavitation number, which are the inflection points of the cavitation curve 

with the intersection of straight line segments, were determined where possible from 

these plots. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

The results obtained from numerical simulations and their comparison with 

experimental results is given in this section. The simulations were performed as single-

phase to investigate valve characteristics and two-phase for cavitation investigation. The 

reason for this is that there was not enough time to perform the analysis of 5 different 

valve diameters in the valve characteristic calculations because the two-phase analysis 

takes about 30 hours. However, for cavitation investigation, only one diameter was 

analyzed and scale effects were applied for other diameters. 

4.1. Single phase analysis of Plunger Valve 

Steady-state simulations for various valve diameters were carried out using the 

k-𝜺 turbulence model considering a single phase flow. Cavitation model is not enabled 

in these simulations. Pressure values were defined as 1 bar for the inlet pressure and 0 

bar for the outlet pressure. The simulated values obtained were compared with the 

experimentally measured values. 

4.1.1. Volume Flow Rate 

As a result of modeling the flow through the plunger valve, without using a 

cavitation cage and using 4 different cavitation cages; the flow rates obtained for the 

inlet pressure 1 bar and the outlet pressure 0 bar at all opening positions of the clack are 

shown in Figure 4.1. 
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Figure 4. 1. Valve openings versus flow in plunger valve with DV-Slot20, DV-

Slot40, DV-Orifice20, DV-Orifice40 and without ring 

It is seen that the amount of flow through the cavitation cage DV-Slot20 and 

DV-Orifice20 is almost the same. Likewise, flow rates passing through DV-Slot40 and 

DV-Orifice40 cages are close to each other. This is because the open areas in the cages 

to pass water are very close to each other. 

 
Figure 4. 2. Experimental and numerical volume flow rates without cage 
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Experimental and numerical volume flow rates without cavitation cage are 

shown in Figure 4.2. The maximum error is below 8 percent. Experimental and 

numerical results are in good agreement. 

4.1.2. Pressure Effect 

In any flow system, in a single-phase or two-phase flow, pressure is one of the 

most important factors affecting hydraulic design. In this study, the pressure gauge is an 

important element in determining the inlet and outlet pressure of the valve. At the valve 

outlet, the pressure caused vapor bubbles to form in areas where the pressure fell below 

the vapor pressure. 

This section shows the pressure drops along the 10D pipe at the valve outlet with 

and without various cavitation cages. Simulation results are compared according to their 

openings. In the following figures, the pressures of 5 different conditions at the valve 

outlet at 20, 50 and 90 degree openings are shown. 

  

  

  
Figure 4. 3. Pressure change isolines of 20, 50 and 90 degree openings of cavitation 

cage-less plunger valve, respectively 
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Figure 4. 4. Pressure change at the valve outlet in case of no ring at 20, 50 and 90 

degree openings 

Figure 4.3 shows the pressure change in the cage-less valve and at the valve 

outlet at 20, 50 and 90 degrees openings. It is seen that the pressure drop is very high 

from the frequency of the lines at 90 degrees. The reason for this is that the velocity 

increases as the volume flow rate increases. According to the Bernoulli principle, the 

pressure decreases with increasing velocity. The 90 degree opening with maximum 

pressure drop at the valve outlet shown in Figure 4.4 can be explained in this way. In 

addition, since the velocity difference will increase with the narrowing of the area at the 

valve inlet, pressure drops are more common than small openings with less velocity 

difference. 
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Figure 4. 5. Pressure change isolines of 20, 50 and 90 degree openings of plunger 

valve with DV-40 Slot, respectively 

 

 

 
Figure 4. 6. Pressure change at valve outlet with DV-40 Slot at 20, 50 and 90 degree 

openings 

Figure 4.5 shows the pressure change in and out of DV-40 Slot cavitation cage 

valve at 20, 50 and 90 degree openings. Figure 4.6 represents the pressure drops on the 

x-axis starting from the valve outlet. When Figure 4.4 and 4.6 are compared for 90 
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degree opening, it is seen that the pressure drop is less when the cavitation cage is used. 

Looking at Figures 4.3 and 4.5, it is seen that the pressure drop is concentrated only 

around the cage in the caged valve, but it is spread over a wide area in the other. This 

indicates that the cage minimizes the cavitation area. 

  

 
 

 
 

Figure 4. 7. Pressure change isolines of 20, 50 and 90 degree openings of plunger 

valve with DV-20 Slot, respectively 

 

 
Figure 4. 8. Pressure change at valve outlet with DV-20 Slot at 20, 50 and 90 degree 
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openings 

Figure 4.7 shows the pressure change in and out of DV-20 Slot cavitation cage 

valve at 20, 50 and 90 degree openings. It is seen that the pressure drop from the 

frequency of the 90 degree lines is higher than the other openings. As the volume flow 

rate increased, the velocity increased and the pressure decreased. Figure 4.8 represents 

the pressure drops on the x-axis starting from the valve outlet. 

  

 
 

  
Figure 4. 9. Pressure change isolines of 20, 50 and 90 degree openings of plunger 

valve with DV-20 Orifice, respectively 
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Figure 4. 10. Pressure change at valve outlet with DV-20 Orifice at 20, 50 and 90 

degree openings 

Figure 4.9 shows the pressure change in and out of DV-20 Orifice cavitation 

cage valve at 20, 50 and 90 degree openings. Figure 4.10 represents the pressure drops 

on the x-axis starting from the valve outlet. It is seen that the pressure drop increases 

with the increase of the flow towards the 90 degree opening. When Figures 4.8 and 4.10 

are compared, it is seen that the pressure drop in the DV-20 Slot cavitation cage is much 

higher. The area where the water passes is almost the same in these two cages (Table 

3.1). The reason for this difference is that the flow is divided into many smaller jets. 
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Figure 4. 11. Pressure change isolines of 20, 50 and 90 degree openings of plunger 

valve with DV-40 Orifice, respectively 

 

 

 
Figure 4. 12. Pressure change at valve outlet with DV-40 Orifice at 20, 50 and 90 

degree openings 

Figure 4.11 shows the pressure change in and out of DV-40 Orifice cavitation 

cage valve at 20, 50 and 90 degree openings. Figure 4.12 represents the pressure drops 

on the x-axis starting from the valve outlet. 

As can be seen from the graphs above, as the opening degree of the valve 

increases, the pressure drop at the valve outlet increases. In addition, as can be seen 
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from the graphics, the use of DV-20 Slot and DV-20 Orifice cavitation cages with less 

water passage area create less pressure loss compared to DV-40 Slot and DV-40 Orifice 

cages. The reduction in the flow field created by the cavitation cage causes a large 

velocity gradient as the flow must accelerate to maintain the flow rate. This situation 

causes a pressure loss to decrease.  

4.1.3. Valve Characteristic 

The flow characteristics of the plunger valve are defined by the flow coefficient 

𝐶𝑣and loss coefficient 휁 that can be calculated with Equations (1.10) and (1.12).  

The following figures show the plots of flow coefficient and loss coefficient for 

all openings for plunger valves without cage and with 4 different cavitation cages. 

 
Figure 4. 13. Experimental and numerical flow coefficient versus valve opening values 

without cavitation cage 
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Figure 4. 14. Experimental and numerical loss coefficient versus valve opening values 

without cavitation cage 

The results of the experimental and numerical studies performed without using 

the cavitation cage are shown in Figure 4.13 and Figure 4.14. It appears that the results 

at openings greater than 30 degrees overlap. The error is around 35 percent at 10 and 20 

degree openings, while the error is below 5 percent at other openings. 

 
Figure 4. 15. Experimental and numerical flow coefficient versus valve opening values with 

DV-20 Slot 
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Figure 4. 16. Experimental and numerical loss coefficient versus valve opening values with 

DV-20 Slot 

The results of the experimental and numerical studies performed by installing 

the DV-20 Slot cavitation cage are shown in Figure 4.15 and Figure 4.16. From these 

results, it can be seen that the flow and loss coefficients at openings higher than 60 

degree openings coincide. The maximum error is 19 percent in the openings between 10 

and 60 degrees, while the error is below 2 percent in other openings. 
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Figure 4. 17. Experimental and numerical flow coefficient versus valve opening 

values with DV-40 Slot 

 

 
Figure 4. 18. Experimental and numerical loss coefficient versus valve opening values with 

DV-40 Slot 

The results of the experimental and numerical studies carried out by installing 
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aperture. The maximum error is 20 percent at openings between 10 and 50 degrees, 

while the error is less than 5 percent at other openings. 

 
Figure 4. 19. Experimental and numerical flow coefficient versus valve opening values with 

DV-20 Orifice 

 

 
Figure 4. 20. Experimental and numerical loss coefficient versus valve opening values with 

DV-20 Orifice 

The results of the experimental and numerical studies performed by installing 
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openings. The maximum error is 20 percent at openings between 30 and 70 degrees, 

while the error is less than 4 percent at other openings. 

 
Figure 4. 21. Experimental and numerical flow coefficient versus valve opening values with 

DV-20 Orifice 

 
Figure 4. 22. Experimental and numerical loss coefficient versus valve opening values 

with DV-40 Orifice 
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were not in good agreement. In this case, the maximum error is 38 percent and the 

minimum error is 12 percent. 

From these results, the general observation regarding the flow coefficient and 

loss coefficient of the valve is made. The first is that the numerically predicted valve 

characteristic in all valves fits qualitatively to the experimentally determined valve 

characteristic. Second, the quantitative values of experimentally determined 𝐶𝑣 and 휁 

appear to be in close agreement with the values modeled at high percent openings. 

However, in cases where the opening percentage is lower, the discrepancy between 

numerical and experimental values starts to increase. 

One of the reasons for these discrepancies is cavitation. Because of the 

cavitation option is not used in the numerical solution. When cavitation occurs, a 

decrease in flow can be predicted. Another reason is the recoil of the clack with the 

applied pressure. Because the clack is a moving part. There are small gaps in the crank 

mechanism caused by production. When the clack is exposed to high pressure, it moves 

a little by making use of these gaps. This situation cannot be created in the simulation 

environment and may cause flow rate differences. Conditions such as the purity of the 

water used in the experiment and the roughness of the surface also affect the results. 

4.2. Two-phase Analysis of Plunger Valve 

The results of two phase analysis are shown in this section by applying the 

cavitation model to the 3D model. By keeping the inlet pressure constant at 1 bar, the 

outlet pressure was changed and the vapor volume was observed. Boundary conditions 

are given in Table 4.1. 

Table 4.1. Pressure boundary conditions for two phase simulations 

Boundary 

Conditions 

Static Pressure 

Inlet [Bar] 

Static Pressure 

Outlet [Bar] 

Case 1 1 0 

Case 2 1 0.1 

Case 3 1 0.15 

Case 4 1 0.2 

Case 5 1 0.3 

Case 6 1 0.35 

Case 7 1 0.4 

Case 8 1 0.45 

Case 9 1 0.5 

Case 10 1 0.4 
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4.2.1. Vapor Volume Fraction 

The vapor volume fraction contours show the gas phase diffusion and formation 

in the outlet zone of the valve. As the outlet pressure decreases, the gas phase’s volume 

at the outlet of the valve increases and thus the cavitation length and amount increase. 

The vapor volume fraction contours for 60 degree opening is shown in the following 

figures for different outlet pressures. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4. 23. Vapor volume fraction for 𝑃𝑜𝑢𝑡 = 0.05 (a), 0.1 (b), 0.2 (c), 0.3 (d), 0.4 

(e) and 0.5 (f) bars 
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As it can be seen from the figures above, as the outlet pressure increases, in 

other words, as the pressure drop decreases, the vapor ratio decreases. 

The same steps were performed for all openings. When plotting the volume 

fraction of vapor versus the pressure drop, a plot similar to the plot given in Figure 1.9 

is obtained. The onset of cavitation can be easily determined from here. The following 

figure shows the vapor volume versus the pressure drop for all openings. 
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Figure 4. 24. Volume of fraction versus the cavitation number for all openings 
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The point where the volume fraction of water vapor increases sharply indicates 

the beginning of cavitation. The points indicated by arrows in the graphs above indicate 

the incipient cavitation. Hence, the cavitation numbers were calculated using Equation 

(1.15). 

Incipient cavitation parameters obtained as a result of two-phase simulations and 

the cavitation parameters obtained experimentally are given in Table 4.2. 

Table 4.2. Incipient cavitation numbers 

Openings [°] 
Numerical Cavitation 

Number [𝜎] 

Experimental 

Cavitation Number 

[𝜎] 

Error [%] 

10 2.14 2.2 4.61 

20 2.33 2.41 3.51 

30 2.47 2.98 17.15 

40 2.82 3.83 26.26 

50 3.04 4.26 28.54 

60 3.3 4.74 30.46 

70 3.59 4.94 27.18 

80 3.95 4.97 20.38 

90 4.39 4.99 11.96 

As can be seen from Table 4.2, the error is high, especially at 40, 50, 60 and 70 

degree openings. In general, experimental incipient cavitation numbers are higher than 

numerical values. One of the reasons for this may be the amount of dissolved oxygen 

present in the test fluid but not in the simulation. It is known that the amount of oxygen 

present in the working fluid changes the cavitation starting number. The increase in the 

amount of gas in the liquid promotes the growth of submicron bubbles by diffusion. 

Initial cavitation is greatly affected by the initial diffusion of dissolved gases to lower 

critical nuclei and is largely dependent on the presence of nuclei. Therefore, an increase 

in the presence of dissolved gas cores due to the high oxygen concentration leads to a 

higher cavitation start number (Mishra & Peles, 2004). Over the past 50 years, 

numerous other authors have spotted a similar trend in larger prototypes. This effect of 

dissolved oxygen concentration on the onset of cavitation is supported by Yan and 

Thorpe (1990). 

Another reason is that the k-휀 model has poor accuracy for large pressure 

gradients. However, only Solidworks Flow Simulation software is available in the 

business. This software also provides solutions only with the k-휀 model. 
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During experimental studies, the inlet pressure of the water supplied from the 

pump cannot be adjusted exactly 1 bar. Generally, the inlet pressure is set in excess of 

10 percent. This is one of the reasons for the high cavitation number.  

4.2.2. Cavitation Index and Valve Scale Effects 

Performing two-phase analyzes separately for all diameters are costly and 

requires a lot of time. Since the necessary conditions could not be met at this stage, 

scale effects mentioned in Chapter 1 were used. Calculations have been made for 

plunger valves of DN100, DN150, DN200 and DN250 diameters. Cavitation numbers 

obtained from simulations of DN300 diameter plunger valve were used as reference. 

To calculate the pressure scale effect from Equation 1.18, it is necessary to find 

the exponent 'a' value. The exponent, a, is found by measuring the slope of the log-log 

plot of𝜎versus (𝑃1 − 𝑃𝑣).A series of analyzes have been made for this and cavitation 

numbers have been determined for 4 different inlet pressures of 1, 3, 10 and 40 bar. The 

log-log plot of σ versus (𝑃1 − 𝑃𝑣) is given in Figure 4.25.  

 
Figure 4. 25. Cavitation number versus 𝑃1 − 𝑃𝑣 

From the slope of the graph in Figure 4.25, the ‘a’ value was found as 0.18. 

Since the inlet pressure will be calculated in the range of 1 outlet pressure 0 bar for the 

valves of other diameters, the cavitation number has been found as PSE = 1 from 

Equation 1.18 for the valves of other diameters. In the next step, the scale effect has 
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been calculated using Equations 1.39 and 1.20. Finally, the incipient cavitation numbers 

for 3 diameters were calculated from Equation 1.17 with reference to the DN300 

diameter. 

Incipient values of theoretical and numerical cavitation numbers for 50 degree 

openings are given in Table 4.3. 

Table 4.3.Theoretical and numerical cavitation numbers 

Diameter 
Numerical cavitation 

number 

Theoretical cavitation 

number 
Error (%) 

150 2.81 2.807 0.09 

200 2.92 2.9 0.65 

250 3 2.98 0.79 

Table 4.3 shows that the error is less than 1 percent. This means that there is no 

need to simulate all diameters. After simulations are performed for one diameter, Scale 

effect can be applied to other diameters. 

4.2.3. The Effect of Cavitation Cages 

The incipient cavitation values of plunger valves with the cavitation cage 

installed are given in Figure 4.26. 

 
Figure 4. 26. Incipient cavitation numbers of cavitation cages 
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As can be seen from the graphic, when no cavitation cage is used, the incipient 

cavitation value is quite high. This means that the valve must operate with a smaller 

pressure drop when it is without a cage. 

When using DV-20 Slot and DV-20 Orifice cavitation cages, there is a 

difference in the cavitation numbers, although the area through which the water will 

pass is almost the same (Table 3.1). This is because in the orifice cavitation cage, the 

flow will be split into much more jets. Since splitting the flow into many small jets 

decrease vibration and noise. Thus cavitation number is reduced. Likewise, the situation 

of DV-40 Orifice and DV-20 Slot cavitation cages can be explained. 

As a result, it is advantageous to use DV-40 Orifice and DV-40 Slot cavitation 

cages if the desired flow will be sufficient. The valve cavitates later so that damage to 

the valve at higher pressure drops is minimized. 

In Figure 4.27, experimental and numerical incipient cavitation numbers are 

shown for DV-20 Slot cavitation cage. The reasons for differences described in section 

4.2.1 are also valid for cages. 

 
Figure 4.27. Experimental and numerical cavitation numbers for DV-20 Slot 
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CHAPTER 5 

DESIGN OF VALVE SELECTION PROGRAM 

5.1. Scilab 6.1.1 

Scilab is a programming language associated with a rich collection of numerical 

algorithms covering many aspects of free and open source scientific computational 

problems. It can be used for signal processing, image enhancement, fluid dynamics 

simulations, statistical analysis, numerical optimization, modeling, and simulation of 

explicit and implicit dynamic systems. 

The language is a high-level, numerically focused programming language 

interpreted with matrices as the main data type. Using matrix-based computing, 

dynamic scripting, and automatic memory management, many numerical problems can 

be expressed with fewer lines of code than similar solutions using languages such as 

Fortran, C or C ++ (Tullis, 1989). 

5.2. Creating the Interface 

Scilab interface was created to display flow characteristic curves and cavitation 

curves through an interface. Scilab Gui tool was used for this purpose. In this section, 

the designed interface is introduced. 

The general view of the developed interface is given in Figure 5.1. 
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Figure 5. 1. The general view of the developed interface 

The language and valve features to be used in the area shown Figure 5.2 can be 

determined. After selecting the valve type, the pressure class and diameter of the valve 

are specified. Then, if a cavitation cage is not used, the No Ring tab is selected, if it is 

used, one of the 4 cavitation cages shown in Figure 5.3 is selected. 

 
Figure 5. 2. Language and valve feature 

 

 
Figure 5. 3. Cavitation cages 

In this part of the designed interface shown in Figure 5.4, the user is asked to 

write the operating conditions of the valve that the user wants. To begin with, the 

upstream and downstream pressures of the valve are entered, and then the maximum 
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and minimum flow rates that are required to pass through the valve are entered. Finally, 

the working temperature and atmospheric pressure of the water are entered. 

 
Figure 5. 4. Valve operating conditions 

After all the values requested from the user are entered, the values shown in 

Figure 5.5 are calculated by the program. The vapor pressure of the water at the 

working temperature, its density at the same temperature and the pressure difference, 

respectively, are shown in Figure 5.5. Subsequently at the maximum and minimum flow 

rate; the values for velocity, flow coefficient, pressure drop coefficient and valve 

opening degree are displayed respectively. 

 
Figure 5. 5. Calculated values 

In the first plot given in Figure 5.6, the red line shows the flow rate passing 

through all the openings in the diameter entered from the valve, while the blue lines 

show the required opening amount at the maximum and minimum flow that is desired to 

pass. 
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Figure 5. 6. Volume flow rate versus valve opening 

The following plot shows the flow coefficient 𝐶𝑣 versus opening values of the 

valve of the specified diameter. 

 
Figure 5. 7.Flow coefficient versus valve opening 

Figure 5.8 shows the cavitation parameters obtained. The bottom line 

corresponds to the cavitation numbers where the valve enters the critic cavitation for all 

openings. The dashed line corresponds to the incipient cavitation values. The horizontal 
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line is the cavitation numbers which are calculated according to the pressure data 

entered by the user. The green lines indicate the openings corresponding to the flow rate 

entered by the user. If the region where it intersects with the cavitation number line is at 

the bottom, it means there is a risk of cavitation, if it is above it means there is no 

cavitation. 

 
Figure 5. 8. Cavitation check 

The last plot shows the pressure drop, in other words the loss coefficient. 
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Figure 5. 9. Pressure drop coefficient 

 

 

 
Figure 5. 10. Equations 

In the region shown in Figure 5.10, there are formulas used to calculate the 

coefficients and the cavitation number, and there is a warning about the pressure range 

in which the test is performed. 
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CHAPTER 6 

CONCLUSION 

Cavitation in valves is a serious problem faced by engineers in various 

applications. The parameter used to measure the cavitation level is very popular and 

comes from early studies on the subject in the early twentieth century, thanks to Thoma 

and Leroux (Bianchi, 2005). 

The first goal in cavitation research is to find the cavitation limit that the valve in 

a particular system must comply with. Different limits have been defined in the 

literature: incipient cavitation, constant or critical cavitation, incipient damage, and 

choking cavitation. It is common for valve manufacturers to provide customers with an 

index called the limit recommended by the manufacturer. 

The first purpose of this research is to solve single-phase simulations to reach 

the unchanging characteristic properties of the valve such as flow coefficient and loss 

coefficient. The second purpose is to examine the onset of cavitation by solving two-

phase simulations. The ultimate goal is to provide a method for estimating the value of 

the incipient cavitation index. 

In the first part of Chapter 4, a comparison of valve characteristics with 

experimental results is given. In simulations using various cavitation cages, the error 

was found to be less than 10 percent except for some openings, and a good agreement 

with the experimental results was achieved. Based on these results, it has been seen that 

CFD studies can be made for larger diameter valves. In the second part of Chapter 4, the 

incipient cavitation number was investigated. Results from the CFD study were 

compared with experimental results and for some openings the error was too high to be 

accepted. However, the results are not too far from each other, indicating that it has the 

same trend. This work can be repeated with more effort and time, perhaps using another 

turbulence model. Finally, it was observed that the cavitation numbers obtained by 

using SSE equations for valves of different diameters coincided with the values 

obtained from the CFD analysis. This means that testing or analysis is not required for 

all diameters of valve. 

An interface prepared to obtain valve characteristics and cavitation control is 

presented in Chapter 5. In this way, the company will be able to directly convey 

information about the valve to its customers without spending any time. 
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Different analysis methods can be investigated in future studies. For example, 

time-dependent simulations should be made to better capture the onset of 

cavitation.Also analyzes can be performed and compared using several different 

turbulence models. Thus, the most suitable model can be determined. 
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APPENDICES 

APPENDIX A 

Numerical Constants for Cavitation equations 

Constant Units Used in 

Equation 

N d, D 

N1 
1.00 

0.00155 

in 

mm 

2D drawings of DV-20 Slot and DV-40 Slot cavitation cages 

 

2D drawings of DV-20 Orifice and DV-40 Orifice cavitation cages 

https://ieeexplore.ieee.org/xpl/conhome/4283955/proceeding
https://ieeexplore.ieee.org/xpl/conhome/4283955/proceeding
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APPENDIX B 

Incipient cavitation numbers for DN150, DN200, DN250 and DN300 diameter 

plunger valves: 
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