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Abstract 

A signal analysis method for detecting vortex breakdown in single-phase flow has been 

identified. It uses two transient pressure measurements near the vortex breakdown 

location and computes the coherence function between these two measurements. The 

relationship between vortex breakdown frequency and single-phase flow rate is examined 

and found to agree with the results of previous investigations. 

The spectral character of vortex breakdown in multiphase flow is shown to be more 

dependent upon the water flow rate than the air flow rate. The vortex breakdown 

frequency in multiphase flow increases with the water flow rate until the water flow rate 

reaches 2.5 Lis, above which, the frequency fails to increase and becomes invariant. 

Introduction of air into single-phase water flow is shown to initially reduce the vortex 

breakdown frequency and then to gradually increase the frequency with further increase 

of the air flow rate. 
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1 

CHAPTERl Introduction 

Vortex breakdown refers to a process whereby an organized vortex undergoes a transition 

from coherent to random motion. Many researchers have shown vortex breakdown to 

occur when a vortex encounters an adverse pressure gradient. In the case of an in-line 

vortex in pipe flow, the adverse pressure gradient can be produced with a gradual 

increase in pipe diameter or with a step increase in diameter. Both air and water have 

been used as the working fluid in previous research involving vortex breakdown in pipe 

flow 

In 1954, Vonnegut conducted one of the earliest investigations of vortex breakdown in 

pipe flow. Vonnegut used both air and water as the working fluid in a device that he 

referred to as a "vortex whistle." This device was named due to the audible tone emitted 

when fluid flowed through it. Vortex breakdown was caused by a sudden expansion at 

the exit of the device. Vonnegut noted that the frequency of the emitted tone was related 

to the volume of air flowing through the device and that the vortex whistle might warrant 

investigation as a volumetric flow meter. Several researchers have since investigated the 

use of this device as a flow meter using both single-phase air and single-phase water, but 

none have examined its use as a multiphase flow meter. 

In the oil and gas industry, nearly every oil well produces oil, water, and gas from the 

well bore. The measurement of hydrocarbon production rates is important to oil 



companies for well testing and reservoir analysis. Current testing procedures usually 

involve the use of separators to separate the phases, with the metering of each phase 

conducted independently. Due to the high capital cost of the equipment required to 

conduct metering in this manner, wells are often monitored for only a short period of 

their production history, and reservoir management decisions are made based on limited 

information. Through the development of a low cost multiphase flow meter, wells could 

receive continuous metering. This would enable informed decisions to be made about 

how best to produce the well. 

The original motivation for the work presented in this thesis was to examine the 

performance of Vonnegut's vortex whistle device using multiphase flow. It was also of 

interest to evaluate the merit of using such a device as a multiphase flow meter for 

application to industries such as oil and gas. 

2 

This thesis consists of seven chapters. Chapter 2 introduces the reader to relevant 

research that has been conducted in the area of vortex breakdown and provides a brief 

overview of multiphase flow. Chapter 3 presents the experimental apparatus and Chapter 

4 discusses signal strength issues pertaining to the experimental pressure fluctuation 

measurements. Single-phase air and water data was collected and is compared to data 

collected by other researchers in Chapter 5. Multiphase data was collected and is 

examined in Chapter 6. Finally, the conclusions drawn from the results are presented 

along with recommendations for future work in Chapter 7. 



3 

CHAPTER2 Literature Review 

The literature review has been separated into three main sections, with the first describing 

vortex whistle research, the second describing vortex breakdown research, and the third 

outlining pertinent multiphase flow information that will assist understanding this thesis. 

The vortex whistle is a device that emits an audible tone when a fluid flows through it. A 

few investigations have been reported on the use of the vortex whistle as a flow meter, 

and these results have been included. The audible tone in the vortex whistle is due to the 

vortex breakdown process. Vortex breakdown has been researched quite extensively in 

the past, and some of the more relevant literature is presented. This thesis investigates 

the vortex breakdown process in multiphase pipe flow. Consequently, brief reviews of 

multiphase flow regimes and the characteristics of multiphase flow have been included. 

However, since no previous research has been conducted on vortex breakdown in a 

multiphase flow, none of the research presented in this literature review specifically 

examined multiphase flow and vortex breakdown together. 

2.1 Vortex Whistle Research 

In the early 1950's, Vonnegut (Vonnegut, 1954) conducted experiments on a 

thermometer housing for aircraft where "air from a vacuum cleaner was introduced into a 

tube of circular cross-section through a tangential inlet." This geometry introduced a 

strong rotation to the flow. During these experiments Vonnegut noted that a "sound was 



produced where the rotating air escaped from the open end of the tube" and that the 

frequency of the sound increased with flow rate. 

TOP VIEW SIDE VIEW 
I I I I f o· ,,... 112" ,,., ,· 

SCALE 

Inlet Tube (IT) 

Cylindrical Cavity (CC) 

Figure 2-1: Vonnegut's Vortex Whistle (Vonnegut, 1954) 

4 

Vonnegut named this device a vortex whistle (Fig. 2-1) as it "produced a reasonably loud 

note (acoustical tone) from a small vortex in a tube." Using both air and water as the 

working fluid, Vonnegut performed several experiments with the vortex whistle. 

Initially, the flow rate was measured at atmospheric pressure at the exit of the vortex 

whistle. There was a distinct relationship between the flow rate and the frequency of the 

acoustical tone as can be seen in Fig. 2-2. 
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Figure 2-2: Frequency vs. Flow Rate (Vonnegut, 1954) 
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It is clear that although water and air have a large density difference, the number of 

cycles produced per unit volume of fluid flowing through the device remains about the 

same (Vonnegut, 1954). Tests were also conducted at exit pressures of roughly 1, ½, and 

¼ atmospheres. In each case, the emitted frequency was plotted against Fi - Pz . With 
P2 

P1 being the inlet pressure (atmospheric) and P2 being the outlet pressure, this quantity is 

closely related to the velocity through the whistle. Thus, comparing the data to this 

quantity is similar to comparing it to the velocity without actually having to measure the 

velocity through the whistle. The results of these tests are shown in Fig. 2-3. Note that 



there is a relationship, which appears to be almost linear, between the frequency of the 

sound and the velocity through the whistle (Vonnegut, 1954 ). The linear relationship 

between velocity and frequency caused Vonnegut to suggest, "the vortex whistle may 

prove useful in making instruments for measuring and integrating fluid flow, as well as 

for measuring the true airspeed and air mileage of airplanes." 

10 

2 
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o'-----'----'----L.---'---...__-4 _ __,__...J 
.2 .4 .6 .8 .10 1.2 1.4 

,r-;;;=-;;-
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Figure 2-3: Frequency vs. Pressure Ratio (Vonnegut, 1954) 

6 

Vonnegut hypothesized that the frequency of the produced sound was the same as the 

precession frequency of the vortex core. He saw, in a vortex whistle device constructed 

from transparent material, that bubbles would fix themselves in the center of the water 

vortex. He rationalized that this was attributed to the center of the vortex being the 

location of lowest pressure (Vonnegut, 1954). However, he also noted that near the 

downstream tube exit, there was bubble precession around the tube axis. It was this 

visible precession coinciding with the frequency of the sound that led him to hypothesize 



that they were the same. It was then conjectured that the precession was identical to the 

angular velocity of the vortex core. 

7 

Chanaud (Chanaud, 1963) conducted several experiments to test Vonnegut's theory. In 

his experiments, Chanaud constructed many different vortex whistles with differing 

geometries. This was an attempt to determine if the frequency was, in fact, dependent 

upon the angular velocity or if it was determined by other factors. Using fluid mechanics 

theory, he was able to predict the angular velocity of the vortex core based on geometry 

and flow conditions. If the frequency was dependent upon the angular velocity, it would 

be seen in the data. This was the case for almost all of his experiments. He had altered 

the downstream tube diameter, the cylindrical cavity diameter, and the cylindrical cavity 

length (cf. Fig. 2-1). However, when he lengthened the downstream tube, the results 

began to shift away from the initial prediction. The deviation was not substantial, and he 

attributed it to a number of possibilities. First, he imagined that the existence of the 

boundary layer at the entrance to the downstream tube would cause the vortex to deviate 

from the assumed solid-body rotation. Secondly, he postulated, "the existence of an axial 

flow different from the theoretically assumed Poiseuille velocity profile may also have 

some effect" (Chanaud, 1963). Finally, he mentioned that the swirl (angular) velocity 

was not small with respect to the axial velocity, as was assumed in the theory. In 

conclusion, however, he stated that the "evidence suggests that (the precession 

frequency) is simply related to the angular velocity of the steady fluid motion" (Chanaud, 

1963). 
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Sato and Watanabe (Sato et al., 2000) further investigated the use of the vortex whistle as 

a flow meter. As with Vonnegut's earlier investigation, they also found a linear 

relationship between sound frequency and flow rate. Figure 2-4 presents their findings, 

and shows that the frequency was normalized with absolute temperature as indicated on 

the ordinate of the graph. 
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Figure 2-4: Frequency vs. Flow Rate (Sato et al., 2000) 

Sato and Watanabe examined other factors in the use of the vortex whistle as a flow 

meter. First, they quantified the pressure drop through the device and developed a 

pressure drop model based on experimental data. By constructing several different 

vortex whistles with varying geometries, they were able to collect data that enabled them 

to develop a pressure drop model. Their pressure drop model is given in Eq. 2-1: 



where: 

D dst 1 [ D ec +1Js-- n --+ 
L ee D dst 

k 
n _1 2Di, =--tan --
2 DCC 

fl.p = Pressure drop across whistle 
Q = Flow rate through whistle (Lis) 
p = Fluid density 
D = Diameter 
L = Length 
k = Connection angle of cylindrical cavity and inlet tube 
171-177 = Experimentally determined coefficients 
cc = Cylindrical cavity 
dst = Downstream tube 
it = Inlet tu be 
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(2-1) 
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Figure 2-5: Vortex Whistle Geometry 

The vortex whistle dimensions in Eq. 2-1 can be seen in Fig. 2-5. The first term is the 

cylindrical cavity area (CC) normalized by the downstream tube area (DST). The second 

term is the inlet tube area (IT) normalized by the DST area. The third term represents the 

friction loss through the DST. The fourth and fifth terms show the relations between the 

diameter of the CC and the length. Finally, the sixth term is proportional to the 

connection angle, k, between the CC and the IT (Sato et al., 2000). The coefficients 771 to 

r7? were determined so that the proportionality constant "c" would best fit the 

experimental data. The coefficients are listed in Table 2-1. 



Table 2-1: Coefficients for Eq. 2-1 

TJ1 15.4 

77 2 314.9 

1"3 8.2 

T]4 3.5 

11s 99.2 

116 91.6 

T]7 0.0018 

Sato and Watanabe were also interested in the temperature characteristics of the output 

frequency. After conducting experiments at temperatures of 281, 291, 297, 311, and 

338K, they found that the sound frequency was, in fact, temperature dependent. They 

found that the slope of frequency versus flow rate increased with an increase in the air 

temperature. However, the deviation was found to be within 10% for flow rates higher 

than 0.3 m3/h. This data can be seen in Fig. 2-6. 

11 
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Figure 2-6: Frequency Normalized by Temperature (Sato et al., 2000) 

2.2 Vortex Breakdown 

Vortex breakdown has been described as a sudden change in structure of a vortex 

initiated by a variation in the characteristic ratio of tangential to axial velocity 

components (Leibovich, 1978). Cassidy and Falvey defined a vortex as "broken down" 

when flow reversal occurred along the axis (Cassidy et al., 1970). Vortex breakdown has 

been identified as the cause of the acoustical emission (sound) from the vortex whistle 
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(Vonnegut, 1954). As summarized in a review article by Leibovich (Leibovich, 1978), a 

great deal of research has been performed on vortex breakdown in both internal and 

external flows. This thesis focuses on vortex breakdown in internal flow, and 

consequently, only this type of breakdown will be discussed. To induce vortex 

breakdown, a vortex must encounter an adverse pressure gradient in the axial flow 

direction (Sarpkaya, 1974). An adverse pressure gradient decelerates the flow and can be 

imposed in a number of ways, including a divergent pipe or a sudden expansion. Either 

scenario will cause an adverse pressure gradient by increasing the flowing area, and this 

increased flow area reduces the flow velocity, resulting in an increase in static pressure. 

In 1974, Sarpkaya (Sarpkaya, 1974) examined the location of vortex breakdown in a 

diverging tube under varying conditions such as circulation, mean flow rate, and the 

angle of divergence of the tube. He characterized the location of vortex breakdown 

versus Reynolds number and circulation number for a given divergence. In doing so, it 

was found that "the adverse pressure gradient resulting from the expansion of an 

axisymmetric tube has a significant effect on the position of the vortex breakdown when 

it does occur." An increase in pressure gradient shifted the breakdown location upstream. 

Similarly, an increase in the circulation or the mean flow rate had the same effect 

(Sarpkaya, 1974). However, increasing the divergence of the tube beyond a specific 

value did not seem to increase the adverse pressure gradient imposed on the vortex. 

Under conditions of high divergence angle, flow visualization confirmed that the 

boundary layer separated and flow reversal occurred along the tube wall. The separated 
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boundary layer defined the confines of the flow and limited the adverse pressure gradient 

imposed on the vortex core (Sarpkaya, 1974). 

Harvey (Harvey, 1962) examined vortex breakdown from a more qualitative standpoint. 

In 1962, he conducted experiments using a diverging tube to gather information about the 

qualitative characteristics of the vortex breakdown under varying conditions. He used air 

as the working fluid and used a smoke filament to visualize the vortex core. Harvey was 

able to use the smoke filament to determine the swirl angle at which the breakdown 

occurred. Squire (Squire, 1960) predicted that the ratio of the maximum tangential 

velocity to the axial velocity (the tangent of the maximum swirl angle) would fall in the 

range of 1.0 to 1.2. Harvey found his experimental data to be in excellent agreement with 

Squire's prediction. He also was able to clearly visualize the vortex breakdown process 

in a flow. 

2.3 Multiphase Flow Measurement 

All of the experiments discussed in the previous sections were conducted using single-

phase flow, consisting of either air or water. The topic of this thesis involves multiphase 

flow, and consequently, a brief introduction to multiphase flow has been included. 

Multiphase flow occurs in many different industries, including food processing, chemical 

processing, power generation, and the oil industry (Crowe et al., 1997). Considering the 

case of the oil industry, crude oil is always produced along with water and hydrocarbon 
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gases (Rajan et al., 1993). Often, separation is required to achieve a reasonable 

measurement of flow rates for the individual phases. After separation, single-phase 

measurement techniques can be employed. However, the economics of current fluid 

separators are not satisfactory. "The bulky size of the conventional field separators are 

unwieldy in many cases, such as offshore operations, and are expensive" (Rajan et al., 

1993). Rajan et al. also state, "there is little or no published work in the development of a 

simple, robust, economical and accurate technique for complete metering of multiphase 

flows." 

Most of the difficulty in multiphase flow measurements is due to the increased number of 

parameters required to fully characterize the flow (Rajan et al., 1993). In a typical single-

phase flow, only two flow regimes are encountered. First, there is the laminar flow 

regime where the flow is organized and momentum transfer occurs through viscous 

diffusion alone. Laminar flow is well understood and, in this flow regime, the velocity 

field can be computed either analytically or numerically. By increasing flow velocity 

(Reynolds number), a flow begins to undergo an instability process referred to as 

transition. Transition is characterized by the growth and amplification of instabilities in 

the flow. These instabilities are originally confined to discrete frequency modes, but 

quickly spread to other frequency modes through non-linear interactions. Near the end of 

the transition process the disturbances have spread to a broadband range of frequencies, 

at which point the flow is considered as being turbulent. Random, chaotic motions 

characterize turbulent flow, where momentum transfer is via both viscous diffusion and 
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by macro-transport of fluid particles. Turbulent flow is not well understood and remains 

an area of active research. 

With multiphase flow, however, there are several more flow regimes that can occur. 

These additional regimes not only depend on flow rate alone, but they depend on "flow 

line geometry (size and shape), orientation (vertical, horizontal or inclined), flow 

direction in vertical or inclined flows (up or down), component transport properties 

(density, viscosity, and surface tension), and flow rates" (Rajan et al., 1993). Figure 2-7 

illustrates some typical liquid-gas flows in vertical pipes, and Fig. 2-8 depicts some 

typical liquid-gas flows in horizontal pipes. 
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Figure 2-7: Typical Flow Regimes in Vertical Flow (Rajan et al., 1993) 
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In vertical flow, as encountered while fluid is being produced up the well bore, one 

would expect to find one of the many flow regimes shown in Fig. 2-7. For high liquid 

flow, bubbly flow is the dominant regime. As the gas flow increases, the flow will 

typically move to plug or churn flow, and at high gas flow rates, the annular flow pattern 

is the predominant regime (Rajan et al., 1993). In horizontal flow, which is typically 

encountered after the wellhead, one would expect to encounter one of the six main flow 

patterns as shown in Fig. 2-8. At low gas and liquid flow rates, a smooth or wavy 

stratified flow would be expected, but if the gas flow is rather high, the flow will move 

into the annular flow regime. At intermediate liquid flow rates, elongated bubbles or 

slugs characterize the flow. Finally, at very high liquid flow rates, the flow is typically in 

the bubbly regime (Rajan et al., 1993). 
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CHAPTER3 Experimental Apparatus 

The multiphase flow apparatus consisted of three main flow loops. Each loop could run 

independently or simultaneously, so there were several combinations available to create 

different flow scenarios. A schematic of the entire apparatus is shown in Fig. 3-1. 

2" Ball Valve 
1.5" Ball Valve 

FTB-936 Air Flow Meter (F) 
1" Copper Pipe 

Air Regulator 
Compressed Air Enters Here ___ ~ =====~ =====:0; 

1.5" Gate Valve---------~ 
Multiphase Section (C) 

2" Clear Pipe ___ ___ ______ 

Vortex Generator (D) 
2" Clear Pipe ___ ____ --1 

3" Expansion Chamber _ ____ __ -j 

U n is t rut 

Drain Valve 
125 Gallon 
Water Tank 

Each tick represents 1' 

Orifice Plate(E) 
l==::z== = }--- Unistrut 

1.5" Coupler 

FTB-908 Flow Meter (B) 

4" ABS Pipe 

Blower Air Enters Here 

1.5" Coupler 
1.5" Ball Valve 
1.5" ABS Pipe 
2" Gate Valve 
2" Flex Line 
2" Coupler 

Water Pump (A) 

Figure 3-1: Apparatus Schematic 
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Figure 3-2: Photograph of Experimental Apparatus 
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3.1 Water Loop 

The water loop began at the 125-gallon tank. The tank was filled to about 85 gallons 

with tap water, where it was allowed to sit and reach room temperature. From the tank, 

the water flowed through a fully open 2" gate valve. This was followed by a 3' section of 

reinforced 2" flexible tubing. The tubing was connected to the water pump (A), a 

Shertech close-coupled centrifugal pump (Model CMSV55T), with a housing made of 

316 stainless steel. The 1.5 horsepower pump produced 67' of head at zero flow rate, and 

118 gallons per minute of flow at zero head. The pump exit consisted of reinforced 1.5" 

flexible tubing that connects to 1.5" ABS pipe. The pipe had an inner diameter of 1.5" 

and an outer diameter of 2.0". Some of the flow was permitted to re-enter the tank 

through a recirculation line. The recirculation line ensures that there was always water 

flowing through the pump, providing cooling at the lower flow rates. From that point 

there was a straight section of pipe that was 44" long. This corresponded to 29 diameters 

of straight pipe upstream of the water flow rate meter (B). The straight section of pipe 

ensured that the flow was axial and fully developed. The design of the metering run was 

based on recommendations from the manufacturer of the water meter. The water meter 

was an Omega turbine meter (Model FTB-908). Downstream of the turbine meter was an 

11" straight run of pipe that was equivalent to 7 pipe diameters. This straight section 

ensured that the flow was allowed to redevelop, producing the highest accuracy possible 

as to manufacturers specifications. An adjustable gate valve controlled the water flow 

rate. Opening this fully allowed the flow rate to reach approximately 2.75 Lis. To 

increase the flow rate further, the recirculation valve needed to be closed. This increased 
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the flow up to a maximum of 5.0 Lis. After the adjustable gate valve, the flow entered 

the multiphase flow section (C), which was made of 2" ABS pipe. The pipe had an inner 

diameter of 2" and an outer diameter of 2.5" . The flow then entered a clear section of 

pipe, for visualization purposes, and into the vortex generator (D). Upon exiting the 

vortex generator, the flow returned back into the tank. 

3.2 High Volumetric Flow Rate Air Loop 

The high volumetric flow rate air loop provided air at high flow rates. As a compromise, 

however, only low-pressure air could be supplied. This was only used for testing high air 

and low water flow rates. 
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Figure 3-3: Maxon C-2370-16 Blower 

The blower, seen in Fig. 3-3, was a centrifugal type blower manufactured by Maxon 

(Model C-2370-16). The 3 horsepower blower produced a maximum of 395 cubic feet 

per minute and a maximum static pressure of 1 psi. The 4" outlet had a butterfly valve 

that allowed the flow rate to be controlled. The air flowed from the blower to a straight 

section of 4" ABS pipe. This pipe had a 4" inner diameter and a 4.5" outer diameter. 

The metering run was 83", which was equivalent to 20 pipe diameters. The metering run 

led to an orifice plate (E) that was used to meter the high volumetric air. Downstream of 
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the orifice plate was a 31" straight section that corresponded to 7 pipe diameters. At that 

point there was a 180° bend followed by a 45° concentric contraction to 2" ABS pipe. 

This pipe had an inner diameter of 2", and an outer diameter of 2.5". The contraction 

section was followed by a ball valve. The ball valve was simply on or off, and was used 

to prevent water from flowing back into the blower when the loop was operated with the 

blower off. The flow next entered the multiphase flow section (C), into the clear section 

of pipe, and continued on through the vortex generator (D). 

3.3 Compressed Air Loop 

The compressed air loop was designed to produce a low volumetric flow rate of air at 

relatively high pressures. This was for low air flow rate conditions, and was particularly 

useful when the water flow rate was high and the high air pressure was required to 

overcome the water pressure. 

The compressed air loop began with a Princess Auto Signature Series air compressor. It 

was a 5 horsepower, 2-stage air compressor, attached to an 80-gallon tank. The air was 

pressurized to 175 psi and was rated at 16.9 cubic feet per minute (CFM). At 100 psi, the 

rating increased to 18.0 cubic feet per minute (CFM). From the tank, the air traveled 

through about 46' of 1" copper pipe. After flowing through the copper pipe, the air 

pressure was reduced to approximately 30 psi using a Princess Auto pressure regulator. 

The regulator had ½" NPT connections, so the 1" pipe reduced to ½" before the 

regulator, and expanded back to 1" after the regulator. This expansion marked the 
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beginning of the straight metering run. Upstream of the air flow meter (F), there was 22" 

of 1" copper pipe, which was equivalent to 22 pipe diameters. Downstream was a 6" 

section of 1" pipe equivalent to 6 pipe diameters. At this point the pipe was again 

reduced and connected to 6" of reinforced flexible tubing. On the other end, the tubing 

was connected to 1.5" ABS pipe. The air flow rate was controlled by a 1.5" gate valve 

and a 1.5" ball valve connected in series. This tied into the main vertical section of 2" 

ABS pipe through a "T" fitting. At this point, the low volumetric air joined the high 

volumetric air, and they flowed together into the multiphase section (C), through the clear 

section of pipe, and on into the vortex generator (D). 

3.4 Vortex Generator/Sudden Expansion (D) 

The vortex generator produced the vortex. The sudden expansion, located downstream of 

the vortex generator, was where vortex breakdown occurred. The vortex generator and 

breakdown section is depicted in Fig. 3-4, a dimensioned side view is shown in Fig. 3-5, 

and an actual photograph is shown in Fig. 3-6. 
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Figure 3-4: 3D Rendering of Vortex Generator 
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Figure 3-5: Side View of Vortex Generator 
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Figure 3-6: Photograph of Vortex Generator 
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The inlet tube was constructed of 2" clear acrylic pipe that had an inner diameter of 2" 

and a wall thickness of 1/8". The clear section was 32" long and introduced the flow 

tangentially into the cylindrical cavity. By introducing the fluid tangentially, the 

necessary swirl was induced on the flow. The cylindrical cavity was constructed of PVC 

sewer pipe that had an inner diameter of 7.875" and a wall thickness of¼". 
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The flow exited the cylindrical cavity through the downstream tube. The downstream 

tube was made of 2" clear acrylic pipe and was 1 O" long. At the end of the 1 O" section of 

the downstream tube, the diameter suddenly expanded to 3" clear acrylic pipe. The 3" 

diameter pipe was 24" long and exited to a 2" gate valve. The gate valve was only used 

for single-phase water experiments. Otherwise, it was removed from the apparatus. The 

purpose of the gate valve was to increase the overall system pressure so that trapped air 

could be vented to atmosphere through a small flip valve located at the top of the vortex 

generator. 

3.4.1.1 Secondary Expansion Modification 

Refinements and modifications are often required with the development of new 

experimental apparatus. Two such modifications were required for the multiphase flow 

apparatus. One modification will be described here, and a second modification will be 

discussed later in this chapter. 

During experimentation, it became clear that a modification was necessary in the exit 

pipe of the apparatus. It will be shown in Chapter 5 that vortex breakdown occurred at 

the sudden expansion, as expected. However, there was also a secondary vortex 

breakdown that occurred where the 3" acrylic pipe exited to atmosphere. This secondary 

breakdown produced an additional spike in pressure fluctuation spectra that could 

interfere with the signal analysis. Consequently, a flow straightener was attached to the 

exit of the 3" acrylic pipe to remove swirl from the flow and thus prevent vortex 
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breakdown upon exiting to atmosphere. Figure 3-7 shows the spectra without the flow 

straightener, and Fig. 3-8 shows the spectra with the flow straightener attached. In both 

figures, arrows have been used to denote the location of the spectral spikes of interest. 
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Figure 3-7: Spectra Without Flow Straightener 
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Figure 3-8: Spectra With Flow Straightener 
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The detailed aspects of Fig. 3-7 and 3-8 will be discussed further in Chapter 5. For now, 

however, the important aspects to notice are that Fig. 3-7 has two sets of arrows while 

Fig. 3-8 has only one set. One set of arrows in Fig. 3-7 was due to vortex breakdown at 

the sudden expansion in diameter from 2" to 3". Vortex breakdown, as the 3" diameter 

section exited to atmosphere, was believed to be the cause of the other set of arrows. The 

notion that the set of arrows to the left in Fig. 3-7 were caused by vortex breakdown at 

the exit of the 3" diameter pipe section was supported by the fact that these spikes 

disappeared when the flow straightener was attached to the end of the pipe, as shown in 

Fig. 3-8. 

Consequently, the flow straightener was included as part of the apparatus for all of the 

experiments with the exception of those conducted in Chapter 4. Experimental results 

from Chapter 4 were used to determine the optimum location of pressure taps using a 

comparative signal strength study. Results from this study were independent of vortex 

breakdown at the secondary expansion location and, consequently, the data presented was 

collected without the flow straightener installed. 

The flow straightener consisted of a tube bundle made from large drinking straws that 

were approx¼" diameter and 8" long. The straws were glued together with epoxy and 

inserted into the end of the 3" acrylic pipe. Figure 3-9 shows the flow straightener 

installed at the exit of the pipe. 
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Figure 3-9: Flow Straightener 

3.4.2 Pressure Taps 

Five pressure taps were installed at the 2" to 3" expansion section illustrated in Fig. 3-10. 

Two of the taps were located upstream of the expansion and three were located 

downstream of the expansion. Only two of the five taps were used during the 

experiments. A large number of taps were installed so that a signal strength investigation 

could be performed and is described in Chapter 4. Each pressure tap was constructed of 

clear acrylic, and was threaded to a tapered¼" female national pipe thread (FNPT). 
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Figure 3-10: Pressure Tap Locations 

3.5 Instrumentation 

There were several measurement devices integrated into the multiphase flow apparatus, 

and each of these components will now be described. Details behind the calibration of 

each device will also be discussed. 

3.5.1 Water Flow Rate Meter (B) 

The water flow rate meter used was an Omega turbine meter (Model FTB-908) that 

measured flow rates between 0.50 Lis and 8.20 Lis. The meter's housing was 

constructed of 304 stainless steel, the rotor was constructed of 17-4 stainless steel, and 

the bearings were constructed of 440C stainless steel. The end connections were 1 ½" 
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MNPT fittings. The accuracy was listed as ± 0.5% of reading, and the repeatability was 

listed as ± 0.05%. The output of the meter was a series of pulses whose frequency related 

to the flow rate through the meter. A calibration of the flow meter was included in the 

package that was sent and it is shown in Fig. 3-11. 
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Figure 3-11: FTB-908 Calibration 

The flow meter was connected to an Omega signal conditioner (Model FLSC-61 ). It 

conditioned an input of Oto 600Hz and changed it to an output of Oto 10 Volts. The 

linearity of the signal conditioner is listed as 0.3% of full scale, and the temperature shift 

is <2% of reading. The signal conditioner housing mounted directly to the FTB-908 

water meter and was connected through a 2-wire cable that was supplied by the 

manufacturer. The calibration for the signal conditioner that compared the input 

frequency with the output voltage is depicted in Fig. 3-12. 
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Figure 3-12: FLSC-61 Signal Conditioner Calibration 

The combined calibration equation for the turbine flow meter and the signal conditioner 

1s: 

where: 

q = l.l44xV-0.026 

q = Volumetric flow rate (±0.1 Lis) 
V = Voltage signal (V) 

3.5.2 Compressed Air Flow Meter (F) 

(3-1) 

The compressed air flow rate was measured using an Omega FTB-936 Turbine Flow 

meter. This meter had a range of 1.50 to 28 Lis. The housing was constructed of 304 

stainless steel, the rotor was constructed of 17-4 stainless steel, and the bearings were 

constructed of 440C stainless steel. The end connections were 1 ½" MNPT fittings. The 

accuracy was listed as ±1.0% of reading, and the repeatability was listed as ±0.25%. The 
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output of the meter was a series of pulses whose frequency related to the flow rate 

through the meter. A calibration of the flow meter was included in the package that was 

sent and it is shown in Fig. 3-13. 
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Figure 3-13: FTB-936 Calibration 

The Omega turbine meter was connected to an Omega signal conditioner (Model FLSC-

61 ). It conditioned an input of O to 1500Hz and changed it to an output of O to 10 Volts. 

The linearity of the signal conditioner is listed as 0.3% of full scale, and the temperature 

shift is <2% of reading. The signal conditioner housing mounted directly to the FTB-936 

air flow meter and was connected through a 2-wire cable that was supplied by the 

manufacturer. The calibration for the signal conditioner that compared the input 

frequency with the output voltage is depicted in Fig. 3-14. 
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Figure 3-14: FLSC-61 Signal Conditioner Calibration 

The combined calibration equation for the turbine flow meter and the signal conditioner 

is: 

where: 

q1 = 2.819xV -0.098 

qf = Volumetric flow rate at flowing conditions (±0.35 Lis) 
V = Voltage signal (V) 

3.5.3 Compressed Air Pressure Measurement 

(3-2) 

A pressure regulator was used to drop the pressure from the compressor tank pressure to 

30 psi. The pressure regulator had a port on it enabling the output pressure to be 

measured. The outlet pressure measurement was used to determine the density of the air 

passing through the air flow meter. Since the air flow meter measured volumetric flow 

rate, the density was required to compute mass flow rate. 
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The pressure transducer used to measure the pressure was an Omega PX291-030D5V. It 

did not have a quick transient response and the transducer's output had been time 

averaged to find the static flowing pressure. The transducer had a range of 0-30 psi and 

an accuracy of ±1 %. The output was 0-5 V, and the calibration of the pressure transducer 

IS: 

where: 

P = 41368.54xV 

P = Static gauge pressure (±2100 Pa) 
V = Voltage signal (V) 

3.5.4 Compressed Air Temperature Measurement 

(3-3) 

A thermocouple was inserted into the flow downstream of the compressed air flow meter. 

The thermocouple measurement was used along with pressure, to compute the density of 

the flowing air. 

The thermocouple was a K type thermocouple, and was connected to a signal conditioner 

that was built in house. The signal conditioner housed an Analog Devices AD595 

Monolithic Thermocouple Amplifier with Cold Junction Compensation. The range of the 

thermocouple/signal conditioner combination was 0-220°C with ±1 °C accuracy. The 

calibration for the thermocouple is Eq. 3-4. 



where: 

T = lOOxV 

T = Measured temperature (±1 °C) 
V = Voltage signal (V) 

3.5.5 Orifice Plate Meter (E) 
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(3-4) 

The orifice plate was used to meter the flow of air from the high volumetric flow rate 

blower. The dimensions of the orifice plate were critical to ensuring accuracy, and the 

dimensions are shown in Fig. 3-15. It had been built with interchangeable plates, but for 

all tests, the 50.8 mm orifice plate was used. 

Pressure T0p 

l 11 

8 

~2''----4 Orifice Pl0 te 

Pressure T0p 

Air Flow 

Figure 3-15: Orifice Meter Details 



The orifice meter was designed using information found in a flow metering reference 

(Miller, 1996). 

3.5.5.1 Differential Pressure Measurement 

The differential pressure across the orifice plate was central to the flow rate calculation. 

This measurement was accomplished using an Omega PX291-010WD5V. The 

differential pressure transducer had a range of 0-10" water and an output of 0-5 V. The 

accuracy was listed as ±1 %. The calibration is given in Eq. 3-5. 

P = 498.lSxV 
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(3-5) 

where: 
P = Differential pressure (±25 Pa) 
V = Voltage signal (V) 

To determine the mass flow rate of air through the orifice plate, the density of the 

upstream air was required. The density of the air was determined with the ideal gas law, 

which required measuring the temperature and static pressure of the upstream air. 

3.5.5.2 Static Pressure Measurement 

To find the gauge pressure, the upstream pressure tap was connected to one side of a 

differential pressure transducer. The other side of the transducer was left open to 

atmosphere. The pressure transducer used was an Omega PX291-002D5V. It had a 
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range of 0-14000 Pa and an output voltage of 0-5 V. The calibration for this transducer is 

given in Eq. 3-6, and its accuracy was listed as ±1 %. 

where: 

P = 2757.90xV 

P = Static pressure (± 70 Pa) 
V = Voltage signal (V) 

3.5.5.3 Air Temperature Measurement 

(3-6) 

The temperature was measured upstream of the straight metering run using a K-type 

thermocouple. The thermocouple was connected to a signal conditioner that was built in-

house, and its calibration is given in Eq. 3-7. Notice that this calibration is identical to 

that of the thermocouple used to measure the compressed air temperature (Eq. 3-4). 

where: 

T = lOOxV 

T = Measured temperature (±1 °C) 
V = Voltage signal (V) 

3.5.6 Vortex Pressure Measurement 

(3-7) 

In order to further understand conditions "inside" of the vortex, a pressure tap was 

installed in the clear acrylic top of the vortex generator (cf. Fig. 3-4 and 3-5). The 

pressure transducer used did not have a high frequency response, and consequently, it 

was only used to measure the average pressure. The transducer used was an Omega 



40 

PX291-100WD5V-B. This was a differential pressure transducer, and gauge pressure 

was measured by leaving one end open to atmosphere. The suffix "-B" in the model 

number indicated that the meter measured both positive and negative pressures, and thus 

the transducer's range was ±100" of water with an output of 0-5 V. The accuracy was 

listed as being ±1 % with the calibration given in Eq. 3-8. 

where: 

P = 9963.56xV + 24909 

P = Gauge pressure (±750 Pa) 
V = Voltage signal (V) 

3.5.7 Vortex Breakdown Pressure Transducers 

(3-8) 

A measurement of importance while investigating the vortex breakdown process was the 

pressure fluctuation measurement. To measure the pressure fluctuation signal, a pressure 

transducer with a sufficiently high frequency response was required. The pressure 

transducers used to perform this measurement were Validyne DP103 differential pressure 

transducers. These transducers had a frequency response up to 1000 Hz and featured 

interchangeable diaphragms enabling the range of the transducer to be adjusted. The 

shape of the DP103 can be likened to a hockey puck, with the circular flat plate 

diaphragm being positioned inside of the "hockey puck." 

The accuracy was listed as being ±0.25% of full scale. The pressure transducers were 

connected to a Validyne CD280 Multi-Channel Carrier Demodulator, which provided 
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power and amplified the transducer output signal. The output of the CD280 was 

adjustable through a variable gain, but typically a -10 to + 10 volt range at full deflection 

was used for each diaphragm installed in the transducer. Table 3-1 lists the diaphragms 

available through Validyne, and the ones in bold italics are the diaphragms that were 

available during this investigation. 

Table 3-1: Available Diaphragm Ranges 

DiaQhragm Pressure Range (Pa} 
06 ±35 
08 ±55 
10 ±86 
12 ±140 
14 ±220 
16 ±350 
18 ±550 
20 ±860 
22 ±1400 
24 ±2200 
26 ±3500 
28 ±5500 
30 ±8600 
32 ±14000 
34 ±22000 
36 ±35000 
38 ±55000 
40 ±86000 



The Validyne DP103 transducer can be used to sample both dry and wet flows. The 

DP103 included a bleed screw that enabled trapped air or water to be drained from the 

transducer's internal volume. This was found to be useful during the experiments as it 

was found that trapped air could attenuate the measured signal. Water was found to 

conduct the pressure fluctuation more effectively, providing a stronger signal. 
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Although several different diaphragms were used with the transducer, the transducer was 

not recalibrated with each new diaphragm. This investigation is concerned with 

characterizing the dominant frequencies in power spectral density functions of the 

pressure fluctuation signal, and consequently, absolute pressure measurements were not 

significant to the investigation. What was of importance, however, was that the 

transducer and associated conditioning electronics were adjusted to maximize the signal 

strength. This, of course, assumes that the pressure transducer had not saturated by 

exceeding its maximum pressure. 

To assure that the transducer was not saturated, the average pressure in the transducer 

was adjusted to zero. Adjusting the "backpressure" on the negative side of the transducer 

assured that the diaphragm was centered in the chamber and allowed for maximum 

deflection. The backpressure was considered correct when the mean signal oscillations 

averaged near zero, as viewed on a digital storage oscilloscope. 
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The transducers were located adjacent to the vortex generator section. They were 

mounted to Unistrut rails surrounding the vortex generator and connected to pressure taps 

with ¼" copper tubing. Figure 3-16 shows a photograph of the apparatus. 

Figure 3-16: Pressure Transducers Mounted to Apparatus - Side View 
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3.5.8 Modifications 

Initially, it seemed logical to minimize the length of the pressure lines between the 

pressure taps and the pressure transducers. It was assumed that the shorter line length 

would maximize the signal strength sensed by the pressure transducers, and that it would 

be easier to bleed the air from the lines. As can be seen in Fig. 3-16, short lengths of 

copper pipe were used as the pressure leads, with the pressure transducers fastened to the 

frame around the vortex generator. 

The data collected from the pressure transducers under these conditions is displayed in 

Fig. 3-17. The data presented was for one air flow rate and a sweep of water flow rates. 

The important features to notice in the power spectra are the spikes that range from about 

10 Hz to 30 Hz as the water flow rate increases from 1.0 Lis to 3.5 Lis. These spikes are 

assumed to be caused by the vortex breakdown frequency. Figure 3-18 presents data 

collected under the same test conditions; however, for these tests, the pressure 

transducers were not connected to anything. Therefore, any fluctuating signal found in 

this data is due to the vibration of the transducer assembly. There is a distinct similarity 

between Fig. 3-17 and 3-18 for the peaks that range from 10 - 30 Hz. This indicates that 

the spikes are not due to pressure fluctuations, but rather are related to mechanical 

vibration in the apparatus. 
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Figure 3-17: Spectra with Pressure Line Connected 
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Figure 3-18: Spectra with Pressure Line Disconnected (Vibration) 
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To prevent the vibration component of the signal from affecting the results, it was 

decided to make several changes to the apparatus to reduce the influence of mechanical 

vibration. First, it was decided to mount the transducers to framing that was 

mechanically isolated from the apparatus. By comparing the original configuration in 

Fig. 3-16 (side view) to the modified configuration in Fig. 3-19 (frontal view), it can be 

seen that the transducers were moved from the left and right rails to a rail disconnected 

from the flow apparatus. The pressure transducers were mounted independently from the 

apparatus so that the only connection was the tubing. In order to minimize the transfer of 

small vibrations through the tubing, the pressure transducers were mounted to Unistrut 

that was bolted to 300 lbs of steel on a cart with rubber wheels. The rubber wheels 

prevented vibration from being conducted through the floor, and the 300 lbs of steel 

reduced the amplitude of any vibration transmitted by the tubes. 

Second, the transducers were oriented in a manner that minimized the effects of 

vibration. The DP103 operated by responding to mechanical deflection of the flat plate 

diaphragm. In an ideal situation, this mechanical deflection would only be caused by 

pressure fluctuations. The diaphragm was, however, also sensitive to acceleration 

(inertial forces), with the most significant contribution resulting from motion in a 

direction perpendicular to the flat plate diaphragm. As seen in Fig 3-16, the pressure 

transducers were originally mounted on the rails to the left and right of the pipe with the 

axis normal to the sensing diaphragm also in the left to right direction. A significant 

portion of the mechanical vibration in the flow apparatus was along the left to right axis, 
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so the transducers were very sensitive to motion in this direction. By rotating the 

pressure transducers 90°, as seen in Fig. 3-19, the diaphragms were no longer as sensitive 

to left-to right-vibration. 

Third, the tubing connecting the transducers to the vortex generator was originally made 

of ¼"copper tubing. This rigid tubing transferred mechanical vibration from the vortex 

generator to the pressure transducers, causing mechanical vibration. The copper tubing 

was replaced with a¼" semi-rigid plastic tubing labeled Nylaflow®. Semi-rigid tubing 

was chosen to reduce the amount of mechanical vibration transferred to the pressure 

transducer, while at the same time not degrading the pressure signal through expansion 

and contraction of the tubing. 



Figure 3-19: Pressure Transducers Mounted Independently from Apparatus -

Frontal View 

3.6 Data Acquisition and Analysis 

3.6.1 Data Acquisition Hardware 
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The data acquisition hardware consisted of the data acquisition board, spectrum analyzer, 

oscilloscope, and computer. 
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3.6.1.1 Data Acquisition Board 

The data acquisition board was a PowerDaq PD2MF16-333/16H. It had a 16-bit AID 

converter capable of sampling 16 channels. The sampling rate maximum was 333 kS/s. 

The Daq board was connected to a PowerDaq breakout board where BNC connectors 

were used to sample the signals from the transducers. 

3.6.1.2 Spectrum Analyzer 

The spectrum analyzer was used to process the signals from the two Validyne DP103 

pressure transducers. The spectrum analyzer used was a Hewlett Packard 3562A. There 

were two channels available, and communication with computer for both control and data 

transfer was via GPIB interface. The computer was used to remotely control the 

spectrum analyzer, programming it to collect power spectral density functions and then 

transfer the data to the computer upon completion. All spectra presented in this thesis 

were collected with the following settings: 

• Hann Windowing Function 

• 150 ensemble averages 

• DC offset removed from data 

• Low-pass (anti-aliasing) filters 
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3.6.1.3 Oscilloscope 

The oscilloscope was used to qualitatively examine the output signals from the Validyne 

DP103 transducers. It proved useful for continuously monitoring the signal for problems 

or irregularities, and to ensure that the output signal remained within the proper range. 

The oscilloscope used was a Tektronix TDS 210 with two input channels. 

3.6.1.4 Computer 

The computer that was used throughout this investigation was an NEC personal 

computer. It had an AMD-K6 processor and 64 Mb of RAM. The computer executed 

software, written by the author using National Instruments Lab VIEW 5.1, that sampled 

data from all of the flow rate transducers, interfaced with the spectrum analyzer via 

GPIB, and processed all of the data and then displayed it to a Graphical User Interface. 

3.6.1.5 Software 

National Instruments Lab VIEW was used to create the data acquisition and processing 

software that was used throughout the investigation. The main functions of the software 

were to acquire data from instruments, control the spectrum analyzer, perform 

calculations on the data, display results using a Graphical User Interface, and save data to 

ASCII files. A screen shot of the Graphical User Interface is shown in Fig. 3-20. 
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Figure 3-20: Lab VIEW Data Acquisition Software 

The controls and indicators in the Graphical User Interface, shown in Fig. 3-20, are 

briefly outlined in the following. 

• Acquisition Settings 

o This section controlled how most data was handled. It also included the 

information required to do air flow rate calculations. The atmospheric 

pressure control was used, in conjunction with the gauge pressure, to 

determine absolute pressure. The orifice diameter menu indicated which 
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plate was installed in the orifice meter, and similarly, the diaphragm menu 

was used to enter which diaphragm was installed in the pressure 

transducers. The window menu selected which windowing function was 

used by the spectrum analyzer. The window size control determined the 

range of frequencies examined. Averaging was the number of ensemble 

averages used to construct the spectra. 

• Average Flowing Conditions 

o The average flowing conditions were indicators that display the conditions 

averaged over the course of one test. They were used to determine if the 

flow was steady during a given test. 

• Display Settings 

o The display settings included the units with which the spectra were 

displayed. 

• Base Conditions 

o The volumetric air flow rates were computed at base conditions, and these 

controls defined what base conditions were. 



• File Control 

o The file control buttons saved a test after it had completed and stopped 

program execution at the conclusion of experiments. 

• Spectral Displays 
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o These graphs showed the selected spectrum on either a log or a linear 

scale. Adjustable cursors allowed the coordinates of any data point to be 

determined 

• Compressed Air 

o This cluster was for the compressed air loop. Three measurements were 

displayed: the static gauge pressure; the volumetric flow rate at the base 

conditions; and the flowing temperature. 

• Blower Air 

o This cluster was for the high volumetric air loop. Three measurements 

were displayed: the static gauge pressure; the volumetric flow rate at the 

base conditions; and the flowing temperature. 

• Total Combined Flow 

o There are two meters in this area. One meter indicated the volumetric 

flow rate of water, the other the total volumetric flow rate of air. The air 



flow rate was determined by the summation of the compressed air flow 

rate and the high volume air flow rate. 

3.6.2 Calculations 

3.6.2.1 Air Flow Rate 

54 

Both the compressor air flow rate and the high volumetric air flow rate were converted to 

volumetric flow rates at a base condition. In these experiments, the base condition was 

always 20°C and 101.325 kPa. The equation that was used to convert the flow rates from 

flowing conditions to base conditions was the ideal gas law. This relation is shown in Eq. 

3-9. 

where: 
qb = Volumetric flow rate at base conditions (Lis) 
q1 = Volumetric flow rate at flowing conditions (Lis) 
Tb = Base temperature (K) 
T1 = Flowing temperature (K) 
P 1 = Absolute flowing pressure (Pa) 
Pb = Absolute base pressure (Pa) 

(3-9) 
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3.6.2.2 Flow Rate through Orifice Plate 

The following is an iterative procedure for determining the flow rate through the orifice 

plate. This procedure was included in the Lab VIEW program. It was taken from Miller 

(Miller, 1996). 

First, the diameter of the orifice plate at the flowing temperature was determined using: 

where: 

d = d meas ll + a orifice (Tf - 20 )J 

d = Orifice diameter at T f (mm) 
dmeas = Orifice diameter at 20QC (mm) 
a oriftee = Expansion coefficient for orifice material (QC-1

) 

Y'j· = Flowing temperature (QC) 

The pipe diameter was determined using: 

where: 

D = D meas l1 + a pipe (Tf - 20 )J 

D = Pipe diameter at Tf (mm) 
Dmeas = Pipe diameter at 20QC (mm) 
apipe = Expansion coefficient for pipe material (QC-1

) 

Ti= Flowing temperature (QC) 

(3-10) 

(3-11) 



The beta ratio was calculated using: 

where: 

f3 = !!_ 
D 

f3 = Beta ratio 
d = Orifice diameter at T f (mm) 
D = Pipe diameter at Tf (mm) 

The gas expansion factor for a concentric orifice with pressure taps at D and D/2. 

where: 

Y = 1-(0.41 +0.35{3 4
) M 
k·Pfl 

Y = Gas expansion factor 
f3 = Beta ratio 
M = Pressure drop across orifice (kPa) 
k = Ratio of specific heats 
Pfl = Absolute flowing pressure at upstream tap (kPa) 
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(3-12) 

(3-13) 



The first step of the iterative procedure was to calculate the flow rate by assuming a 

discharge coefficient of 0.60 (for a sharp edged orifice). 

where: 

Cd 2 YZ T fp 
qb = 0.01881927--- b b'\j'- f l JM 

qb = Volumetric flow rate at base conditions (Lis) 
C = Discharge coefficient 
d = Orifice diameter at T f (mm) 
D = Pipe diameter at T f (mm) 
Y = Gas expansion factor 
Zb = Compressibility at base conditions ( assume 1) 
Tb = Base temperature (K) 
P11 = Absolute flowing pressure at upstream tap (kPa) 
Pb= Absolute base pressure (kPa) 
G = Specific gravity w.r.t air (equals 1) 
ZJJ = Compressibility at flowing conditions ( assume 1) 
Ti= Flowing temperature (K) 
M = Pressure drop across orifice (kPa) 

The Reynolds number was then determined using this flow rate. 

where: 

Re= 83.46744 GPb 1 q 
ZbTb 0.01881927 µD b 

Re = Reynolds number 
G = Specific gravity w.r.t air (equals 1) 
Pb= Absolute base pressure (kPa) 
Zb = Compressibility at base conditions ( assume 1) 
Tb = Base temperature (K) 
µ=Viscosity (cP) 
D = Pipe diameter at Tf (mm) 
qb = Volumetric flow rate at base conditions (Lis) 
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(3-14) 

(3-15) 
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Subsequently, the discharge coefficient can be found. 

/3 4 /3 2.5 
C = 0.5959+0.0312/3 2

·
1 -0.184/3 8 +0.039 4 -0.01584/3 3 +91.706~ 

l- f3 Re · 

(3-16) 

where: 
C = Discharge coefficient 
/3 = Beta ratio 
Re = Reynolds number 

The last three steps were iterated using the new discharge coefficient until the flow rate 

converged to 0.001 %. Once converged, the flow rate through the orifice plate had been 

calculated and could be used in further calculations. 
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CHAPTER4 Signal Strength Study 

To maximize the signal strength of the Validyne DP103 pressure transducers, the 

pressure tap locations must be as close as possible to the vortex breakdown location. The 

exact location of vortex breakdown was, however, difficult to predict. Consequently, it 

was decided to install five pressure taps and to determine the location that maximized 

signal strength by experiment. Figure 4-1, which is identical to Fig. 3-10, depicts the 

pressure tap locations that are discussed throughout this chapter. 

2' 

11, 
2 

11 , 7. 
2 8 

1~· 3· 

Figure 4-1: Pressure Tap Locations 



4.1 Procedure 

Only one pressure transducer was used during the signal strength experiments, ensuring 

that the sensor gain was identical between tests. Care was also taken to bleed all of the 

air from the tap lines so that the signals would not be affected by the compressibility of 

trapped air. 
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The procedure was to connect the transducer to the pressure tap of interest, fill the 

apparatus with water, and then bleed the pressure transducer and lines of trapped air by 

loosening the bleed screw located on the top of the DP103 transducer. After this, the 

water sweep data was collected at predetermined flow rates. By conducting the water 

runs first, air was prevented from entering into the pressure tap lines. Once the water 

sweep was completed, the air sweep was conducted. During this time, the blower was 

used to supply the air, and all of the tests were conducted one immediately after the other. 

This reduced the time that the water from the pressure lines had to drain and thus 

improved the signal quality sensed by the transducer. Once the air sweep was completed, 

the transducer's tubing was moved to another pressure tap location, and the procedure 

repeated. This routine was followed for all five pressure taps. 

4.2 Results 

The purpose of the test was to determine the pressure tap location that produced the 

largest signal strength. This was done by examining and comparing spectra collected 

from different pressure taps and noting spectra that have prominent spectral spikes 
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compared to the background noise. This analysis method was strictly qualitative; 

nonetheless, it served the required purpose. Figure 4-2 shows the spectra for each tap 

location with the air sweep spectra on the left and water sweep spectra on the right. The 

arrows on each spectrum indicate the spikes that are attributed to vortex breakdown. The 

clarity of the spikes above the background noise was quite low in some cases, with the 

arrows providing a reference for visual comparison. The spectra in Fig. 4-2 have been 

shifted vertically to assist in the interpretation. In actuality, the curves should be almost 

coincident, in which case it would be difficult to distinguish between them. By shifting 

the curves vertically, each curve can be examined and compared to the others. The scale 

of each curve has not been altered, and thus, comparisons can be made between curves. 
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Figure 4-2: Air and Water Spectra for 5 Tap Locations 

The "quality" of a particular signal was based on the scale given in Table 4-1. This scale 

was used to quantify how prominent the spikes of interest were with respect to the 

background noise. 
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Table 4-1: Signal Quality Scale 

Best Signal High 

Medium 

Low 

Worst Signal None 

To examine the spectra, the spikes of interest must be compared to the background noise. 

The background noise consisted of electrical noise, spectral leakage, and the pressure 

fluctuations associated with turbulent pipe flow. The following table is a comparison of 

each set of spectra and their quality. 

Table 4-2: Pressure Tap Signal Quality 

Tap Air Water 

1 Medium Medium 

2 Medium High 

3 High Low 

4 High None 

5 High None 
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4.3 Conclusions 

Since there was no signal at tap locations 4 and 5 when water is flowing, these two tap 

locations can be eliminated. Tap 3 was not favorable since the water signal was low at 

this location. Although taps 3, 4, and 5, had high signal quality for air, taps 1 and 2 

provided the best overall signal quality for tests conducted using both air and water. For 

this reason, tap locations 1 and 2 were used in all experiments regardless of whether air, 

water, or multiphase flow was being tested. 
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CHAPTERS Single-Phase Study 

A new experimental facility was built for the investigation described in this thesis, and 

consequently some form of benchmarking needed to be made before multiphase flow 

experiments could be performed. In order to benchmark the experimental facility, it was 

decided to collect vortex breakdown data for single-phase flow and to compare the results 

collected to those of previous investigations. Many researchers have found that for 

single-phase flow, the frequency of the breakdown was linearly related to the flow rate 

through the device. The single-phase studies presented here used both water and air as 

the working fluid. 

In each case, spectra were collected from pressure taps 1 and 2 ( cf. Fig. 3-10) using the 

Hewlett Packard 3562A spectrum analyzer. By collecting data from two pressure taps 

with a small axial spacing between taps, the spectra could be verified against each other, 

and any "time lag" features between tap locations could also be determined. The results 

for water will first be examined followed by the results for air. 

5.1 Water 

The results for the single-phase flows compared favorably with those of previous 

investigations. The linear results that were expected were achieved, thus providing 

validation of both the flow facility and the vortex generator apparatus. For all of the data 
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figures presented in this chapter, "Spectra 1" refers to the upstream pressure tap, and 

"Spectra 2" refers to the downstream pressure tap. The spectra were produced using an 

ensemble average of 150 samples and each time series was multiplied by a Hann 

windowing function prior to performing the Fast Fourier Transform. Also, it is important 

to realize that the flow straightener discussed in Section 3 .4.1.1 was installed for all of 

these tests. Furthermore, the pressure transducers were isolated from the apparatus, as 

discussed in Section 3.5.8. 

Figure 5-1 is a photograph clearly showing the presence of vortex breakdown in single-

phase water flow. The air core shows the vortex axis and was not flowing through the 

apparatus, but was only present for visualization purposes. For all single-phase water 

tests, the air was bled from the apparatus and only water was present. 

Figure 5-1: Vortex Breakdown Photograph 
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5.1.1 Spectra 

The pressure fluctuation spectra are plotted on a log-log scale to illustrate that they follow 

the power-law relationship predicted for Kolmogorov turbulence. Hill predicted a 

pressure fluctuation spectral slope of -7 /3 for Kolmogorov turbulence (Hill et al., 1995), 

and a dashed line with this slope has been superimposed on all of the spectra to illustrate 

that the data does, indeed, decay at this rate. It is interesting to note that this type of 

relationship exists, considering that turbulent pipe flow is neither homogeneous nor 

isotropic turbulence, both assumptions behind the derivation of the Kolmogorov power-

law relationship. It should be noted that the spectral spikes associated with vortex 

breakdown do not obey the -7 /3 power-law relationship. This was expected because 

vortex breakdown is a large-scale coherent structure instability that is very different from 

isotropic and homogeneous turbulence. 



69 

Spectra 1, Water Sweep, Air Flow= 0 Us 
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Figure 5-2: Water Flow Spectra 1 
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Spectra 2, Water Sweep, Air Flow = 0 Us 
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Figure 5-3: Water Flow Spectra 2 

The spectra collected from taps 1 and 2 are shown in Fig. 5-2 and 5-3, respectively. The 

arrows indicate spectral spikes that increase with flow rate and are believed to be due to 

vortex breakdown. It is clear that the frequency increased with increased flow rate, and 

this pattern is apparent in both upstream and downstream spectra (spectra 1 and 2). It is 

interesting to note that the spectra conform to the -7 /3 power-law quite well, covering a 

range from the outer scale (low frequencies, large structures) to the noise floor (high 

frequencies). Furthermore, the spikes of interest do not obey the -7/3 power-law 



relationship, indicating that they are due to a process not associated with the turbulence 

energy cascade. 

5.1.2 Coherency 
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By comparing the spectral spikes in Fig. 5-2 and 5-3, it is noted that the same spikes 

appear in both spectra. This was expected as the spectra were collected from two 

adjacent pressure taps, and thus, they should exhibit similar features. The coherency 

function could be used to verify that the spectral spikes are due to the same physical 

process. The coherency function is a comparison between two signals, which essentially 

compares the spectra for similar structures that are separated only by a time lag. It then 

rates the "consistency" between the two spectra at each frequency on a scale from O to 1. 

The functional definition of coherence is given in Eq. 5-1. 

where: 
Gxy = Cross spectrum 
G\y = Cross spectrum complex conjugate 
G xx = Channel 1 power spectrum 
Gyy = Channel 2 power spectrum 

(5-1) 

The coherence plot for the water flow tests (Fig. 5-4) has the arrows included to clearly 

display the spikes of interest. The pattern is exactly the same as that seen in Fig. 5-2 and 

5-3 and lends credibility to the notion that the spectral spikes are due to the same physical 
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process. Figure 5-4 is a waterfall plot of the coherency function between the two signals 

for each flow rate. 

Coherency, Water Sweep, Air Flow= O Us 

Frequency (Hz) 

Figure 5-4: Water Flow Coherency 

5.1.3 Rotated Spectra Multiplied by Coherency 

In both Fig. 5-2 and 5-3 a line with a -7 /3 spectral slope is included on the plot. This line 

indicates the energy cascade of the flow's turbulence from the large outer scale to the 

small inner scale, as predicted by Kolmogorov. In order to highlight the non-

Kolmogorov features in the spectra, a "rotation" operation was performed on the spectra 
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making the -7 /3 line into a horizontal line. Deviations from the Kolmogorov turbulence 

power law became more visible through this operation. To rotate the spectra, the 

following equation (Eq. 5-2) was used. 

where: 

dB; 7 

Ri = 10 20 f / i = 1,2,3, ... ,n 

R = Element of rotated spectrum array 
dBi= Element of power spectrum array (dB) 
f;, = Element of frequency array (Hz) 
n = Number of elements in arrays 

(5-2) 

In an attempt to further emphasize the spectral spikes attributed to vortex breakdown, the 

rotated spectra were multiplied by the coherency function, as defined in Section 5.1.2. 

Equation 5-3 was used to perform both the rotation and the multiplication operation, with 

the resulting plots shown in Fig. 5-5 and 5-6. 

where: 

dB; 7 

Ri = IO 20 f?1 xY/ i = 1,2,3, ... ,n 

Ri = Element of rotated spectrum array 
dBi= Element of power spectrum array (dB) 
J;, = Element of frequency array (Hz) 
Y/ = Element of coherency array 
n = Number of elements in arrays 

(5-3) 

Arrows have not been used to denote the spectral spikes of interest in Fig. 5-5 and 5-6 as 

the spectral spikes have become well defined through application of Eq. 5-3. The 
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breakdown frequencies that are depicted in Fig. 5-5 and 5-6 are the same frequencies as 

those labeled with arrows in Fig. 5-2, 5-3, and 5-4. 

Rotated Spectra 1, Water Sweep, Air Flow= 0 Us 
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Figure 5-5: Rotated Water Spectra 1 
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Rotated Spectra 2, Water Sweep, Air Flow = 0 Us 
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Figure 5-6: Rotated Water Spectra 2 

5.2 Air 

The results for air are presented and processed in the same manner as those for water. 

Again, "spectra 1" and "spectra 2" refer to the upstream and downstream tap locations, 

respectively. Similarly, the -7 /3 spectral slope line representing Kolmogorov turbulence 

has been superimposed on each graph to illustrate the background turbulence in the air 

flow data, which also follows the Kolmogorov power-law relationship. 
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5.2.1 Spectra 

Figure 5-7 and 5-8 illustrate that the breakdown frequency was also present in air flow. 

The increasing trend of the frequency with flow rate is very similar to the results 

presented earlier for the water tests. The dashed -7 /3 spectral slope line has again been 

superimposed on the spectra in order to illustrate the presence of Kolmogorov turbulence. 

It can be seen that the spectra do follow the -7 /3 spectral slope predicted by Kolmogorov. 

However, the spectra are noted to become flat at higher frequencies. This is indicative of 

an electronic noise floor in the DP103 transducers. The spectral spikes of interest (the 

breakdown spikes) do not occur in the -7 /3 decay region but rather occur in the noise 

floor region. The spectral spikes for air are noted as occurring at higher frequencies than 

for water, and the magnitude of the spectral spikes is lower. 
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Spectra 1, Air Sweep, Water Flow = 0.0 Us 
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Figure 5-7: Air Flow Spectra 1 
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5 .2.2 Coherency 

Spectra 2, Air Sweep, Water Flow = 0.0 Us 
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Figure 5-8: Air Flow Spectra 2 
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The coherency function, defined earlier in Eq. 5-1, compares the two spectra for similar 

structures that are separated by a time lag. Figure 5-9 presents a waterfall plot for all of 

the coherency data collected for single-phase air flow. It is quite difficult to see the 

spikes in this data because the spectral spikes of interest occur within the noise floor, as 

described earlier. The arrows included in Fig. 5-9 make the spikes somewhat more 

evident, although they are still surrounded by noise spikes. The spikes denoted by arrows 
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are, in fact, the spikes of interest since their frequencies match those frequencies denoted 

by arrows in the spectra in Fig. 5-7 and 5-8. 

Coherency, Air Sweep, Water Flow = 0.0 Us 
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Figure 5-9: Air Flow Coherency 

5.2.3 Rotated Spectra Multiplied by Coherency 

Rotating the air flow spectra again was found to emphasize the breakdown frequency in 

single-phase air flow. As with water flow, the spectra were first "rotated" using Eq. 5-2 

and then multiplied by the coherency function. Equation 5-3 includes both operations 

that enabled Fig. 5-7 and 5-8 to be transformed into Fig. 5-10 and 5-11, respectively. It is 
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clear from these figures that the spike at the breakdown frequency is extremely large, 

especially at the higher flow rates. At the mid-range flow rates the spikes are not as clear 

but are still evident. Below 20 std. Lis (20°C, 101.325 kPa) the spike is not at all evident, 

as illustrated in both Fig. 5-10 and 5-11. This is, however, both reasonable and expected, 

as the spectral spike was not evident in the original spectra ( cf. Fig. 5-7 and 5-8). Again, 

the arrows have not been included as the spectral spikes remained at the same frequencies 

as in Fig. 5-7, 5-8, and 5-9. Furthermore, the spectral spikes are quite evident in Fig. 5-

10 and 5-11. 

Rotated Spectra 1, Air Sweep, Water Flow= 0.0 Us 
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Figure 5-10: Rotated Air Spectra 1 
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Rotated Spectra 2, Air Sweep, Water Flow= 0.0 Us 
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Figure 5-11: Rotated Air Spectra 2 

5.3 Examination of Frequency versus Flow Rate 

One of the main reasons for this research was to examine the flow rate versus frequency 

characteristics of vortex breakdown. As discussed in Chapter 2, others have previously 

examined the single-phase characteristic. These previous investigations have all found 

that a plot of flow rate versus frequency resulted in a linear relationship; naturally, this 

was also expected for the data obtained from this investigation. Figure 5-12 presents 



frequency versus flow rate for the single-phase water data, while Fig. 5-13 presents the 

same data, only now obtained for single-phase air flow. 

Frequency vs. Flow Rate (Water Only) 
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Figure 5-12: Frequency vs. Flow Rate (Water Flow) 
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The points in Fig. 5-12 correspond to the spectral spikes indicated by arrows in Fig. 5-2, 

5-3, and 5-4. It is clear from Fig. 5-12 that the trend between frequency and flow rate is 

very linear, as expected. The slope of the best-fit line is 10.204 Hz/L/s, and the intercept 

is 0.1645 Hz. The fact that the intercept is so close to zero adds credibility to the results, 

as it is expected that the frequency should approach zero as the flow rate approaches zero. 

The other two lines appear to be a harmonic of the root frequency and a sub-harmonic of 

the root frequency. The frequency of the harmonic is approximately double that of the 

root frequency, while the sub-harmonic is approximately half that of the root frequency. 
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Frequency vs. Flow Rate (Air Only) 
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Figure 5-13: Frequency vs. Flow Rate (Air Flow) 

Figure 5-13 indicates the frequency versus flow rate data for single-phase air. As with 

the single-phase water data presented in Fig. 5-12, Fig. 5-13 also exhibits a linear 

relationship between frequency and flow rate. The slope for the single-phase air data is 

9.251 Hz/L/s and the intercept is -25.969 Hz. The slope is very similar to that found for 

water, and it is expected that it would be nearly the same. The slight discrepancy could 

easily be attributed to the actual flow rate of air through the vortex generator being 

different from the flow rate at standard conditions. All of the air flow rates were 

converted to a flow rate at 20°C and 101.325 kPa, whereas these were not the conditions 

within the vortex, although they should be very close. Similarly, this flow rate 

discrepancy could account for the intercept being below zero. Considering the 



frequencies measured were in the range of 150 to 500 Hz, an offset of -26 Hz is rather 

small. 
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The comparison of similarities between the water flow and the air flow results can be 

seen when Fig. 5-12 and 5-13 are plotted together, as shown in Fig. 5-14. Vonnegut 

(Vonnegut, 1954) noticed that the frequency produced depended on the flow rate of the 

fluid and not on the substance. Consequently, an air flow was found to produce the same 

frequency as a water flow at the same volumetric flow rate. Extending this observation, 

we would expect the frequency versus flow rate results for both air and water to be 

collinear. Figure 5-14 reinforces this notion very well. Note that only the root frequency 

has been included for the water data in Fig. 5-14. 
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Figure 5-14: Air and Water Frequency vs. Flow Rate 
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The air and water data presented in Fig. 5-14 are almost perfectly collinear, and the small 

discrepancy can be explained by the fact that the flowing conditions through the vortex 

generator were slightly different from the standardized conditions that were used to find 

the flow rate. The best-fit line through the water and the air data can be seen in Fig. 5-14; 

it has a slope of 8.5582 Hz/Lis with an intercept of 2.5985 Hz. Again, the intercept is 

close to the expected value of zero. 

5.4 Discussion 

The flow facility and vortex generator apparatus have been shown to be capable of 

reproducing the results of previous researchers. The frequency of the vortex breakdown 

versus the flow rate was found to be a linear relationship, and can be clearly seen with 

both water and air as the working fluid. 

In the water sweep data, three spikes were tracked with increasing flow rate. This can be 

seen in Fig. 5-2 and 5-3. It is believed that this is attributed to both a root vortex 

breakdown frequency surrounded by the first sub-harmonic and the first harmonic 

frequencies. It can be seen in Fig. 5-12 that the third spike could be explained as the first 

harmonic as its frequency is seen to be approximately double that of the root frequency 

for most flow rates. However, the sub-harmonic spike seems to be approximately half 

the root frequency for most flow rates, but it is much more erratic than the first harmonic 

spike. 
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To further increase the clarity of the spectral spikes, new data analysis techniques were 

explored. By rotating the spectra according to the predicted background turbulence, the 

spikes became more evident and appeared well above the background turbulence levels. 

Multiplying the rotated spectra by the coherence function between the two channels 

collected also served to further emphasize the signal. The only time when the signal was 

not clearly visible was at very low flow rates where it became buried beneath the 

background turbulence levels or when the signal was of a comparable magnitude and in 

the same frequency range as the electronic noise floor. 

The water flow data and the air flow data showed linear results when vortex breakdown 

frequency was plotted against volumetric flow rate. Each flow produced similar results 

for slope and intercept as was predicted by Vonnegut (Vonnegut, 1954). However, there 

was a slight discrepancy between the air flow data and the water flow data in regards to 

their slope and intercept. The discrepancy was small and can be attributed to the fact that 

the air flow rate was calculated at base conditions (101.325 kPa and 20°C) and not at 

actual flowing conditions because the apparatus was not fitted with instrumentation to 

provide temperature and pressure information from inside of the vortex. 
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CHAPTER6 Multiphase Study 

6.1 Range of Flow Rates 

The multiphase tests were conducted at various combinations of water and air flow rates. 

These tests were performed by either fixing the water flow rate and increasing the air 

flow rate, or fixing the air flow rate and increasing the water flow rate. Due to facility 

limitations, however, it was not possible to conduct experiments over the entire operating 

range of both the water pump and the air blower. It was only possible to collect data over 

a restricted range, as depicted in Table 6-1. In this table, "S" indicates single-phase flow 

data, while "M" indicates multiphase flow data. The blank locations denote flow rate 

combinations where it was not possible to collect data. 

Table 6-1: Experimental Range for Single-phase (S) and Multiphase (M) Data 

55 s 
50 s 
45 s 
40 s M 
35 s M 

Air 30 s M 
(Lis) 25 s M M 

20 s M M 
10 s M M M M 
7.5 s M M M M M M M M 
5.0 s M M M M M M M M 
2.5 s M M M M M M M M 
0.0 s s s s s s s s s s 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
Water (Lis) 
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6.2 Multiphase Air Flow Sweep 

In multiphase air flow sweep data , the water flow rate is effectively fixed, while the air 

flow rate is increased from 0.0 Lis to its permissible maximum. Data was collected at the 

flow rate increments shown in Table 6-1. These flow sweeps appear as vertical columns 

in Table 6-1, however, the data was not necessarily collected in this manner. 

Nonetheless, the data has been presented as though it was collected by sweeping the air 

flow rate with a fixed water flow rate. 
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Figure 6-1: Multiphase Air Sweep Spectra, Water= 0.5 L/s 
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The first multiphase flow sweep examined was for an air flow sweep collected with water 

flowing at its lowest rate (0.5 Lis). Figure 6-1 presents the spectra for water flowing at 

0.5 Lis with air flow rate increasing from 0.0 Lis to 40 Lis. Comparing Fig. 6-1 to single-

phase air flow data in Fig. 5-7 and 5-8, it is seen that the background turbulence in 

multiphase flow again follows the expected -7 /3 power-law relationship quite closely. 

However, it is also noted that the single-phase spectral spikes ranging from 150 Hz to 500 

Hz in Fig. 5-7 and 5-8 are not present in Fig. 6-1. Furthermore, several new spikes 

appear in the multiphase flow spectra in Fig. 6-1 between 6 and 20 Hz. These spikes 

only seem to appear at the highest air flow rates (30 to 40 Lis) but are also in a similar 

frequency range as the spike for an air flow rate of 0.0 Lis (single-phase water, cf. Fig. 5-

2 and 5-3). 



Spectra 1, Air Sweep, Water Flow= 2.0 Us 

60 1.------c--

40 

20 · · · · · · · .. · · 

0 

20 

40 

60 

80 

100 
100 

. . . · · ·· ··· ·• • · · ·• •·· • · ···· ··· · · · · ---

. . . 
........ 

Frequency (Hz) 

Figure 6-2: Multiphase Air Sweep Spectra, Water= 2.0 L/s 
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Figure 6-2 presents spectra collected at a higher water flow rate from those presented in 

Fig. 6-1. In Fig. 6-2, the water flow rate is constant at 2.0 Lis and the air flow rate is 

swept from 0.0 Lis to the maximum permissible air flow rate of 10 Lis. Again, Fig. 6-2 

shows no indication of the single-phase spikes ranging from 150 to 500 Hz in the single-

phase air data ( cf. Fig. 5-7 and 5-8). 

In Fig. 6-2, the fundamental frequency spike at and 21 Hz in the single-phase spectrum 

appears to have shifted to about 20 Hz with the introduction of air. The harmonic 



frequency spike follows the same trend and shifts from 42 Hz to about 40 Hz. It also 

seems that another spike has been introduced into the spectra at 92 Hz. This spike only 

appears for water flow rates of 1.5 Lis and higher, and it appears to bifurcate as the air 

flow rate increases. This trend is clearly depicted in Fig. 6-2. 

6.3 Multiphase Water Flow Sweep 
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Multiphase water flow sweep data will be presented in a manner similar to that for the 

multiphase air flow sweep data. In multiphase water flow sweep data, the air flow rate is 

effectively fixed while the water flow rate is increased from 0.0 to 5.0 Lis. As before, the 

data was not necessarily collected in this manner, but this is how the data has been 

presented. Data of this sort is best described as horizontal rows in Table 6-1. 
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Spectra 1, Water Sweep, Air Flow = 10 Us 
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Figure 6-3: Multiphase Water Sweep Spectra, Air= 10.0 L/s 

Figure 6-3 presents various spectra for a constant air flow rate of 10.0 Lis as the water 

flow rate was increased from 0.0 Lis to 2.0 Lis. At water flow rates above 1.0 Lis, 

spectral spikes are noted to appear between 10 and 100 Hz. The spikes at 10 Hz and 20 

Hz are seen to increase as the water flow rate increased from 1.0 Lis to 2.0 Lis, while a 

bifurcated spectral spike remains constant near 100 Hz for water flow rates of 1.5 Lis and 

greater. 
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Spectra 2, Water Sweep, Air Flow = 5 Us 
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Figure 6-4: Multiphase Water Sweep Spectra, Air= 5.0 L/s 

In Fig. 6-4, very similar features are noted when the air flow rate is fixed at 5.0 Lis and 

the water flow rate is swept from 0.0 Lis to 4.0 Lis. As with Fig. 6-3, there are spikes 

ranging from 8 Hz to 35 Hz that increase as the water flow rate increases from 1.0 Lis to 

2.0 Lis. These spectral spikes do not exist below 1.0 Lis. A fixed spike appears near 100 

Hz for water flow rates of 1.5 Lis and greater; this spike is not evident for flow rates 

below 1.5 Lis. A notable anomaly occurs in that the spectral spikes do not increase 

continually with increasing flow rate, but rather seem to stop and remain almost fixed for 



water flow rates above 2.0 Lis. This trend was not seen in Fig. 6-3 because, due to 

facility limitations, the water flow rate could not be increased above 2.0 Lis. 

6.4 Scaling of Multiphase Spectra 
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Chapter 5 introduced a few scaling techniques that were applied to the single-phase flow 

spectra in order to assist in the analysis of the spectral data. These operations have been 

applied to the multiphase spectra in this section. The operations and equations have not 

been re-defined here. Refer to Section 5 .1 for the functional definitions. 
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Figure 6-5: Multiphase Air Sweep Spectra, Water= 4.0 L/s 
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Figure 6-5 illustrates the spectra for a multiphase air flow sweep with the water flow rate 

held constant at 4.0 Lis. It depicts the basic spectra without any scaling techniques 

applied to the data, and the arrows indicate the spectral spikes of interest. This data has 

been rotated using Eq. 5-2 and multiplied by the coherence function, shown in Fig. 6-6, 

to obtain the final, conditioned spectra shown in Fig. 6-7. 
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Figure 6-6: Multiphase Air Sweep Coherence, Water= 4.0 L/s 
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Rotated Spectra 1, Air Sweep, Water Flow = 4.0 Us 
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Figure 6-7: Multiphase Air Sweep Scaled Spectra, Water = 4.0 L/s 

Comparing Fig. 6-4 and 6-6, it is clear that the scaling operation makes the spectral 

spikes more evident. This was also noted for single-phase data presented in Chapter 5. 

Some of the spectral spikes in Fig. 6-7 at frequencies above 120 Hz have been 

significantly emphasized by the scaling operation. Some of these spikes can be directly 

attributed to electronic noise (120 Hz and 240 Hz), but others, such as the spikes near 375 

Hz and 500 Hz are not understood. Spikes near 375 Hz and 500 Hz could be attributed to 

electronic noise considering that they are in, or near, the noise floor of the original 

spectra (Fig. 6-5). 
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6.5 Examination of the Spectral Spikes versus Water Flow Rate 

While examining the multiphase spectra collected and displayed on waterfall plots, it 

became evident that certain trends were present in the data for each plot. To better 

visualize and interpret this data, the spikes of interest have been plotted together versus 

one of the component flow rates. Figure 6-8 shows how the frequency of each spike 

varies with the water flow rate. For comparison purposes, the single-phase data has also 

been included. 
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Figure 6-8: Spectral Spike Trends for Water Sweep Data 
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Careful examination of Fig. 6-8 leads to a few interesting characteristics. One 

characteristic to notice is that the spectral spikes for multiphase flow do seem to follow a 

trend that is somewhat consistent with single-phase flow data. 

There is very little evidence of vortex breakdown at a water flow rate of 0.5 Lis, so most 

of the trends start at water flow rates of 1.0 Lis. or higher. 

Starting at a water flow rate of 1.0 Lis, there are two main spikes that are evident. One 

starts near 9 Hz and the other near 20 Hz. These follow the single-phase data quite 

closely until the water flow rate increases above 2.0 Lis. Beyond this point the upper 

frequency spike seems to stop increasing and remain constant near 45 Hz, while the 

lower frequency spike appears to bifurcate. The lower bifurcated spike begins to reduce 

in frequency towards an asymptote of 15 Hz, while the upper bifurcated spike increases 

with the single-phase data until the water flow rate reaches 3.5 Lis. At this point, the 

upper of the bifurcated spikes seems to become invariant to flow rate and remains near 30 

Hz. Still referring to Fig. 6-8, two spikes are seen to start at a water flow rate of 1.5 Lis 

at frequencies near 90 and 100 Hz. These two spikes first appear as a bifurcated spike 

and change little with increasing water flow rate (1.5 Lis to 2.5 Lis). However, at a flow 

rate of 2.5 Lis, they seem to converge into a single spike at 90 Hz and remain invariant 

for flow rates above 2.5 Lis of water. Referring to Table 6-1, it was not possible to track 

any of these spikes above a water flow rate of 4.0 Lis due to facility limitations. 
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6.6 Examination of the Spectral Spikes versus Air Flow Rate 

Figure 6-8 has a second notable trend. This trend is seen when the spikes mentioned in 

the previous section are examined with increasing air flow rate. To observe this trend 

more clearly, the points in Fig. 6-8 located at a water flow rate of 1.5 Lis will be 

considered in further detail. The addition of the lowest air flow rate of 2.5 Lis caused a 

reduction in the vortex breakdown frequency observed in the single-phase flow. The 

vortex breakdown frequency dropped from 30 Hz, for single-phase water, to near 22 Hz 

when 2.5 Lis of air was combined with the water flowing at 1.5 Lis. As the air flow rate 

was further increased, the vortex breakdown frequency began to increase and eventually 

surpassed the original single-phase frequency. 

It is seen in the multiphase data that the vortex breakdown frequency changed with the 

addition of air to the single-phase water flow. When the lowest air flow rate (2.5 Lis) 

was introduced to the single-phase water flow, the frequency was reduced from the 

single-phase frequency. This could be explained by a reduction in angular velocity with 

the addition of air. It was observed that the introduction of air resulted in an air core 

displacing the water towards the outside of the pipe. Assuming that angular momentum 

is preserved within the vortex, displacing the more dense water radially outwards from 

the center of the vortex would result in a reduction in angular velocity, and consequently, 

a reduction in the breakdown frequency. Increased air flow rates would also increase the 

angular velocity of the water through viscous shear across the air/water interface. This 

agrees with the trends observed in Fig. 6-9 and 6-10, where the breakdown frequency is 
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initially reduced with the introduction of air to the flow and subsequently increases with 

increasing air flow rates. 
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6.6.1 Reduction in Angular Velocity Model 

In order to further justify these results and observations, a small model was developed to 

examine how the angular velocity may change with the introduction of an air core. The 

full details of the model, including Maple code, can be found in Appendix C. A brief 

description of the assumptions made and the equations used has been included here. 

As an input, the model required the velocity profile for an in-line vortex in vertical pipe 

flow. Nissan and Bresan (Nissan et al., 1961) present experimental velocity profiles for 

the in-line vortex pipe flow. Nissan and Bresan's velocity profile was measured 6 

diameters downstream of their vortex generator. It was assumed that the flow field 

measured by Nissan and Bresan would be similar to the flow field at 5 diameters 

downstream of the point of generation, which was the point where the pressure 

fluctuation measurements were made in the current investigation. The points in Fig. 6-11 

show the velocity profile found by Nissan and Bresan, while the line represents the three-

piece linear approximation that was used in the current model. 
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Figure 6-11: Single-Phase Vortex Velocity Profile 
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The introduction of an air core would displace the solid-body water core outwards. The 

multiphase vortex model is shown in Fig. 6-12 with the velocity profile that was used in 

the model shown in Fig. 6-13. It is important to notice that the velocity profile is 

identical to that of the single-phase flow except that the solid body water core, ranging 

from a radius of Oto 0.4R, has been removed. This is an assumption that has been made 

due to a lack of experimental data. 0.4R was chosen based upon observations that 

approximately 40% of the cross section diameter was occupied by the air core when 

small air flows were introduced to the water flow. 
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White (White, 1999) defined angular momentum to be (Eq. 6-1): 

(6-1) 

where: 
H0 = Angular momentum about 0 
r = Position vector from O to dm 
V = Velocity vector of dm 
dm = Elemental mass 

Equating the angular momentum of the velocity profile in Fig. 6-11 to the angular 

momentum of the velocity profile in Fig. 6-13, it was found that the velocity profile of 

the water in Fig. 6-13 must decrease to 89% of its original velocity. 

Examining Fig. 6-9 and 6-10, it can be seen that the 89% fits well within the expected 

range of frequency reduction. Again, the model has many assumptions but it does 

demonstrate that presence of an air core could reduce the angular velocity. This helps 

explain why the breakdown frequency decreases with the introduction of a small amount 

of water, as noted in Fig. 6-9 and 6-10. 

6. 7 Discussion 

A few interesting trends were observed in the multiphase data, and to completely 

understand them, more experimental data is required. But with the existing data, some 

comments can be made concerning the causes of the observed trends. 
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One of the most interesting trends is how closely the multiphase data coincides with the 

single-phase water data as the flow rate changes. This can be seen clearly in Fig. 6-8 

where the multiphase data closely follows the single-phase data until a water flow rate of 

2.5 Lis where the breakdown frequency appears to stagnate, no longer increasing with 

flow rate. It is expected that the multiphase vortex breakdown frequency would follow 

the water flow rate much more closely than the air flow rate, but that is not to say that the 

frequency would be completely independent of the air flow rate, only that it would be 

more sensitive to the water flow rate. This is expected simply because the vortex 

breakdown frequency is known to be related to the angular velocity of the rotating fluid. 

The fluid momentum entering the vortex generator determines the angular velocity, and 

since water has a density 1000 times that of air, it is intuitive to assume that water will 

contribute to the majority of the momentum in the multiphase flow. 

The spectral energy near 100 Hz appears when multiphase tests have a water flow rate of 

1.5 Lis or higher. Although speculative, it is thought that the vortex core transitioning 

from a radially stratified flow to a periodic slug flow could cause this energy. This 

transition would occur if the "waves" on the water/air interface grew large enough to 

cause the central air core in the multiphase flow to collapse. The result of this would be a 

periodic flow where a water slug is followed by an air slug. It is important to realize that 

the pressure measurements have only recorded a fluctuating pressure near 100 Hz; 

whether the transition was causing these fluctuations remains to be determined. It is 

likely that this could be substantiated with more experimental data. One important 



measurement that would assist in understanding this point further is measuring the 

thickness of the outer liquid layer using an ultrasonic transceiver. 

106 



107 

CHAPTER 7 Conclusions 

A new flow facility and experimental apparatus were designed and built during the 

course of this investigation. As with the design of any new flow facility, several 

modifications were required in order to improve the performance of the facility. One 

such modification resulted with the discovery of two different vortex breakdown 

frequencies in the pressure fluctuation spectra. One of these two frequencies was 

attributed to the vortex breakdown under investigation, and the second frequency was 

attributed to vortex breakdown occurring at the exit of the vortex generator. The pressure 

fluctuation from the downstream vortex breakdown was transmitted upstream to the point 

where the pressure fluctuation measurements were being made. The second downstream 

frequency was eliminated with the installation of a flow straightener at the exit of the 

vortex generator section. Further investigation found that the generation of a multiphase 

flow vortex induced significant vibration into the framework of the facility. The pressure 

transducers were sensing the vibration and negatively affecting the fluctuating pressure 

signal. Physically isolating the pressure transducers from the apparatus removed the 

vibration-induced interference. Through these modifications, it became possible to 

collect "clean" and repeatable single and multiphase flow data using the facility. 

Tests were also conducted on the apparatus to determine the optimum tap locations that 

provided the "best" pressure fluctuation signal strength. It was found that the strongest 

signal was at different locations for air and water. When all of the signal strengths for air 
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and water at each tap location were compared, the most optimum combination was found 

to be for pressure taps 1 and 2, as shown in Fig. 3-10. 

The performance of the multiphase flow apparatus was also verified by comparing results 

collected in this new facility to the results of previous single-phase vortex breakdown 

investigations. The results obtained were found to be clean, and a linear relationship was 

found between vortex breakdown frequency and flow rate. These were the same results 

found in previous investigations. 

The multiphase data demonstrated that vortex breakdown was present in a multiphase 

pipe flow. It also showed that the spectral character of the multiphase spectra was closer 

to the single-phase water spectra than to the single-phase air spectra. Due to the large 

density difference between air and water, this was an expected result. The prominent 

peaks in the multiphase spectra were clearly identifiable after performing the spectral 

scaling operation discussed in Chapter 5. It is interesting to note that the spectral 

character followed the same trends as the water spectra until the water flow rate reached 

2.5 Lis. Above this flow rate, the multiphase spectra appeared to become invariant to a 

further increase in the water flow rate. 

It was also surprising to find that the introduction of air to a given water flow rate was 

found to initially reduce the breakdown frequency, and then the frequency gradually 

increased above the original single-phase value with a further increase in air flow rate. A 
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possible explanation for this observation was offered through a simple model. The model 

was developed to show that the presence of an air core could reduce the angular velocity 

of the outer water annulus if angular momentum was conserved. A decrease in the 

angular velocity of the water would result in a reduction in the vortex breakdown 

frequency. It was further hypothesized that the water's angular velocity would then 

increase with increased air flow rate through the viscous shear between the water/air 

interface. 

Spectral energy seen to appear near 100 Hz for water flow rates of 1.5 Lis and above was 

hypothesized to be caused by the transition of the multiphase flow from radially stratified 

flow to slug flow. More experimentation is required to further investigate this 

hypothesis. 

7.1 Recommendations for Future Work 

The most important consideration for further experimentation would be the measurement 

of the air core diameter. Knowing this diameter would allow the mean axial velocities of 

the air and water to be calculated, resulting in a greater insight into the structure of 

multiphase vortices. Such a measurement could be made using an ultrasonic transceiver 

mounted onto the side of the pipe wall. 

The flow facility's single-phase operational range was 0.5 to 5.0 Lis for water, and 2.5 to 

55 Lis @ 101.325 kPa and 20°C for air. This range of flow rates enabled very clear 
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trends to be collected during single-phase experiments. The operational range of the 

facility was reduced during multiphase flow, as shown in Table 6-1. Most of the trends 

discussed in Section 6.7 would be better understood with an increased range of 

multiphase flow rates. Possible solutions include a blower with a lower volumetric flow 

rate, but a higher static pressure rise as the maximum air flow rate was found to drop off 

rapidly with the introduction of water. An additional air compressor would allow for air 

flow rates between 10 and 20 Lis to be sustained. Currently, there is a gap in the 

facility's operation range for air flow rates between 10 and 20 Lis. It would also be 

beneficial for the air compressor and the blower to have overlapping range capabilities. 

Currently, the blower cannot produce air flow rates below 20 Lis and the air compressor 

cannot sustain flow rates higher than 10 Lis. If the rates could overlap, then the data 

produced by the compressor could be compared to the data produced by the blower at the 

same flow rate. This data should be compared to ensure that no discrepancies exist 

between blower-driven and compressor-driven data. 
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APPENDIX A Single-Phase Data 

This appendix contains all of the spectral data for a single-phase flow sweep using both 

air and water as the working fluid. 

This is a description of the figures contained herein: 

• Spectra 1 - Indicates the power spectra collected from the upstream pressure 

tap (location #1). 

• Spectra 2 - Indicates the power spectra collected from the downstream 

pressure tap (location #2) . 

• Coherency - Indicates the coherence between the signals collected at Tap 

#1 and Tap #2. This is calculated using Eq. 5-1 and is discussed in Section 

5.1.2. 

• Rotated Spectra 1 - This is Spectra 1 multiplied by the coherency and by 

f713
• This is calculated using Eq. 5-3 and is discussed in Section 5.1.3 

• Rotated Spectra 2 - This is Spectra 2 multiplied by the coherency and by 

f713
• This is calculated using Eq. 5-3 and is discussed in Section 5.1.3 
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A.I Air Data 

Spectra 1, Air Sweep, Water Flow = 0.0 Us 

Frequency (Hz) 

Figure A-1: Spectra 1, Air Sweep, Water Flow= 0.0 L/s 
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Figure A-2: Spectra 2, Air Sweep, Water Flow= 0.0 L/s 



Coherency, Air Sweep, Water Flow= 0.0 Us 
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Figure A-3: Coherency, Air Sweep, Water Flow= 0.0 L/s 
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Figure A-4: Rotated Spectra 1, Air Sweep, Water Flow= 0.0 L/s 

115 



116 

Rotated Spectra 2, Air Sweep, Water Flow= 0.0 U s 
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Figure A-5: Rotated Spectra 2, Air Sweep, Water Flow= 0.0 Lis 



A.2 Water Data 

Spectra 1, Water Sweep, Air Flow = 0 Us 
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Figure A-6: Spectra 1, Water Sweep, Air Flow= 0.0 L/s 
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Figure A-7: Spectra 2, Water Sweep, Air Flow= 0.0 L/s 
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Coherency, Water Sweep, Air Flow= 0 Us 
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Figure A-8: Coherency, Water Sweep, Air Flow= 0.0 L/s 
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Figure A-9: Rotated Spectra 1, Water Sweep, Air Flow= 0.0 Lis 
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Rotated Spectra 2, Water Sweep, Air Flow= 0 Us 
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Figure A-10: Rotated Spectra 2, Water Sweep, Air Flow= 0.0 L/s 
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APPENDIXB Multiphase Data 

This appendix contains all of the spectral data for multiphase flow sweeps. In Section 

B.1, the water flow rate is held constant while the air flow rate is swept from Oto its 

maximum. In Section B.2, the air flow rate is held constant while the water flow rate is 

swept from O to its maximum. 

This is a description of the figures contained here: 

• Spectra 1 - Indicates the power spectra collected from the upstream pressure 

tap (location #1 ). 

• Spectra 2 - Indicates the power spectra collected from the downstream 

pressure tap (location #2). 

• Coherency - Indicates the coherence between the signals collected at Tap 

#1 and Tap #2. This is calculated using Eq. 5-1 and is discussed in Section 

6.4. 

• Rotated Spectra 1 - This is Spectra 1 multiplied by the coherency and by 

f713
. This is calculated using Eq. 5-3 and is discussed in Section 6.4 

• Rotated Spectra 2 - This is Spectra 2 multiplied by the coherency and by 

f713
. This is calculated using Eq. 5-3 and is discussed in Section 6.4 



B.1 Air Sweep Data 

B.1.1 Water= 0.5 Lis 

Spectra 1, Air Sweep, Water Flow = 0.5 Us 
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Figure B-1: Spectra 1, Air Sweep, Water Flow= 0.5 Lis 
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Spectra 2, Air Sweep, Water Flow= 0.5 Us 
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Figure B-2: Spectra 2, Air Sweep, Water Flow= 0.5 Lis 
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Figure B-3: Coherency, Air Sweep, Water Flow= 0.5 Lis 

122 



123 

Rotated Spectra 1, Air Sweep, Water Flow= 0.5 Us 
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Figure B-4: Rotated Spectra 1, Air Sweep, Water Flow = 0.5 L/s 
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Figure B-5: Rotated Spectra 2, Air Sweep, Water Flow= 0.5 L/s 



B.1.2 Water= 1.0 Lis 
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Figure B-6: Spectra 1, Air Sweep, Water Flow = 1.0 L/s 
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Figure B-7: Spectra 2, Air Sweep, Water Flow = 1.0 L/s 
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Coherency, Air Sweep, Water Flow; 1.0 Us 
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Figure B-8: Coherency, Air Sweep, Water Flow= 1.0 L/s 
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Figure B-9: Rotated Spectra 1, Air Sweep, Water Flow = 1.0 L/s 
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Rotated Spectra 2, Air Sweep, Water Flow= 1.0 Us 
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Figure B-10: Rotated Spectra 2, Air Sweep, Water Flow = 1.0 L/s 
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B. 1.3 Water= 1.5 Lis 
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Figure B-11: Spectra 1, Air Sweep, Water Flow= 1.5 L/s 
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Figure B-12: Spectra 2, Air Sweep, Water Flow = 1.5 L/s 
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Coherency, Air Sweep, Water Flow= 1.5 Us 
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Figure B-13: Coherency, Air Sweep, Water Flow= 1.5 L/s 
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Figure B-14: Rotated Spectra 1, Air Sweep, Water Flow= 1.5 L/s 
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Rotated Spectra 2, Air Sweep, Water Flow= 1.5 Us 
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Figure B-15: Rotated Spectra 2, Air Sweep, Water Flow= 1.5 Lis 
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B.1.4 Water= 2.0 Lis 
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Figure B-16: Spectra 1, Air Sweep, Water Flow= 2.0 L/s 
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Figure B-17: Spectra 2, Air Sweep, Water Flow = 2.0 L/s 



Coherency, Air Sweep, Water Flow= 2.0 Us 
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Figure B-18: Coherency, Air Sweep, Water Flow = 2.0 L/s 
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Figure B-19: Rotated Spectra 1, Air Sweep, Water Flow = 2.0 L/s 

131 



132 

Rotated Spectra 2, Air Sweep, Water Flow= 2.0 Us 
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Figure B-20: Rotated Spectra 2, Air Sweep, Water Flow = 2.0 L/s 



B.1.5 Water= 2.5 Lis 
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Figure B-21: Spectra 1, Air Sweep, Water Flow= 2.5 L/s 
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Figure B-22: Spectra 2, Air Sweep, Water Flow = 2.5 L/s 

133 



134 

Coherency, Air Sweep, Water Flow= 2.5 Us 
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Figure B-23: Coherency, Air Sweep, Water Flow= 2.5 L/s 
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Figure B-24: Rotated Spectra 1, Air Sweep, Water Flow= 2.5 L/s 
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Rotated Spectra 2, Air Sweep, Water Flow= 2.5 Us 
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Figure B-25: Rotated Spectra 2, Air Sweep, Water Flow= 2.5 L/s 
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B.1.6 Water= 3.0 Lis 
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Figure B-26: Spectra 1, Air Sweep, Water Flow= 3.0 L/s 
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Figure B-27: Spectra 2, Air Sweep, Water Flow = 3.0 L/s 
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Coherency, Air Sweep, Water Flow= 3.0 Us 
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Figure B-28: Coherency, Air Sweep, Water Flow = 3.0 Lis 
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Figure B-29: Rotated Spectra 1, Air Sweep, Water Flow= 3.0 L/s 
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Rotated Spectra 2, Air Sweep, Water Flow= 3.0 Us 
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Figure B-30: Rotated Spectra 2, Air Sweep, Water Flow = 3.0 L/s 
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B.1.7 Water= 3.5 Lis 
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Figure B-31: Spectra 1, Air Sweep, Water Flow= 3.5 L/s 
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Figure B-32: Spectra 2, Air Sweep, Water Flow = 3.5 L/s 
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Coherency, Air Sweep, Water Flow= 3.5 Us 
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Figure B-33: Coherency, Air Sweep, Water Flow= 3.5 L/s 
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Figure B-34: Rotated Spectra 1, Air Sweep, Water Flow = 3.5 L/s 
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Rotated Spectra 2, Air Sweep, Water Flow= 3.5 Us 
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Figure B-35: Rotated Spectra 2, Air Sweep, Water Flow= 3.5 L/s 



B.1.8 Water= 4.0 Lis 
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Figure B-36: Spectra 1, Air Sweep, Water Flow = 4.0 L/s 
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Figure B-37: Spectra 2, Air Sweep, Water Flow = 4.0 L/s 
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Coherency, Air Sweep, Water Flow; 4.0 Us 
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Figure B-38: Coherency, Air Sweep, Water Flow= 4.0 L/s 
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Figure B-39: Rotated Spectra 1, Air Sweep, Water Flow = 4.0 L/s 
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Rotated Spectra 2, Air Sweep, Water Flow; 4.0 Us 
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Figure B-40: Rotated Spectra 2, Air Sweep, Water Flow = 4.0 Lis 



B.2 Water Sweep Data 

B .2.1 Air = 2.5 Lis 

Spectra 1, Water Sweep, Air Flow= 2.5 Us 
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Figure B-41: Spectra 1, Water Sweep, Air Flow= 2.5 L/s 
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Spectra 2, Water Sweep, Air Flow = 2.5 Us 
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Figure B-42: Spectra 2, Water Sweep, Air Flow = 2.5 L/s 
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Figure B-43: Coherency, Water Sweep, Air Flow = 2.5 L/s 
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Rotated Spectra 1, Water Sweep, Air Flow= 2.5 Us 
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Figure B-44: Rotated Spectra 1, Water Sweep, Air Flow= 2.5 Lis 
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Figure B-45: Rotated Spectra 2, Water Sweep, Air Flow= 2.5 L/s 



B.2.2 Air= 5.0 Lis 
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Figure B-46: Spectra 1, Water Sweep, Air Flow = 5.0 L/s 
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Spectra 2, Water Sweep, Air Flow; 5 Us 
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Figure B-47: Spectra 2, Water Sweep, Air Flow= 5.0 L/s 
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Figure B-48: Coherency, Water Sweep, Air Flow = 5.0 L/s 
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Rotated Spectra 1 , Water Sweep, Air Flow ; 5 Us 

4.0 Us 

3.5 Us 

3.0 Us 

2.5 Us 

2.0 Us 

0 '---~-~~~~........_--~~~~~~,___._- ~~~~~ 
100 10' 

Frequency (Hz) 

Figure B-49: Rotated Spectra 1, Water Sweep, Air Flow = 5.0 L/s 
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Figure B-50: Rotated Spectra 2, Water Sweep, Air Flow = 5.0 L/s 



B.2.3 Air = 7.5 Lis 
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Figure B-51: Spectra 1, Water Sweep, Air Flow= 7.5 L/s 
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Figure B-52: Spectra 2, Water Sweep, Air Flow = 7 .5 L/s 
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Coherency, Water Sweep, Air Flow= 7.5 Us 

Frequency (Hz) 

4.0Us 

3.5 Us 

3.0Us 

2.5Us 

2.0Us 

1.5 Us 

1.0 Us 

0.5 Us 

0.0Us 

Figure B-53: Coherency, Water Sweep, Air Flow= 7.5 Lis 

Rotated Spectra 1, Water Sweep, Air Flow= 7.5 Us 
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Figure B-54: Rotated Spectra 1, Water Sweep, Air Flow = 7 .5 L/s 
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Rotated Spectra 2. Water Sweep. Air Flow= 7.5 Us 
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Figure B-55: Rotated Spectra 2, Water Sweep, Air Flow= 7.5 Lis 
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B.2.4 Air= 10 Lis 
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Figure B-56: Spectra 1, Water Sweep, Air Flow= 10 L/s 
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Figure B-57: Spectra 2, Water Sweep, Air Flow = 10 L/s 
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Coherency, Water Sweep, Air Flow= 10 Us 
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Figure B-58: Coherency, Water Sweep, Air Flow = 10 L/s 

Rotated Spectra 1, Water Sweep, Air Flow= 10 Us 
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Figure B-59: Rotated Spectra 1, Water Sweep, Air Flow = 10 L/s 
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Rotated Spectra 2, Water Sweep, Air Flow = 10 Us 
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Figure B-60: Rotated Spectra 2, Water Sweep, Air Flow= 10 L/s 
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APPENDIXC Maple Code for Multiphase Vortex Model 

The following code was used in Maple mathematics software to simulate a multiphase 

vortex. The input commands begin with ">". Lines without the input prompt are either 

output from Maple, which are centered on the page, or comments describing the next 

input. 

C.1 Maple Code 

Clearing the memory. 

> restart; 

Normalizing the radius of the pipe, R, to be 1.0. 

>R := 1.0; 

R:= 1.0 

Defining the location of the air/water interface. 
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> Ri := 0.4; 

PJ := .4 

Defining the single-phase tangential velocity profile, Vtl, to be a piecewise function as 

discussed in Chapter 6. 

> Vtl(r) := simplify(piecewise (r >= 0 and r< 0.4 * R, Vtmaxl / 0.4 / R * r, r >= 0.4 * R 

and r <= 0.9 * R, Vtmaxl, r > 0.9 *Rand r < R, -10 * Vtmaxl / R * r + 10 * Vtmaxl, 

O)); 

Vtl(r) := 

0 

2. 500000000 Vtmax 1 r 

Vt;naxl 

rs0 

rs .4000000000 

rs . 9000000000 

-10. Vtmaxl r + 10. Vtmaxl rs 1. 

0 1. < r 

Defining the multiphase tangential velocity profile, Vt2, to be a piecewise function as 

discussed in Chapter 6. 
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> Vt2(r) := simplify (piecewise (r >= 0 and r < Ri, 0, r > Ri and r < 0.4 * R, Vtmax2 / 0.4 

IR * r, r >= 0.4 * Rand r <= 0.9 * R, Vtmax2, r > 0.9 * Rand r < R, -10 * Vtmax2 / R * 

r + 10 * Vtmax2, O)); 

,;lt2(r) := 

0 

Vtmax2 

r < .4000000000 

rs . 9000000000 

-10. Vtmax2 r + 10. Vtmax2 rs 1. 

0 1. < r 

A plot of the single-phase tangential velocity, Vtl(r), from r = 0 tor= R with the 

maximum tangential velocity arbitrarily set as Vtmaxl = 1. 

> plot (subs (Vtmaxl = 1, Vtl(r)), r = O .. R); 
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Figure C-1: Single-phase Vortex Velocity Profile 



A plot of the multiphase tangential velocity, Vt2(r), from r = 0 to r = R with the 

maximum tangential velocity arbitrarily set as Vtmax2 = 1. 

> plot (subs (Vtmax2 = 1, Vt2(r)), r = O .. R); 
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Figure C-2: Multiphase Vortex Velocity Profile 
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Calculation of the multiphase angular momentum, H2. Note that there is a correction 

factor included at the end of the equation to account for the increased mass flow rate per 

unit area in the outer ring. 

> H2 := int ((2 * pi * r) * (r * Vt2(r)), r = O .. R) * R" 2 / (R" 2 - Ri "2); 

H2 := .6315476190 Vtrnax2 TI 



Equating Hl and H2 in order to solve for ratio between the multiphase velocity profile 

and the single-phase velocity profile. Note that the velocity profile of the multiphase 

vortex is reduced to 89% of the velocity profile of the single-phase vortex. 

> solve (Hl = H2, Vtmax2); 

. 8906691801 Vtmax l 
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