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Abstract
Cavitation is a phase change process and its conversion of fluid from liquid to vapor
requires pressure reduction. In this thesis, cavitation of R134a refrigerant is evaluated
experimentally. This work is part of an ongoing project that seeks to develop a novel cooling
cycle based on the cooling potential of the fluid during cavitation. A blowdown system was
designed, built, and used for conducting the experiments. This system included a special test
section containing a unique converging-diverging nozzle system designed for this investigation.
In the end, cavitation was achieved by flowing the test fluid through a converging-diverging
nozzle. As the fluid flows through the nozzle throat, the velocity increases while the pressure
decreases and cavitation occurs when its static pressure drops below its vapor pressure. The
onset of cavitation was evaluated by measuring pressure, temperature, and refrigerant flowrate,
and by visualizing the flow using a high-speed video camera.
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Chapter 1 - Introduction
Vaporization is commonly known as a phase-change process, but there are two primary
ways to convert a liquid to vapor. The first one is boiling which depends on increasing the
temperature, while the second one is cavitation which depends on decreasing the pressure.
Cavitation is usually considered as a problem that needs to be avoided in various industrial
applications, but it may be used under controlled conditions to obtain positive outcomes.
Frédéric Caupin and Eric Herbert [31] pointed out some natural phenomena and industrial
applications which depend on the cavitation to be achieved.
The vaporization requires thermal energy to occur. For example, in boiling, the required
thermal energy is obtained from an external heat source. On the other hand, in cavitation thermal
energy is extracted from the fluid itself which causes a temperature drop. This phenomena
inspired researchers to develop a novel cooling cycle by using cavitation to cause a temperature
drop. The expected temperature drop grants the test fluid the potential of extracting heat from
the ambient.
This thesis is part of a long-term project that seeks to create a cooling cycle that depends
on the cavitation phenomena. To reach that goal, understanding the physics of cavitation is
necessary. This thesis is a contribution in the investigation the cavitation of refrigerant R134a
when it flows through a converging-diverging nozzle. The investigation was done
experimentally, and the nozzle was designed to create the cavitation and allow visualization of
the fluid’s flow.
R134a, called Tetrafluoroethane, is a commonly used refrigerant. Figure 1.1 shows the
molecular structure of R134a. The “R” symbolizes “refrigerant”. The first digit refers to the
number of carbon atoms (two) minus one, which leaves one. The second digit in R134a refers to
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the number of hydrogen atoms (two) plus one, which equals three. The third digit in R134a
refers to the number of fluorine atoms (three) plus one, which equals four. The letter “a” at the
end indicates that another compound has the same components but in a different arrangement
[1]. R134a is classified as A1 by ASHRAE. The “A” designation means the refrigerant is not
toxic at concentrations of 400 ppm or less, while the “1” designation means it is not flammable
when it is “tested in air at 21°C and 101 kPa.” [1][2]

Figure 1.1 Molecular structure of R134a [3]

1.1 Definitions
In this section, the primary terminologies used in the thesis are defined.
Phase
“A phase is identified as having a distinct molecular arrangement that is homogeneous
throughout and separated from the others by easily identifiable boundary surfaces.” [4]
The phases are solid, liquid and gas.
Phase change
Phase change is the transition of a substance from one phase to another.
Nucleation
Nucleation is the localized formation of a distinct thermodynamic phase. [5]
Vapor pressure
Vapor pressure is the saturation pressure at the given temperature. [6]
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Cavitation
Cavitation is evaporation due to a pressure drop below vapor pressure. [6]
Boiling
Boiling is evaporation due to raising the fluid temperature to the saturation temperature.
Figure 1.2 illustrates the difference between cavitation and boiling. The figure is part of
the phase diagram of water and the coexistence curve is shown in red.

Figure 1.2 Difference between boiling and cavitation [32]

Homogeneous nucleation
Homogeneous nucleation is the “formation of the new phase solely from fluctuations
within the old phase” [8].
Heterogeneous nucleation
“Heterogeneous nucleation begins on alien surfaces or particles, or pre-existing nuclei in
the old phase. Dust or atmospheric aerosols can serve as heterogeneous nucleation
centers for water condensation in the atmosphere.” [8]
Cavitation inception
Cavitation inception is the cavitation onset.
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Cavitation formation
Cavitation formation is the inception of cavitation.
Cavitation collapse
When the pressure outside a bubble is more than the pressure inside, the bubble will
collapse. Figure 1.3 illustrates the bubble life stages that include formation, growth, and
collapse.

Figure 1.3 Bubble’s life stages [9]

Phase diagram
The phase diagram is the “P-T diagram of pure substance.” In the diagram, the “three
phases are separated from each other by three lines” [4]. Figure 1.4 shows the phase
diagram of water.
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Figure 1.4 Phase diagram of water [10]

Coexistence curve
A coexistence curve is a curve that separates any two phases in the phase diagram. For
example, the curve that separates liquid and vapor is a coexistence curve. Along the
curve, liquid and vapor are in coexistence.
Degree of freedom
“The least number of intensive” properties “that must be specified to fix the values of all
the remaining intensive” properties [14].
The degree of freedom might be 0, 1, or 2. It is 0 at the triple point, 1 at the coexistence
curves and 2 at the other points in the phase diagram.
Metastable state
“Vapor that is supercooled below its equilibrium saturation temperature, and liquid that is
superheated above its equilibrium saturation temperature, exist in a non-equilibrium
condition referred to as a metastable state.” [15]
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Spinodal curve
Inside the saturation mixture region, the spinodal curve separates the unstable area from
the metastable area.
Binodal curve
The binodal curve is the saturation curve. Figure 1.5 shows spinodal and binodal curves.

Binodal curve

Figure 1.5 Illustration of spinodal and binodal curves [11]

Shock
A shock is the “sudden drop in velocity and a sudden increase in pressure” [4].
Void fraction
Void fraction is the “ratio of the gas flow cross-sectional area to the total cross-sectional
area” [15].
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α=

𝐴𝑔
𝐴𝑔 +𝐴𝑙

(1.1)

Where:
𝐴𝑔 : The section area of the vapor
𝐴𝑙 : The section area of the liquid
Figure 1.6 illustrates void fraction. Green squares represent the vapor while white squares
represent liquid.

Figure 1.6 A schematic cross-sectional view of the void fractions for the bubbly regime
from 10% to 70% [12]

Back pressure
Back pressure is the pressure applied to the downstream side of the converging-diverging
nozzle.
Traveling bubble cavitation
“Weak points in the liquid, nuclei, grow from being almost invisible microscopic bubbles
to being macroscopic bubbles when the pressure drops below the vapor pressure. Once
the bubbles reach a region of sufficient pressure, they explosively collapse.” [16]
Vortex cavitation
“In vortex cavitation, the pressure difference between the pressure side and the suction
side results in a secondary flow going around the tip, which generates a vortex attached to
the tip.” [17]
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Sheet/cloud cavitation
“Cloud cavitation is the formation and collapse of cavitation bubbles. It could develop
from the shedding of cavitating vortices or a response to the disturbance forced on the
flow. Cloud cavitation can be caused by the interference of a rotor and stator blades in a
pump or turbine, and the contact between a propeller and a wake which created by the
hull.” [17]
Attached cavitation or sheet cavitation
“Attached cavitation is composed of cavities that are attached to the wall in a quasipermanent manner. The attached cavitation shows variations in the flow pattern, with
most of the fluctuations occurring near the end of the cavitation region.” [16]
Free-energy barrier
The free-energy barrier is “The work of formation of a small embryo or nucleus of the
new phase.” [4]
Nucleation sites
Nucleation sites are the spots where the nucleation will take place.
Cavitation length
Cavitation length is the length of the cavitation region. Figure 1.7 illustrates the
cavitation through a nozzle. The cavitation length in the first case is 15 mm while it is 30
mm in the second case.

8

Figure 1.7 Cavitation through the nozzle [18]

Separated flow
“Separated flow consists of separate, parallel streams of two phases” [15]
Halogen
“Halogen element, any of the six nonmetallic elements that constitute Group 17 (Group
VIIa) of the periodic table. The halogen elements are Fluorine (F), Chlorine (Cl),
Bromine (Br), Iodine (I), Astatine (At), and Tennessee (Ts).
They were given the name halogen, from the Greek roots hal- (“salt”) and -gen (“to
produce”), because they all produce sodium salts of similar properties, of which sodium
chloride—table salt, or halite—is best known.” [21]
Organic halogen compounds
“Organic halogen compounds are a large class of natural and synthetic chemicals that
contain one or more halogens (fluorine, chlorine, bromine, or iodine) combined with
carbon and other elements.” [22]
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1.2 Literature Review

Figure 1.8 Schematic diagram of a vapor compression cycle [4]

The most common refrigeration cycle is the vapor compression cycle “due to its
scalability, reliability, nontoxic and nonflammable refrigerants, use of electricity, and relatively
compact size” [23]. As shown in Figure 1.8, the refrigerant at point 7 is two-phase liquid vapor
mixure and its temperature is below the cooled space temperature. In the evaporator, heat is
transferred from the cooled space to the refrigerant, which causes evaporation. At the inlet of the
compressor (point 1), the refrigerant is a low-pressure vapor that will compress into a highpressure vapor that has a temperature higher than the sink temperature. Inside the condenser,
refrigerant will condense by conveying heat to the warm environment, and that process makes it
a high-pressure liquid. The main function of the expansion valve is converting the refrigerant
from a high-pressure liquid to a low-pressure mixture.
Because of Ozone depletion, the authorities that control the air conditioning industry
have decided to phase out some refrigerants (e.g., R12) and to reduce using some other
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refrigerants (e.g., R134a). In addition to that, other refrigerants that haven’t negatively affected
the Ozone layer are toxic (e.g., Ammonia) or flammable (e.g., 1234). Therefore, many
researchers are working to develop alternatives to vapor compression cycle to get cooling cycles
which are functional, safe, and harmless to the environment. William Goetzler and others
presented several suggested cooling cycles in “Alternatives to vapor compression HVAC
Technology.” [2, 23]
Serguei Charamko [24] invented a cooling system that decreases the working fluid’s
temperature by flowing it through the converging-diverging nozzle. It is important to know that
the temperature drop occurs when the pressure at the throat decreases below vapor pressure. At
that point, the working liquid nucleates. The temperature drop occurs because the energy required
to make bubbles is extracted from the liquid itself [25]. Figure 1.9 shows the system diagram.
Table 1.1 contains the components of the cycle.

3
2

4

5

1
4

6

7

Figure 1.9 Critical flow refrigeration cycle [24]
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Table 1.1 Critical flow refrigeration cycle components
1
2
3
4
5
6
7

Components of the cycle
Converging-Diverging nozzle
Heat exchanger mechanism
Reciprocating piston
Check valve
Non-condensable gases trap
Charge-drain valve
Accumulator

Abdulmalik Alkotami and others [25] investigated the theoretical possibility of
temperature drop due to cavitation for refrigerants R134a, R22, R123, and water. In addition to
that, they drew the coexistence and spinodal curves for those refrigerants using two different
equations of state. Equation 1.2 is an approximation of the predicted temperature drop due to
cavitation. Figure 1.10 presents the predicted temperature drop for several refrigerants.
∆𝑇 = (

𝜆ℎ𝑓𝑔 (𝑇𝑡 )
𝐶𝑝 ⁄𝑅

)𝑥

(1.2)

Where:
ℎ𝑓𝑔 (𝑇𝑡 ): Latent heat at the triple point
𝜆: The ratio of the latent heat of vaporization to its value at the triple point
𝐶𝑝 : Specific heat
𝑅: Gas constant
𝑥: Quality
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Figure 1.10 Temperature drop versus reduced pressure for water [25]
Cavitation occurs when the static pressure drops below the vapor pressure and conveys
the fluid from the stable region to the metastable region. The metastable region is limited by two
curves: coexistence and spinodal. The strength of cavitation is related to the degree of
metastability.
Using the Peng-Robinson Equation of State, Alkotami calculated the coexistence and
spinodal curves for R134a as shown in Figure 1.11. Because the top point of the spinodal curve
and the critical point should be identical, he shifted the spinodal curve by multiplying the
spinodal data by 1.17. The coexistence and shifted spinodal curves are shown in Figure 1.12.
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Figure 1.11 Coexistence and spinodal curves (reduced pressure vs. reduced density) for
R134a [25]

Figure 1.12 Coexistence and shifted spinodal curves (reduced pressure vs. reduced density)
for R134a [25]
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Figure 1.13 Nozzle pressure distribution by flow type [26]

William Asher [26] explained the suspected flowing behavior of the subcooled liquid
when it flows through the converging-diverging nozzle. Figure 1.13 illustrates these situations.
At the upstream side, the liquid is subcooled and its pressure is far away from the saturated
pressure, which is also called vapor pressure. At the throat, the velocity increases and,
consequently, the pressure decreases. In case A, the pressure decreases but it stays above the
saturation pressure, so it doesn’t vaporize. In contrast, throat pressures for cases B, C, and D
drop below the saturation pressure, so vaporization will take place. To express the difference
between cases B, C, and D, the local pressure drops below saturation pressure for case B, but the
pressure will increase directly because of the gradual increasing of the section area since the flow
is not sonic. For case C, the flow is sonic, so the pressure will continue to decrease but for a
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small distance. For case D, the flow is supersonic, so the pressure will decrease or remain
constant for a long distance even as the section area increases.
To investigate the local sonic velocity of R134a, Graham Wallis [27] presented an
equation (1.3) that gives the local sonic velocity according to the void fraction. Figure 1.14
shows the variation of the sonic velocity of R134a at 25°C according to Equation 1.3.
𝐶 2 = [(𝛼𝜌𝑔 + (1 − 𝛼)𝜌𝑓 )(𝜌

𝛼

2
𝑔 𝐶𝑔

1−𝛼 −1
2]
𝑓 𝐶𝑓

+𝜌

(1.3)

Where:
𝐶: Sonic velocity
𝛼: Void fraction
𝜌𝑔 : Vapor density
𝜌𝑓 : Liquid density
𝐶𝑔2 : Vapor sonic velocity
𝐶𝑓2 : Liquid sonic velocity

Sound Speed of R134a At 25°C
600

Sonic velocity (m/s)

500
400
300
200
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0
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Avoid fraction (α)

Figure 1.14 Sound speed of R134a at 25°C
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Yves Lecoffre [28] discussed the dimensionless parameters that indicate the cavitation
phenomenon. The main dimensionless number that relates to cavitation is the cavitation number
(σ), which is defined in Equation 1.4.
𝜎 =

𝑃𝑢𝑝 −𝑃𝑣

(1.4)

1
𝜌𝑉 2
2 𝑢𝑝

Where:
𝑃𝑢𝑝 : Upstream pressure
𝑃𝑣 : Vapor pressure
ρ: density
𝑉𝑢𝑝 : Velocity

Regarding this cavitation number, Lecoffre stated
“Equality of σ of cavitation in two geometrically similar flows signifies that if the vapor
pressure is attained, it does so at two homologous points. Contrary to what is often
implicitly assumed, σ of cavitation is not strictly a parameter of simulated of cavitating
fluids. All it does is facilitate determination of the level of the absolute pressure
compared to the vapor pressure at all points of a non-cavitating flow. In particular, to
define σ in the performance of a machine, it is not essential that occur in it. If the value of
σ is sufficiently large, cavitation may not appear at all.”
The pressure coefficient (𝐶𝑝 ) is another dimensionless number that clarifies the flowing situation.
It is defined in Equation 1.5.
𝐶𝑝 =

𝑃𝑡 −𝑃𝑢𝑝
1
𝜌𝑉 2
2 𝑢𝑝

(1.5)

Where:
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𝑃𝑡 : Pressure at throat
𝑃𝑢𝑝 : Upstream pressure
𝜌: Density
𝑉𝑢𝑝 : Upstream velocity
Lecoffre expressed that comparing the cavitation number and (−𝐶𝑝 ) can act as a guide to a
cavitation prediction. There are three states of the numbers:
1- 𝜎 > −𝐶𝑝 ⇔ 𝑃𝑡 > 𝑃𝑣 ⇔ no cavitation
2- 𝜎 = −𝐶𝑝 ⇔ 𝑃𝑡 = 𝑃𝑣 ⇔ on the coexistence curve

3- 𝜎 < −𝐶𝑝 ⇔ 𝑃𝑡 < 𝑃𝑣 ⇔ Cavitation area
Zayed Ahmed [29] conducted experiments that included water flowing through a
converging-diverging nozzle. One of his observations was that the water needs enough of a
pressure drop below the saturation pressure to cavitate. Depending on his experiments, the water
pressure at the throat should decrease at least 20 kPa below the saturation pressure to create
cavitation.

1.3 Objectives
1.3.1 Investigation of cavitation inception
The researcher sought to investigate where the cavitation started depending on the
recorded videos. The goal was deciding whether the cavitation begun at the throat, after
the throat or before it. Also, the required pressure drop for cavitation, needed to be
investigated. The pressure drop in this context means the quantity of pressure drop below
the vapor pressure. The question that should be answered, was any pressure drop caused
cavitation or it should be more than certain number to caused cavitation. To investigate
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the cavitation, there were several non-dimensional numbers that were used to predict the
cavitation possibility and to describe the flow.
1.3.2 Observation the impact of upstream pressure and throat area on the
cavitation
The experiments are accomplished with different upstream pressures and two nozzles,
which have different throat areas. To understand the physics of the cavitation,
observation of the impact of the upstream pressure and throat area are necessary.

19

Chapter 2 - Experimental Test Facility, Measurement Equipment,
and System Setup
This chapter presents the apparatus that was used to conduct onset cavitation test, and
how to operate it. Detailed explanation about the blowdown system is offered in this chapter to
demonstrate its parts and their functions. The test section is highlighted to clarify how it was
designed. Because the system’s operation is complicated, the operation procedure is expressed at
the end of the chapter.

2.1 Blowdown System
To accomplish the experiments, a blowdown system was built. Figure 2.1 illustrates a
schematic of the system and Table 1 presents the system’s components. A photograph of the
system is shown in Figure 2.2.
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Figure 2.1 Blowdown system diagram
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Table 2.1 System’s parts
Number

Part name

1

Upstream accumulator

2

Upstream pressure transducer

3

Upstream thermocouple

4

Safety valve

5

Valve #4

6

Flowmeter

7

Test section

8

Downstream thermocouple

9

Downstream pressure transducer

10

Valve #1

11

Safety valve

12

Back pressure transducer

13

Thermocouple

14

Downstream accumulator

15

Valve #2

16

Valve #3

17

Nitrogen cylinder
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Upstream accumulator

Test section

Downstream accumulator

Figure 2.2 Blowdown system
In the blowdown system, the upstream pressure and downstream pressure were controlled
by the upstream accumulator and downstream accumulator. The accumulators control the
pressure of the system by increasing and decreasing the quantity of nitrogen in an internal
bladder. Figure 2.3 shows a sectional view of the accumulator. The figure illustrates the
working principle of the accumulator.
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Figure 2.3 Sectional view of an accumulator [30]
2.1.1 Flowrate measurement
To measure the mass flow rate, a flowmeter was installed at the upstream side where the
working fluid (R134a) is liquid. The brand of the selected flowmeter was Micro Motion and its
model number was DS040S113SU. It converted the flowrate to an electrical current in the range
4 mA to 20 mA. Figure 2.4 shows photograph of the flowmeter used.
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Figure 2.4 The mass flowmeter

2.1.2 Temperature measurement
Type K thermocouples were used to measure the temperature at three locations. The first
was on the upstream line. The second thermocouple was on the downstream side, and the third
thermocouple was on the back pressure zone. All of the thermocouples were immersed inside
the tubes and measured the refrigerant temperature directly.
2.1.3 Pressure measurement
In the blowdown system, there were three pressure transducers. One measured the
upstream pressure and the second one measured the downstream pressure. The third one was for
the back pressure zone. Each one of the pressure transducers measured the pressure as an
electrical voltage in the range of (0 – 5 V dc).
2.1.4 Data acquisition system
To collect the measured data and display them as meaningful values, a Data Acquisition
System (DAQ) was used. To get the benefits from the DAQ, LabVIEW software was required.
A LabView file was designed for the blowdown system to do five tasks. The first one was
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converting the electrical voltage that transmits from the pressure transducer to pressure in psi.
The second task is converting the electrical current that transmits from the flowmeter to mass
flow rate in kg/s. The third task is converting the electrical voltage that transmits from the
thermocouple to temperature in °C. The fourth function is displaying the measured values. The
fifth is recording the measured valued in separated files. Figure 2.5 is the block diagram of the
LabView file and Figure 2.6 is the front panel of it.

Figure 2.5 Block diagram of the LabView file
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Figure 2.6 Front panel of the LabVIEW file

2.2 Test Section
To accomplish the research objectives, designing a proper test section was critical. The
test section needed to obey four conditions. First, it had to be transparent so the camera could
record what was happening inside. Second, it needed to be compatible with R134a. Third, it had
to be workable with high pressure (more than 300 psi). The fourth condition was that it needed
to be sealed. Figure 2.7 shows the assembly drawing of the test section, while Figure 2.8 is the
section view of it. The drawings were done using the Solidworks software. The test section
contained 12 parts, which are listed in Table 2.2.
Table 2.2 List of test sections parts
Part name

Part quantity

Glass tube

1

Cup

2

Bored-Through Male Connector

2

Elbow

2

O-ring

2

Teflon ring

2
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The insert

1

Outlet

Inlet

Figure 2.7 Assembly drawing of the test section

Figure 2.8 Sectional view of the test section
2.2.1 Description of each part of the test section
2.2.1.1 Glass tube
The glass tube used was made of borosilicate glass and it was selected because it was
compatible with R134a and workable with high pressure. The length of the tube was 4 inches
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and its inner diameter was 0.5 inches, while its outer diameter was 0.75 inches. The tube was
made by the Gauge Glass Company.
2.2.1.2 Cup
The cups were the two parts that connected together the tube, the elbows, the BoredThrough Male Connector, and the insert. They were designed by the author and made by the
Mechanical and Nuclear Engineering Department shop at Kansas State University. The critical
issue was selecting the correct dimensions for the O-ring’s groove. The groove’s dimension
depended on a specific standard shown in Appendix B. Figure 2.9 is the 3D drawing of the cup
and Figure 2.10 is the section view. Figure 2.11 is the cup’s drawing, showing its dimensions.

Figure 2.9 3D drawing of the cup

Figure 2.10 Sectional view of the cup
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Figure 2.11 Drawing sheet of the cup
2.2.1.3 Elbow
The test section needed an elbow as an inlet and another one as an outlet. The selected
elbow was a ½ inch Swagelok brass tube fitting. Figure 2.12 is the elbow tube fitting used.

Figure 2.12 Elbow tube fitting
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2.2.1.4 Bored-through male connector
To fix the insert, two bored-through male connectors were required. A ¼-inch brass
Swagelok fitting was selected. Figure 2.13 shows a photograph of the bored-through male
connectors used.

Figure 2.13 Bored-through male connector
2.2.1.5 O-ring
To avoid refrigerant leakage between the cup and the glass tube, using a proper O-ring
was necessary. The selected O-ring’s material was Nitrile, which is compatible with R134a.
Figure 2.14 illustrates the O-ring selection procedure.

Select the inner
diameter
•Depending on
the outer tupe
diameter

Get the thickness
of the O-ring
•From table 1,
appendix B

Figure 2.14 O-ring selection procedure
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Look at the groove
dimensions
•From table 2,
Appendix B

2.2.1.6 Teflon ring
At the contact area between the metal cup and the glass tube, adding a Teflon ring is
necessary to avoid cracking of the glass due to direct contact between the glass and metal. The
Teflon was also compatible with R134a.
2.2.1.7 The insert
The insert, made of aluminum, were responsible for changing the crossectional area of
the flowing zone inside the glass tube, creating a converging-diverging nozzle geometry. In this
project, two inserts were tested. The throat diameter of the first one was 0.42 inches and is
referred to in this thesis as “Nozzle #1” (see Figure 2.15). The second insert had a throat
diameter of 0.435 inches and is referred to as “Nozzle #2.”

Figure 2.15 Nozzle #1
2.2.2 Hydraulic test
After assembling the test section, testing its compatibility with high pressure was an
important issue. Accordingly, a hydraulic test was performed by pumping water to the test
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section with a manual pump. At the beginning of the hydraulic test, the test section was
pressurized to 250 psig. Then, the pressure was increased in steps of 50 psi. At the end of the
test, the pressure was 500 psig. Figure 2.16 shows a photograph of the hydraulic test setup and
Figure 2.17 shows the pressure at each stage of the hydraulic test. According to the test, the test
section was compatible with 500 psig.

Figure 2.16 Hydraulic test setup

Figure 2.17 The pressure of each stage of the hydraulic test
2.2.3 Leakage test
Before using the test section, a leakage test was required. To do the test, the test section
was connected to the nitrogen tank by a hose, and a pressure transducer was installed to measure
the pressure inside the test section. At the beginning of the test, the pressure was 65.58 psi while

32

it was 65.44 after 24 hours. That means the pressure drop rate was 0.7 Pa/minute, which means
that the test section is sealed. Figure 2.18 shows the leakage test setup.

Figure 2.18 Leakage test setup

2.3 High-Speed Camera
A high-speed camera was necessary to record the experiments clearly. A Photron SA5
High-Speed Camera was used in the experiments to visualize the cavitation inside the test
section. This camera allowed the user to select the suitable zoom, resolution, and the frame rate
(number of frames per second). To use the camera, the user needed to upload software called
“Photron Fastcam Viewer,” which allowed the user to control the video specifications. The
camera used is shown in Figure 2.19.
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Figure 2.19 The high-speed camera

2.4 Fiber Optic Halogen Light
The high-speed camera needed more light than an ordinary camera. The light should be
steady and high-intensity. In this system, two fiber optic halogen light sources were used. One
was on the front side and the other was on the back side. To get a diffused light, a paper sheet
was added in front of the back side light. The fiber optic halogen light sources used are shown in
Figure 2.20 and 2.21. Figure 2.22 is the top view of the test section to illustrate the lighting
setup.
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Figure 2.20 Fiber optic halogen light source

Figure 2.21 Fiber optic halogen light source
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Lights

Figure 2.22 The top view of the test section to illustrate the lighting setup

2.5 Safety Aspects
Because the system worked with high pressures, safety was a serious issue; therefore, two
relieve valves were installed. They were there to protect the system if the pressure exceeds 500
psia. A transparent shield was placed in front of the test section to protect the operator and the
camera if the glass were to break. In addition, each nitrogen cylinder had a standalone holder to
prevent it from falling.

2.6 Operational Procedure
To run the system, a specific procedure was followed. It is explained below.
2.6.1 Preparing the high-speed camera
In the beginning, adjusting a suitable video setting was required. To get a clear
recording, the front light and back light were confirmed to be at the appropriate position. Also,
three settings needed to be checked: zoom, resolution, and number of frames per second. The
zoom was controlled by manually adjusting the lens until a clear view was shown on the Photron
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Fastcam Viewer. The required resolution depended on the spot that needed to be examined and
was set by the Photron Fastcam Viewer. Setting the number of frames per seconds depended on
the required resolution and on the available light because increasing the number of frames
requires an increase in the light intensity.
2.6.2 Collecting the refrigerant in the upstream
Before beginning the experiment, the refrigerant was evacuated from the back pressure
side and collected at the upstream side. This was accomplished in several steps. First, valve #1
was closed and valve #2 was opened. Second, the pressure at the upstream bladder was set at
100 psig, which was accomplished by releasing Nitrogen from the bladder. Then, the pressure of
the downstream bladder was increased to 150 psig by adding more Nitrogen from the cylinder.
Finally, valve #2 was closed to get two separated zones: upstream side and back pressure side.
Launching the LabVIEW file was necessary to check the pressures and temperatures of the
system.
2.6.3 Setting the required upstream pressure and back pressure
The pressure of the downstream bladder was decreased by releasing nitrogen until it
arrived at a pressure right above the saturation pressure at that time because if the pressure
arrives at the saturation pressure and goes below it, the refrigerant will vaporize and the vapor
pressure will be more than the bladder pressure. In that case, the nitrogen will escape from the
bladder, causing it to collapse and potentially crack. Deciding the required upstream pressure
depended on the pressure that needed to be tested, and getting that pressure was accomplished by
adding more Nitrogen to the upstream bladder.
2.6.4 Running the experiment
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The camera specifications were rechecked at this stage to be sure that everything was at
the required setting. To run the experiment, valve #1 was opened and the video recording was
started at the same time. The experiment was done when the the measured data of the three
pressure transducer were equaled. Figure 2.23 summarizes the operational procedure.

Preparing the
high speed
camera

Collecting the
refrigerant in the
upstream

Setting the
required
upstream
pressure and
back pressure

Running the
experiment

•Turn on the lights
•Turn on the camera
•Launch the camera’s software (Photron Fastcam Viewer)
•Set the len’s zoom
•Set the resolution and number of frames per second in the Photron Fastcam Viewer

•Launch LabVIEW file
•Close valve #1
• Open valve #2
• Set the pressure of the upstream bladder at 100 psig
• Set the pressure of the downstream bladder at 150 psig
• Close valve #2

•At this stage, there are two separated zones. The first is the main zone that included the test section
and its pressure is controlled by the upstream accumulator. The second one is the back pressure zone.
•Release the Nitrogen from the downstream bladder until the third pressure transmitter reads the
required back pressure
•Add more Nitrogen to the upstream bladder until the first pressure transmitter reads the required
upstream pressure.

•Recheck the camera’s situation
•Open valve #1
•In conjuction with opening valve # 1, press the record button on the software of the high speed
camera

Figure 2.23 Operational procedure
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Chapter 3 - Experimental Results and Analysis
This chapter will present the experimental results and provide a comparison between the
two nozzles that were used in the experiments. An analysis of the results is also provided in this
chapter.

3.1 Calculations of Throat Velocity and Throat Pressure
This section shows how to calculate the velocity and pressure at the throat. There were
five measured values in the system: upstream pressure, downstream pressure, upstream
temperature, downstream temperature, and mass flow rate. The calculated values depend on
these measured values and the refrigerant properties tables. Equation 3.1 was used to estimate the
throat velocity. Equation 3.2 is the Bernoulli equation that was used to estimate the throat
pressure. Some assumptions which were supposed to simplify the equation of throat pressure.
The assumptions are listed below:
1- 𝜌𝑡ℎ = 𝜌𝑑 = 𝜌
2- 𝑧𝑡ℎ = 𝑧𝑑
According to these assumptions, equation 3.3 was a simplified form of equation 3.2.
𝑉𝑡ℎ =
𝑃𝑡ℎ
𝜌𝑡ℎ

+

2
𝑉𝑡ℎ

2

𝑚𝑣

(3.1)

𝐴𝑡
𝑃

+ 𝑧𝑡ℎ 𝑔 = 𝜌𝑑 +
𝑑

𝑃𝑡ℎ = 𝑃𝑑 − 𝜌(

2
𝑉𝑡ℎ

2

Where:
𝑉𝑡ℎ : Throat velocity
𝑚: Mass flow rate
𝑣 ∶ Specific volume of liquid
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−

𝑉𝑑2
2
𝑉𝑑2
2

+ 𝑧𝑑 𝑔 (3.2)
)

(3.3)

𝐴𝑡 : Throat area
𝑃𝑡ℎ : Throat pressure
𝑃𝑑 : Downstream pressure
𝜌𝑡ℎ : Throat density
𝜌𝑑 : Downstream density
𝑧𝑡ℎ : Throat elevation
𝑧𝑑 : Downstream pipe elevation
𝑉𝑑 : Downstream velocity

3.2 Experimental Results
This section presents the results of both nozzles with several starting pressure in the
accumulator bladder. Each one of Figures 3.1 through 3.14 is for one run. The main difference
among the runs is in the upstream pressure. Each figure contains five curves. One is for the
upstream pressure, another curve is for the downstream pressure, and the third curve is for the
mass flow rate. These three curves contains measured data. There is another curve for the
estimated pressure at the throat, the calculation of which is explained in Section 3.1. To clarify
whether the throat pressure dropped below the vapor pressure, there is a line that indicates the
vapor pressure depending on the room temperature at the time of the run. Before opening valve
#1, the upstream and downstream pressures were equal because the valve is after the downstream
pressure transducer. The starting of the pressure drop indicated that the valve was opened and
the flowing had begun. The flowing continued until the upstream pressure and downstream
pressure were the same.
3.2.1 Results of nozzle #1
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This section explains the results of the experiment when nozzle #1 was used. Figures 3.1
through 3.4 show the results of the runs when the upstream pressure was 200, 250, 275 and 300
psia, respectively. In the four runs, the throat pressure dropped below the vapor pressure but the
cavitation didn’t happen for two reasons. First, the throat pressure remained below the vapor
pressure a relatively short period of time. Second, the pressure difference between the vapor
pressure and minimum throat pressure was low (below 10 psi). The results show a direct
relationship between the flow rate and the upstream pressure.
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Figure 3.1 Pressure variation of nozzle #1 when the upstream pressure is 200 psia
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Figure 3.2 Pressure variation of nozzle #1 when the upstream pressure is 250 psia
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Figure 3.3 Pressure variation of nozzle #1 when the upstream pressure is 275 psia
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Figure 3.4 Pressure variation of nozzle #1 when the upstream pressure is 300 psia

3.2.2 Results of nozzle #2
Figures 3.5 through 3.14 show the results of nozzle #2 with upstream pressures of 200,
225, 250, 275, and 300 psia, respectively. The cavitation occurred when the upstream pressure
was 200 psia or more and that was verified by the high speed camera. In these runs, the throat
pressure was below the vapor pressure for two or more seconds. The difference between the
vapor pressure and the lowest throat pressure was 15 psi when the upstream pressure was 200
psia; it was 26 psi when the upstream pressure was 300 psia.
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Figure 3.5 Pressure variation of nozzle #2 when the upstream pressure is 200 psia

Figure 3.6 Screen shot of the video from high-speed camera when the upstream pressure is
200 psia
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Figure 3.7 Pressure variation of nozzle #2 when the upstream pressure is 225 psia

Figure 3.8 Screen shot of the video from high-speed camera when the upstream pressure is
225 psia
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Figure 3.9 Pressure variation of nozzle #2 when the upstream pressure is 250 psia

Figure 3.10 Screen shot of the video from high-speed camera when the upstream pressure
is 250 psia
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Figure 3.11 Pressure variation of nozzle #2 when the upstream pressure is 275 psia

Figure 3.12 Screen shot of the video from high-speed camera when the upstream pressure
is 275 psia
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Figure 3.13 Pressure variation of nozzle #2 when the upstream pressure is 300 psia

Figure 3.14 Screen shot of the video from high-speed camera when the upstream pressure
is 300 psia
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3.3 Turbulent Flow
Deciding whether the flow was laminar or turbulent, required calculation of the Reynolds
number. For the internal flow flow, the flow was turbulent if the Reynolds number was more
than 2300, and the flow is laminar if the Reynolds number is less than 2300. Equation 3.4 shows
the Reynolds number.
𝑅𝑒 =

𝜌𝑉𝐷ℎ
𝜇

(3.4)

𝐷ℎ = 𝐼𝑛𝑛𝑒𝑟 𝑡𝑢𝑏𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 − 𝑖𝑛𝑠𝑒𝑟𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

(3.5)

Where:
𝜌: Density
𝐷ℎ : Hydraulic diameter
𝜇: Dynamic viscosity
𝑉: 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
The results express that the flow is always turbulent whether it is cavitating or not.
Figure 3.15 shows the results of nozzle #1 with upstream pressure at 200 psia while Figure 13.16
shows the results of nozzle #2 with upstream pressure at 300 psia. The minor vertical axis is for
the Reynolds number. It is clear that the Reynolds number was much higher than 2300, which
means that the flow was likely turbulent.
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Figure 3.15 Pressure variation of nozzle #1 when the upstream pressure is 200 psia with
Reynolds number
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Figure 3.16 Pressure variation of nozzle #2 when the upstream pressure is 300 psia with
Reynolds number

3.4 Cavitation Initiation
According to the videos, the cavitation initiation was exactly at the throat. Figure 3.17
contains several shots for different upstream pressures. It is clear that in all of them, the
cavitation onset was at the throat. Also from the video, the investigator observed that the
nucleation in the test section was heterogeneous because it was created at the contact surface of
the fluid and the insert. As mentioned in Chapter One, there are four types of cavitation:
traveling bubble cavitation, vortex cavitation, sheet/cloud cavitation, and attached cavitation.
The video shows that the achieved cavitation was attached cavitation. Figure 3.18 tracks the
nucleation at a certain spot from the cavitation onset when that spot was activated as a nucleation
site to the end.
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Figure 3.17 Cavitation initiation at the throat

Figure 3.18 Tracking of cavitation onset for a certain spot

3.5 The Relation Between Vibration and The Upstream Pressure
One of the observations from the recorded videos was that there was vibration caused by
the cavitation. There are two questions that need to be answered: Is the vibration amplitude
related to the upstream pressure? And does the vibration affect the activation of nucleation sites?
The vibration amplitude had a direct relation to upstream pressure. The periodic behavior of the
cavitation is more obvious with the high upstream pressure because the gap size between the
insert and the glass tube was changing along the time. With relative low pressure (200 psia), the
nucleation was stable because the vibration amplitude was small.
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The nucleation sites were not activated during the run, but each one was active for a
certain time if the gap decreased or inactive if the gap increased. From the videos, a particular
spot was selected for investigation. For each upstream pressure, the time that the spot was active
was computed and that was repeated five times. The results are shown in Figure 3.19. As the
figure indicates, the spot remained as an active nucleation site for longer with lower upstream
pressure. When the upstream pressure was 200 psia, there was a vibration but with relatively low
amplitude.
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Figure 3.19 Nucleation site duration

3.6 Cavitation Number and Coefficient of Pressure
As mentioned in Chapter 1, the comparison of the cavitation number with negative
coefficient of pressure can predict whether cavitation is possible. If the cavitation number is less
than negative coefficient of pressure (–Cp), the fluid is in the metastable zone. On the other
hand, if the cavitation number is more than the negative coefficient of pressure, there will be no
cavitation at all. Figures 3.20 through 3.23 show the comparison of the cavitation number and
the negative of the coefficient of pressure at the lowest pressure points. Figure 3.20 is for nozzle
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#1 when the upstream pressure is 200 psia while Figure 3.21 is also for nozzle #1 but with an
upstream pressure of 300 psia. Figures 3.22 and 3.23 are for nozzle #2 and the difference
between them is that Figure 3.22 is for upstream pressure 200 psia and Figure 3.23 is for
upstream pressure 300 psia. In Figures 3.20 and 3.21, the cavitation number is more than –Cp,
so there is no cavitation. As shown in Figures 3.22 and 3.23, cavitation occurred with nozzle #2
because the cavitation number was less than –Cp. The charts in figures 3.20 through 3.23
confirmed the credibility of using cavitation number and –Cp to predict the possibility of the
cavitation because the charts’ date matched the experimental results.
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Figure 3.20 Relation between cavitation number and –Cp for nozzle #1 when the upstream
pressure is 200 psia
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Cavitaion number - Nozzle #1 300 psia
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Figure 3.21 Relation between cavitation number and –Cp for nozzle #1 when the upstream
pressure is 300 psia
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Figure 3.22 Relation between cavitation number and –Cp for nozzle #2 when the upstream
pressure is 200 psia.
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Cavitation number - Nozzle #2 275 psi
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Figure 3.23 Relation between cavitation number and –Cp for nozzle #2 when the upstream
pressure is 275 psia.

3.7 The Impact of Minimizing The Gap at The Throat
The uniqe difference between the two tested nozzles is in the gap at the throat. The gap
of nozzle #1 is 1 mm while it is 0.8 mm in nozzle #2. Figure 3.24 and Figure 3.25 present the
relationship between the velocity at the throat and the difference between vapor pressure and
throat pressure.
The throat velocity had a direct relation to the upstream pressure and an inverse relation
to the gap. The figures below demonstrate that minimization of the gap gave more pressure drop
below the vapor pressure which meant a higher degree of metastability.
The results show that cavitation didn’t occur when the pressure drop (vapor pressure throat pressure) was less than 10 psi, and that was what was observed with nozzle #1. When the
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pressure drop was 14 psi or more, cavitation occured, and that was what was observed with
nozzle #2.
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Pressure drop Vs. throat velocity , Nozzle #1
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Figure 3.24 Pressure drop vs. throat velocity of nozzle #1

Pressure drop Vs. throat velocity , Nozzle #2
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Figure 3.25 Pressure drop vs. throat velocity of nozzle #2
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3.8 The Loss Coefficient
The K factor is commonly used to quantify the pressure drop through orifice flow meters.
In this case, it was insightful to analyze this system as a single 𝐾́ factor. The factor included the
major losses and minor losses. The factor was calculated with several upstream pressures and
the corresponding flow rates. The aim of the investigation was to compare the loss coefficient
when the fluid was single-phase flow (liquid) with that for it was two-phase flow (liquid and
vapor). Equation 3.6 is the general equation of the total head loss. The first term in the right
hand side is for the major losses, while the second term is for the minor losses. By assuming
(𝑉1 = 𝑉2 𝑎𝑛𝑑 𝑧1 = 𝑧1 ), equation 3.7 is the head loss equation according to these assumptions.
The acceleration of gravity (g) was eliminated from each term in Equation 3.8. Equation 3.10
shows the K factor is for the major and minor losses. Equation 3.14 states how the 𝐾́ factor was
calculated in the analyzed cases.
𝑉2

𝑃

𝑉2

𝑃

𝐿 𝑉2

𝑉2

1
2
(𝑔𝜌1 + 2𝑔
+ 𝑧1 ) − (𝑔𝜌2 + 2𝑔
+ 𝑧1 ) = 𝑓 𝐷 2𝑔 + Σ𝑘 2𝑔
2

2

𝑃1 −𝑃2
𝜌𝑔
∆𝑃
𝜌
∆𝑃
𝜌

𝐿 𝑉2

𝑉2

= 𝑓 𝐷 2𝑔 + Σ𝑘 2𝑔
𝐿 𝑉2

= 𝑓𝐷

2

+ Σ𝑘

𝐿

= (𝑓 𝐷 + Σ𝑘)
𝐿
𝐾́ = 𝑓 𝐷 + Σ𝑘
∆𝑃
𝜌

2

2
𝑉𝑡ℎ

2

(3.7)
(3.8)
(3.9)
(3.10)

2

𝑉
= 𝐾́ 𝑡ℎ
2

𝐾́ =

2∆𝑃
2
𝜌 𝑉𝑡ℎ

∆𝑃 = 𝑃𝑢𝑝 − 𝑃𝑑
𝐾́ =

𝑉2

(3.6)

2(𝑃𝑢𝑝 −𝑃𝑑 )
2
𝜌 𝑉𝑡ℎ

Where:
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(3.11)
(3.12)
(3.13)
(3.14)

𝐾: General loss coefficient that includes the major losses and minor losses
𝑘 : Loss coefficient of the minor losses for each part of the system
𝑓: Friction factor
𝑃𝑢𝑝 : Upstream pressure
𝑃𝑑 : Downstream pressure
𝜌: Density
𝑉𝑡ℎ : Throat velocity
Figure 3.26 shows that the loss coefficient was almost constant when cavitation occurred;
however, it was not constant with one-phase flow. Figure 3.26 shows the results of the loss
coefficient of the two-phase flow, while Figure 3.27 shows the loss coefficient for single phase
and two-phase flows.
The loss coefficient of one-phase flow was expected be less than the loss coefficient of
two-phase flow but the results do not demonstrate that. One possible reason is that the pressure
data and flow rate data were not synchronized well enough.
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Figure 3.26 Loss coefficient for two-phase flow
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Figure 3.27 Comparison of loss coefficient with one-phase flow and with two-phase flow
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Chapter 4 - Conclusion and Recommendations
4.1 Summary and Conclusion
This thesis presented the results and analysis of R134a cavitation when the refrigerant
flows through a converging-diverging nozzle. Two nozzles were tested with the only difference
between them being in the throat area. Decreasing the throat area enhanced the cavitation
potential. The nozzle design respected transparency, sealing, compatibility with R134a,
compatibility with high pressure and manufacturing simplicity. Depending on the measured
values of pressure, temperature, and flowrate, throat velocity and throat pressure were calculated.
To analyze the results, several dimensionless numbers were calculated: Reynolds
number, cavitation number, coefficient of pressure, and loss coefficient. According to the
Reynolds number calculations, the flow was always turbulent whether or not cavitation occurred.
To take advantage of the cavitation number in cavitation prediction, it was compared with the
negative coefficient of pressure to decide when cavitation was likely to occur.

4.2 Recommendations
Future research needs to consider two main issues: nozzle design and the measurement
equipment. For the nozzle design, testing various levels of surface roughness for the insert is
highly recommended, so as to observe the impact of surface roughness on cavitation formation.
Testing several diverging angles will highlight its effect. Also, eliminating the vibration is
important, to allow reducing the throat area, so as to get additional pressure drop; otherwise, the
insert’s vibration might break the glass.
For the measurement equipment, the refrigerant temperature needs to be measured right
after the throat to investigate the temperature drop accurately. Because of the glass, installing a
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thermocouple inside the tube would be a challenge. Using a thermal infrared might provide an
acceptable temperature evaluation.
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Appendix B - O-Ring Groove Standard
The following figures is screen shot of the standards that I used to select the O-ring
groove dimensions. Figure 1 is to get the O-ring thickness. Depending on the thickness, the
groove dimensions was selected.

Figure 4.1 O- ring Dimensions
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Figure 4.2 O- ring's groove Dimensions [2]
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