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Abstract 

Density is an important physical property and its measurement has wide application in a vast number 

of industries including; oil and gas, petrochemical, pharmaceutical, brewing, food & beverage 

production and mining. Density is often required to be accurately measured either as a standalone 

property or in combination with other flow properties for the purpose of quality assessment, process 

control, and custody transfer. Given the increasing importance of density measurement, extensive 

research has been conducted over recent years to develop newer and more accurate density 

measurement sensors and to improve the accuracy of existing sensors.  

This thesis describes the design and development of a novel, non-invasive, non-radioactive Vibrating 

Density Measurement System (VDMS) capable of measuring fluid density in both single phase and 

multiphase flows. The device is also capable of measuring mean in-situ phase volume fractions in two-

phase flows. The VDMS comprises three sub-units; (i) a measurement unit which includes a straight 

length of sensing pipe with corrugated bellows at both ends, an actuator and relevant sensors; (ii) a 

signal conditioning and processing unit; and (iii) a data acquisition unit.   

The thesis also reports the development of a novel mathematical density prediction model which is 

used in conjunction with the VDMS. It then goes on to report the results of static bench test experiments 

that were conducted on the VDMS using a bespoke test rig. These tests were performed (i) to obtain 

the mass of the sensing pipe, its stiffness constant and damping constant; (ii) to investigate the 

frequency response characteristics of the VDMS; (iii) to obtain the VDMS constant; (iv) to investigate 

the sensing pipe displacement pattern; (v) to investigate the capability of the VDMS to give accurate 

density measurements of static fluids and (vi) to define the optimal VDMS operating conditions. 

Computation of density was achieved using the VDMS, the density prediction model and a novel signal 

processing technique. This signal processing technique used the Discrete Fourier Transforms (DFTs) 

of the measured force, used to mechanically excite the sensing pipe at its centre, and the measured 

displacement at the sensing pipe centre.  
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Chapter 1  

1.1 Introduction 

The primary objective of this thesis is to describe the research work that was carried out in order to 

design and develop a novel densitometry system based on the vibration characteristics of a mechanical 

system. The densitometry system developed makes use of a novel signal processing technique to non-

invasively predict density in single phase and multiphase pipe flows. The measurement technique was 

also extended to measure the mean volume fraction in two-phase (solids-liquid and gas-liquid) pipe 

flows. A motivation factor for this research work was to develop a relatively accurate and low cost 

densitometry system without the need for a radioactive source. A densitometry system based on the 

mechanical vibration principle will be seen as a game changer in density measurement. This technique 

could be used to develop accurate density measurement instruments which do not require a radioactive 

source and hence do not require the bureaucracy that is involved with getting clearance for usage of 

radioactive densitometry systems. Even more importantly, they pose no health risk to personnel and 

the environment. The densitometry system developed in this research can also be combined with an 

impedance cross correlation (ICC) meter [1] and an electromagnetic velocity profiler (EVP) [2], two 

parallel research programmes going on at the University of Huddersfield, to develop a standalone 

multiphase flow meter. 

Density measurements in single-phase flows are relatively well understood with numerous known 

measurement techniques (intrusive and non-intrusive) and commercial solutions available. Conversely, 

the mixture density in multiphase pipe flows cannot be simply computed by combining the density of 

the individual components of the flow, thus making it difficult to predict and measure. Given the 

challenge mentioned, there is increased need for both novel mathematical models and measurement 

techniques to accurately predict the mixture density in multiphase pipe flows. Over the last two decades, 

quite a number of measurement techniques, both intrusive and non-intrusive, have been developed and 

used to predict the mixture density in multiphase flows. However, these techniques have been besieged 
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in the flow pattern categories. These flow patterns form recognisable geometries as shown in figure 

1-1. 

a b c d e
 

Figure 1-1: Two-phase flow patterns in gas-liquid vertically upward flow [18] 

Bubbly flow 

This type of flow is characterised with dispersed gas bubbles approximately uniformly distributed 

within a liquid continuum. The motion of the bubbles within the flow is often complex, maybe 

coalescing, and the bubbles generally have non-uniform size. This flow pattern occurs at relatively low 

gas flow rates and is shown in figure 1-1 (a). 

Slug flow 

Slug flow is mainly caused by the interaction of gas bubbles within the liquid continuum, which 

coalesce to form larger bullet-shaped bubbles (referred to as Taylor bubbles) that occupy almost the 

entire cross sectional area of the flow pipe, as is illustrated in the diagram shown in figure 1-1(b). These 

Taylor bubbles are often separated by a dispersion of smaller bubbles in the liquid and occur 

intermittently within the flow. Taylor bubbles are known to cause large pressure and liquid flow rate 

fluctuations and slug flow generally occurs at relatively moderate gas flow rates. 
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Churn flow 

As the gas flow rate increases in a slug flow, the Taylor bubbles are known to grow larger and 

eventually start to break up into a more random and unstable flow pattern referred to as a churn flow. 

The motion of the liquid at this stage is very complex and oscillatory. The churn flow pattern usually 

occurs as an intermediate flow pattern between slug flow and annular flow and appears chaotic and 

frothy. This flow pattern is shown in figure 1-1(c). 

Annular flow 

The annular flow pattern, shown in  figure 1-1(d), is characterised by the liquid phase flowing on the 

wall of the flow pipe as a thin film and the less dense gas phase flows in the centre of the pipe. This 

flow pattern occurs when the gas phase has a high flow velocity relative to the liquid phase and usually 

some of the liquid phase is entrained as small droplets in the gas core. 

Wispy annular flow 

This flow pattern occurs when the liquid flow rate in an annular flow is increased further. The entrained 

liquid droplets in the gas core coalesce to form large concentrations of liquid droplets in the central gas 

core which are referred to as wisps. This flow pattern is shown in figure 1-1(e). 

1.3.2  Solids-in-liquid flow patterns 

Solids-in-liquid flow can be described as the flow of a liquid continuum carrying dispersed solid 

particles which are conveyed by the drag forces due to the liquid and the pressure gradient of the flow. 

Not much literature is available on solids-liquid flow patterns in vertical pipes, however, for such flow 

types the flow patterns generated can be influenced by a number of factors, namely; pipe diameter and 

orientation, the solid and liquid flow rates, properties of the solid phase (e.g. size, density and 

concentration), properties of the liquid phase (e.g. density, viscosity) and flow direction (i.e. upward or 

downward) [19]. In solids-in-liquid vertically upward flow, it is critical that the pressure gradient 

generated by the flow is sufficient to overcome gravity and maintain upward flow. Garic-Grulovic et 

al [20] have grouped the flow patterns observed in solid-in-liquid flows into two, namely; turbulent and 
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parallel flow patterns. The turbulent flow patterns were described to occur at relatively lower liquid 

and solids velocities, where the solids suspension flows chaotically relative to the pipe walls. 

Conversely, the parallel flow pattern was said to occur at very high liquid and solids velocities and the 

solids tend to move vertically along paths parallel to the pipe walls. Hu [21] showed in his work that 

the flow patterns generated in solids-in-liquid flows were influenced by the pressure gradient generated 

by the flow. He concluded that solid-in-liquid flows, with a large enough pressure gradient to overcome 

gravity, the dispersed solid phase migrates away from the flow pipe wall and a clear liquid layer appears 

next to the wall. Additionally, as the pressure gradient increases, the dispersed phase interacts more 

strongly and forms large clusters in the flow. The flow patterns described by Garic-Grulovic et al. 

(turbulent and parallel) in solids-in-liquid vertically upward flow are shown in figure 1-2. 

Turbulent flow 
pattern

Parallel flow 
pattern

Liquid phase

Solid phase

 

Figure 1-2: Flow patterns in solid-in-liquid vertically upward flow [20] 

1.4 Applications of density measurement 

Density is an important physical property in flow measurement and it is used in several application 

areas to describe, monitor and control certain properties of a material/product or process. This section 

will review the need for density measurement in a selection of industrial processes. The main intention 

here is not to provide a comprehensive listing of applications where density measurement is needed, 
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Figure 1-3: Picture of a reservoir formation [25] 

Once a prospective oil reservoir has been identified, further analysis of the reservoir characteristics 

requires that an exploration well, often referred to as a wildcat well, is drilled into the formation. 

Geologists, geophysicists, and reservoir engineers will generally require a measure of the density of a 

sample of the hydrocarbon oil from the reservoir to determine its grade, hence its market value. 

Furthermore, information on the crude density is also useful when deciding on the type of drilling 

technology to deploy when drilling oil wells [24, 26]. Radioactive densitometry systems have 

commonly been applied down hole to measure hydrocarbon formation density [27, 28]. 

1.4.1.2 Need for density measurement in oil and gas reservoir development  

The development of oil and gas reservoirs becomes an important requirement once a reservoir has been 

ascertained to contain economically viable quantities of oil and/or gas and it is safe to produce. This 

process usually involves drilling of appraisal and production wells. The relationship between reservoir 

fluid properties and hydrostatic gradient down hole in a reservoir plays a critical role in drilling an oil 

and gas well. Drilling operations involve using a drill bit attached to a drill pipe (parts of a drilling rig) 

to bore a hole through the earth formation. An important element of the drilling process is the drilling 

fluid (mud) which is continuously pumped down the drill pipe and circulated back to the surface during 
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the internal separation process and can help to visualize layers of sediments and crude oil emulsions 

with water, which aids optimization of the separation process [35]. 

1.4.2 Application of density measurement in the chemical/petrochemical industry 

Density as a function of temperature and pressure is an important physical property used to classify and 

characterise fluids in the petrochemical industry. An example of a petrochemical process where density 

measurement gets to play a significant role is the production of polyethylene and its derivatives. 

Polyethylene is the most commonly used thermoplastic which has use in a wide range of applications. 

A thermal catalytic cracking process known as polymerization is used to produce polyethylene. During 

the polymerization process, accurate measurement and control of the density of polymer granules is 

necessary to sustain the fluidization in the reactor. A sharp increase/decrease in density can result in 

the polymer granules becoming too heavy/light and the loss of fluidization [36]. The ASTM D-3550 

standard classifies polyethylene by density as high density polyethylene (HDPE), medium density 

polyethylene (MDPE) and low density polyethylene (LDPE) [37, 38]. Methods for measuring the 

density of a polymer melt have been described in [39, 40]. 

 

Figure 1-5: Picture of a radiometric density measurement device installed in a polymerization reactor [41] 

The refining of hydrocarbon oil (crude) is a further example of an application in the petrochemical 

industry where density measurement is needed. The fluid catalytic cracker (FCC) unit, a workhouse of 



45 

 

an integrated refinery, plays a key role in the primary conversion process of crude oil to lighter 

hydrocarbons (gasoline and liquefied petroleum gas (LPG)) [42]. Given the high capital and operating 

cost (CAPEX and OPEX) required to set-up and operate a refinery, oil and gas refiners are continually 

seeking ways to optimize the refining process so as to maximize profit. Density measurement, in turn, 

plays a pivotal role in optimizing the operation of a fluid catalytic cracker during crude oil refining. 

When combined with the volumetric flow rate of the feedstock and catalyst to the FCC unit and its 

refined product, density measurement can be used to obtain accurate material mass flow rate 

measurement in the FCC unit. Since important decisions such as catalytic additions, feed throughput 

versus conversion, feed purchases, downstream processing and emission management are based on 

accurate material mass balance measurements, it is important that density is accurately measured in a 

FCC unit [42-44]. 

1.4.3 Application of density measurement in the pharmaceutical industry 

Accurate and reliable instrumentation is an important cornerstone of pharmaceutical production, where 

high quality and traceability count above all else. Density measurements has come to play a significant 

role in ensuring high quality control in pharmaceutical production. It is also known to play a central 

role in pharmaceutical calculations, a key process in the pharmaceutical production process [45, 46]. 

Furthermore, density measurement has been used to provide insight into the condition of raw materials 

used in pharmaceutical production. This has made it possible to intervene to decide whether the final 

product is within the defined specifications for continuing the process and approving the product [47].  

For example, during the production of compressed tablets (a complex mix of active drug, binders, 

disintegrants, flow acids, pigments and sweeteners) the bulk density of the powder formulation is 

actively measured and controlled to ensure consistency and correctness of  the pharmaceutical products 

[45, 48, 49]. Variation in the bulk density of the formulation can lead to many production problems. 

Density measurement has also been deployed in tablet coating processes to monitor and control the real 
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thickness of the coating polymer to be deposited on the tablet surface [50, 51]. It has also been used to 

ensure precise density monitoring in liquid vitamin and syrup production [41].   

1.4.4 Application of density measurement in the food and beverage processing industry 

Ensuring consistently high quality and safety of products is an essential legal and business requirement 

for food and beverage manufacturers. Within this industry, density measurement can be used in several 

applications for quality control of a large number of products [52]. An example of an application where 

density measurement has found growing need is in beer production. Density measurement information 

is a critical parameter required to monitor the progress of the fermentation process of wort into beer.  

Olaniran et al [53] and Yokogawa [54] stated that a correlation exists between the density of wort (the 

liquid mixture that is used to produce beer) and a decrease in the extract (sugar) value during the 

fermentation process, hence the progress of a fermentation process can be monitored by measuring the 

density of the wort. 

 

Figure 1-6: Picture of a fermentation process with density measurement device to monitor the degree of 
fermentation [54] 

In figure 1-6, the fermentation process is controlled by a computer program that regulates the process 

temperature and pressure inside the tank based on measurement of changes to the density of the wort 

inside the tank. 
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Density measurement is also used as an officially acceptable method to determine the amount of alcohol 

(ethanol) present in beer for quality control, to ensure that product labels have the correct declaration 

of alcohol content and to establish an accurate basis for the payment of tax [55, 56]. Additionally, 

density measurement is frequently used in the determination of Brix value, a quantity used to express 

the sugar content in food, raw materials, ingredients, and beverages. An accurate estimation of the Brix 

value of a product is essential for cost and quality control in the food and beverage industry. For 

example the density of syrup, a concentrate used in soft drink production, is tightly monitored and 

controlled during soft drinks production to ensure that the finished product has the correct concentration 

of sweetener. Consequently, the density of the syrup used in the production of the soft drink must be in 

correct mixing proportion with water in order to maintain a consistent product quality [57, 58]. Density 

measurement can also be used to ensure quality control in milk production by  monitoring the deviation 

in density of the milk composition due to the addition of water and skimming [59].  

1.4.5 Application of density measurement in the pulp and paper industry 

Paper making processes use pulp produced from wood chips to manufacture different grades of paper. 

Measurement of the wood chip density prior to cooking in a pressurized vessel called a digester, is 

essential to ensure that homogenous pulps are produced for the kraft process (the process of converting 

wood into wood pulp) [60]. Wood chip density is highly correlated with features that determine paper 

quality. Pecora et al. [61] reported that inconsistency in the wood chip density could result in either 

undercooked or overcooked pulp, which consequently degrades the quality of the pulp produced. 

Hence, if the wood chip density is not accurately measured it can result in economic losses in 

production. Also, the spent liquor (also referred to as black liquor) from the cooked pulp contains 

valuable chemicals and organic substances as well as oxidized sulphur known to be harmful to the 

environment. Energy efficient pulp and paper production requires that the black liquor is treated in a 

chemical plant and recycled to the digester. Density measurement is required to optimize the black 

liquor regeneration process [62, 63]. Density measurement can also be used to ascertain the 
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concentration of lime mud used in the wood chip cooking and the homogeneity of brines in wood chip 

bleaching processes [41].  

1.4.6 Application of density measurement in the mining industry 

Being able to determine the density of slurry is crucial in the mining industry for analysis of product 

flow and tailings. According to Australian Mineral Development Laboratories Ltd, (Amdel), over nine 

hundred and eighty density gauges are currently installed across mines in Australia [64]. Also, disposal 

of mine waste is an important subject of concern to environmentalists and mine operators. Inappropriate 

or unsafe disposal of mine waste from mining operations has continued to generate backlash from the 

public and to attract fines from government environmental protection agencies. Mine waste 

management is therefore an important subject in the mining industry. Density measurement can be used 

in combination with volumetric flow rate measurement to determine accurate mass flow rates during 

mine waste transportation. This information can also be used for selecting suitable pumps to transport 

the mine waste and to optimize energy consumption [65]. Furthermore, density measurement can be 

used to optimize water usage and to prevent pipe and pump blockage during mining operations. For 

example, large volume thickening tanks are used in mining to concentrate the solids (ore, minerals) 

contained in sludge, producing a stream of clarified water from the top of the tank overflow outlet and 

a thick sludge of settled solids from the underflow outlet (see figure 1-7) [66]. These solids settle on 

the bottom of the thickening tank and are removed from the tank via an underflow outlet. Excessive 

density of the solids may result in the pump and pipe becoming clogged while low density may cause 

erosion damage [35, 65]. Thus, the solid content in the underflow is continuously monitored by 

monitoring the density of the sludge. 
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Figure 1-7: Picture showing density measurement device in thickening tank used in mining operations [66] 

1.5 Motivation for the research presented in this thesis 

Given the many application areas of density measurement discussed in section 1.4, it is important to 

mention some of the many problems associated with existing density measurement techniques (which 

will also be described in detail in chapter 2) and which formed the motivation for this research. Some 

of these problems include the use of radioactive sources, fouling of pressure lines, inaccuracy and high 

cost. This research was therefore focused on the design and development of a novel densitometry 

system that (i) does not include a radioactive source, (ii) gives relatively accurate measurements which 

are not affected by the flow type and flow regime, (iii) can provide online density measurement and 

(iv) is relatively inexpensive. The overall aims and methodology of the current research are presented 

in section 2.4 and 2.5 respectively. 

1.6 Summary 

An introduction to density measurement techniques applicable to the current research and the need for 

mixture density measurement in multiphase flows have been discussed in section 1.1 and 1.2.  
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Additionally, the different types of flow pattern applicable to the current research were described in 

section 1.3. These include gas-in-liquid and solids-in-liquid vertical upward flow patterns. Several 

application areas where density measurement is used were discussed in section 1.4. Some of the 

industrial applications considered include density measurement in the oil and gas industry, 

petrochemical industry, pharmaceutical industry, food and beverage industry, pulp and paper industry 

and mining industry. Lastly, the motivation for the current research was presented. 
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transducer. The transducer output is sent to a microcontroller to compute the density of the slurries. A 

limitation of the weighing densitometer is that it requires a very precise weight measuring transducer 

to give accurate density measurements. The weighing densitometer must also be installed horizontally 

on a solid base in order to be able to measure the weight of the flow pipe and its contents. Consequently, 

this densitometer is not flexible enough to be adapted to any process [82]. Particle accumulation in the 

weighing section of the flow pipe used in the densitometer can cause the density measurement errors 

to increase [83]. Some of the design features of this density measurement technique were adapted for 

use in the current investigation. These include the use of a flow pipe with thin walls to ensure the 

amplitude of the deflection at the flow pipe centre is measurable. 

2.2.4 Acoustic techniques 

This technique uses changes in the characteristics of a sound wave as it passes through different media 

to provide non-invasive characterization of fluid properties. This technique has been applied by several 

authors [8, 84-86] using different variations in the measurement configuration and Bjorndal [74] has 

provided a summary of some of the existing work done using the acoustic technique to measure density. 

The acoustic measurement technique is applied in the development of ultrasonic densitometers and the 

working principles of these densitometers is described here. The working principle of the ultrasonic 

densitometer is based on the transmission or reflection of an ultrasonic wave when it makes contact 

with an object in its path of travel. Typically, the design features of an ultrasonic densitometer primarily 

consist of ultrasonic transducers to function as sound emitter(s) and receiver(s) and signal processing 

electronics. These transducers are arranged using different sensor configurations and layouts across a 

vessel or flow pipe to optimize the strength of the acoustic signal obtainable [87]. One configuration 

where the sound emitter and receiver are arranged diametrically across the flow pipe wall is shown in 

figure 2-7. 
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When a transmission based radiometric densitometry system is used in an application having large pipe 

size and relatively high multiphase mixture density, the intensity of the radiation particles reaching the 

detector can be significantly reduced due to higher attenuation, thereby affecting the accuracy of the 

densitometer. An alternative design of radiometric densitometers, which is based on the backscattering 

technique, can be used instead. Unlike the transmission type radiometric densitometers, where the 

radiation source, multiphase mixture and collimated detector must have a linear arrangement (see figure 

2-8), radiometric densitometers based on the backscatter technique have their source and detector on 

the same side of the pipe. This configuration offers the advantage of being able to apply the radiometric 

based density measurement technique in applications where two sided access to the flow pipe is 

restricted or where the pipe diameter is very large or where the fluid has relatively high density. With 

backscatter radiometric densitometers, the radiation particles from the radiation source are either 

scattered in the multiphase mixture, or lost by scattering and attenuation in the multiphase mixture, or 

stopped by the source shielding. The scattered radiation particles received at the detector are used to 

compute the density of the multiphase mixture [104, 109].  The diagram in figure 2-9 shows an 

arrangement of a radiometric densitometer using the backscatter technique where the radiation particles 

are generated from a gamma source. 
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Figure 2-9: Schematic diagram of a gamma backscatter densitometry system.  [109] 
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acceptance and is better developed, compared to the other available radiation sources, because of the 

ease of selecting gamma sources with different and well-defined energies suitable for a given process. 

The most commonly used gamma source is caesium 137 which has a half-life of 30 years, an energy 

level of 662KeV and a mass absorption coefficient of 8.6m-1 [9, 69]. Other isotopes which have also 

been used include thulium-170, iridium-192, selenium-75, cobalt-57 and barium-133. X-ray sources 

have recently been used as an alternative to gamma sources by Tjugum et al [111]. The use of X-rays 

as the radioactive source has the advantage that they can be switched off, thus allowing the photon 

radiation to be stopped when the densitometer is not in use. As mentioned earlier in this section, the 

attraction for the industrial use of radiometric densitometers continues to decline by the day because of 

strict government regulations on handling radioactive substances, the need to stop the production of 

radioactive wastes and the inherent health and safety concerns to personnel and the environment from 

the radioactive emissions [115]. Additionally, due to the random nature of radioactive emission, 

statistical errors associated with the measured photons received at the detector can affect the 

measurement accuracy of the radiometric densitometers as reported in [9, 116, 117]. Khorsandi et al 

[107] also reported that the geometrical parameters of a radiometric densitometer such as distance 

between radiation source and detector, pipe diameter and wall thickness influence the densitometer 

calibration. Any changes in these parameters can cause the density measurement to change and hence 

affect the accuracy of the radiometric density measurement. For example, erosion and corrosion can 

affect the dimensions of the pipe thickness and hence the photon path length. Consequently, this effect 

can cause the instrument calibration to change and therefore to increase the measurement errors. Sharaf 

et al. [116] and Peyvandi et al. [118] have also reported that temperature can affect the measurement 

accuracies of gamma radiation densitometers. Because of these disadvantages, the radiometric 

densitometry method was not considered suitable for the current investigation. 
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equation 2-25 to give correct density measurement in single phase and multiphase flow, the model for 

predicting fluid density should account for the effects of both compressibility and inhomogeneity.  

Additionally, most vibrating densitometers described in the literature [120, 140] have employed 

positive feedback control to the drive coils to maintain the amplitude of vibration of the flow pipe and 

its contents at the relevant natural frequency. The sensed vibration signal serves as an input to the drive 

coil amplifier and its gain is set by the damping properties of the fluid. This design configuration also 

ensures minimal drive coil power requirement for the vibrating system [131]. This commonly used 

design configuration is a requisite to obtain accurate measurement of the resonant frequency (or period) 

of the vibrating flow pipe and its contents, which can then be applied to equation 2-25 to compute the 

fluid density. When an air-in-water mixture is contained within the flow tube, the drive coils have been 

reported to stall [141, 142] and have been unable to maintain flow tube oscillations due to high and 

rapidly fluctuating damping (up to three orders of magnitude higher than for single phase flows). Lastly, 

particles can build up inside the flow pipe when a vibrating densitometer is used in a horizontal 

orientation, resulting in change in the flow pipe mass and hence in the accuracy of the density 

measurement. This research work will therefore be aimed at improving upon some of the shortcomings 

of the vibrating densitometers mentioned in this section. 

2.4 Research Aims of the present work 

The primary aim of this research was to design and develop a novel, non-invasive densitometry system 

that could be used to accurately predict the mixture density in single phase and multiphase pipe flows 

without the need for a radioactive source. This instrument should (i) be low cost (ii) be non-invasive 

(iii) be of similar or better accuracy compared with existing densitometry systems and (iv) contain no 

radioactive source. This last requirement ensures that the system will not pose any health or safety 

hazards to personnel and the environment. The proposed densitometry system was also intended to 

offer improvements to some of the shortcomings of previous vibrating densitometers such as (i) stalling 
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of the meter oscillation due to increased damping of the flow and (ii) inaccurate density measurement 

in compressible and inhomogeneous multiphase flows. 

2.5 Research methodology 

The following work was identified as necessary to achieve the research aims: 

1. To develop a novel mathematical model to predict the fluid mixture density in single phase and 

multiphase pipe flows using the mechanical vibration characteristics of a pipe and its contents. 

2. To analytically validate the density prediction mathematical model. 

3. To develop a novel signal processing technique for implementing the mathematical model for 

predicting mixture density developed in (1). 

4. To design, construct and test a vibrating densitometry system. The physical density 

measurement system will include a flow pipe, an actuator, a force sensor, a displacement sensor, 

a current sensor and a temperature sensor. Careful calculations will be required to determine 

the specifications for the flow pipe, actuator, force sensor, and displacement sensor.  

5. To calibrate the force sensor and displacement sensor. 

6. To design and implement appropriate signal conditioning and processing circuits for the force 

sensor and displacement sensor. The circuits will be capable of removing noise interference in 

the signals and also to amplify the signal to the required level.  

7. To design and develop a data acquisition and processing system using a National Instrument 

data acquisition card and LabVIEW software, to sample the output signals from the signal 

processing and conditioning circuits which can then be saved for further analysis. 

8. To design and construct a bench test rig for static test investigations. The static tests will provide 

calibration data for dynamic flow loop tests, which will subsequently be used to evaluate the 

densitometry system. 

9. To develop and implement a procedure for operating the vibrating densitometry system. 
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mixture density measurement. Furthermore, a critical discussion is given on the methodology chosen 

in the current research to address density measurement of flowing fluids. Lastly, a summary of the work 

packages undertaken in the program of research is presented. 
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Chapter 4   

DESIGN AND DEVELOPMENT OF THE VIBRATING DENSITY MEASUREMENT 
SYSTEM 

4.1 Introduction 

This chapter begins with a description of a novel mathematical model that was developed to predict the 

vibration characteristics of a mechanical system with mass, spring and damping elements and which 

was subsequently used to measure fluid density in single phase and multiphase pipe flows. The 

advantages of this model over existing models are also highlighted in this chapter. Furthermore, the 

design and development of a vibrating density measurement system (abbreviated to VDMS in all 

chapters of the thesis for convenience) is presented. The VDMS (see figure 4-3) consists of a 

measurement unit, a signal processing and conditioning unit and a data acquisition unit. The sub-

components of the measurement unit include a straight length of pipe section with flexible corrugated 

bellows at both ends (referred to as the sensing pipe in this thesis), an electromechanical force actuator, 

a force sensor, a displacement measurement transducer, a signal generation unit to provide the required 

excitation signal to the force actuator and, finally, sensors for measuring the drive current and 

temperature. The signal conditioning and processing unit comprises of electronic circuits for converting 

the signals from the force sensor, displacement transducer, force actuator, current sensor, and 

temperature sensor into usable forms. These circuits were designed to give noise reduction and signal 

amplification. The data acquisition unit comprises of a 16 bit National Instrument data acquisition 

(DAQ) card and a computer with LabVIEW and MATLAB software. 

4.2  Development of novel mathematical model for density prediction in pipe flow 

The sensing pipe included in the measurement unit is an important component of the VDMS and its 

vibration characteristic, when a forcing is applied to it, was used to develop the novel mathematical 

model to predict the density of a mixture flowing through a pipe. As with most mechanical systems, 
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4.3 Design and construction of vibrating density measurement system (VDMS) 

This section describes the design and construction of the vibrating density measurement system VDMS. 

As stated in the introductory section of this chapter, the VDMS consisted of a measurement/sensing 

unit, a signal conditioning and processing unit and a data acquisition unit. The measurement unit 

includes a straight length of pipe with corrugated bellows at both ends of the pipe, an electromechanical 

force actuator, a force sensor, a displacement sensor, a temperature sensor, a current sensing circuit and 

a system to generate the excitation signal to the actuator coils. The signal conditioning and processing 

unit include the associated electronic circuits required to attenuate signal noise and amplify the 

respective signals from the force sensor, displacement sensor, temperature sensor and current sensing 

circuit to a required level. The data acquisition unit includes the hardware and software used to acquire 

the required signals from the associated signal conditioning circuitry. A diagram of the VDMS sub-

units is shown in  

figure 4-3. 
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Figure 4-3: Block diagram of the VDMS subunits 
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4.3.1 Mechanical design and construction of sensing pipe 

The sensing pipe is an important component of the VDMS measurement unit. When developing the 

novel mathematical model given in equation 4-29, it was assumed that the dynamic behaviour of the 

sensing pipe and its contents can be accurately described as a mechanical system with mass, spring and 

damping elements. Hence, it was assumed that the sensing pipe used for the VDMS also had mass, 

spring and damping properties. Since the magnitude of the displacement response associated with the 

VDMS is influenced by the sensing pipe stiffness, it was important that the sensing pipe used in the 

VDMS measurement unit was adequately flexible to ensure that the vibration amplitude was large 

enough to be detected by the displacement sensor. An extensive theoretical analysis was made using 

Euler-Bernoulli beam theory, described in section 3.3, to determine appropriate pipe dimensions 

required to give a desired displacement at the centre of the sensing pipe. The dimensions obtained were 

then used to develop a three dimensional (3D) model of the sensing pipe using Solidworks software 

[153]. Solidworks finite element analysis was then used to optimize the specifications for the sensing 

pipe such as, its length, thickness, number of corrugated bellows and bellows pitch, to ensure that 

measurable deflections could be obtained at the sensing pipe centre when undergoing excitation by the 

force actuator described in section 4.3.2. The sensing pipe was constructed from 316L stainless steel 

and has an internal diameter of 78mm, which corresponds to the internal diameter of the working 

section of the flow loop at the University of Huddersfield which was used in the current research. From 

equation 3-16, it will be recalled that the transverse deflection at the centre of a pipe with fixed ends 

due to its weight was shown to be dependent on its length and second moment of area. Thus, in order 

to obtain a measurable transverse deflection at the sensing pipe centre, its length and wall thickness 

were respectively made as long and as thin as was permissible by pipe manufacturing limitations. The 

maximum pressure that the sensing pipe could withstand before buckling was used to determine the 

smallest wall thickness allowable. In addition, the cost of the pipe material and ease of welding the 

material were other factors that were considered. A stainless steel sheet with a thickness of 1mm was 
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used to construct the sensing pipe. Two flexible bellows were welded at 50mm from both ends of the 

sensing pipe. The bellows each have ten corrugations with a pitch and height of 9.4mm and 2.4mm 

respectively. The maximum working pressure of the bellows is 10bar, which is higher than the 

maximum working pressure of the flow loop at the University of Huddersfield. The total length of the 

sensing pipe is 600mm. BS4505 stainless steel flanges were welded to both ends of the sensing pipe to 

provide rigid and water tight connection of the VDMS to the flow loop. One advantage of this design 

is that the corrugated bellows included in the sensing pipe construction helped to increase its flexibility, 

thereby ensuring that a greater deflection could be achieved for a given force applied and hence 

resulting in an increase in the measurement sensitivity. Other advantages of this design are that it is 

non-intrusive and the sensing pipe material is relatively inexpensive and readily available. The choice 

of stainless steel also guarantees that the sensing pipe is relatively immune to corrosion.  

 

Figure 4-4: 3D model of  sensing pipe designed using Solidworks software 
 

All dimensions are in mm

 

Figure 4-5: Diagram of sensing pipe showing its dimension specifications 
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reference position. A signal processing circuit was therefore required to determine the distance and 

direction travelled by the LVDT magnetic core from its reference position.  An electronic circuit 

capable of providing the aforementioned signal processing function for the LVDT was obtained from 

RDPE. The design and operation of this circuit is described below.  

The signal conditioning and processing circuitry of the LVDT consists of a sine wave oscillator and 

power amplifier circuit, a demodulator circuit, a filter circuit and an output amplifier circuit. The sine 

wave oscillator circuit generates a low distortion sine wave signal with a frequency of 5kHz and a 

constant amplitude of 1Vrms. This signal is used to drive the primary coil of the transducer via the 

power amplifier. Once the primary coil is excited, the AC signal is electrically coupled to the secondary 

coils by the magnetic core and induces voltages in the secondary coils. The demodulator circuit is used 

to determine the difference between the voltages induced in the secondary coils. The output from the 

LVDT secondary coils consists of a differential sine wave voltage whose magnitude and phase give the 

magnetic core position as described above. The filter circuits and amplifier circuits are used to remove 

signal noise and to amplify the magnitude of the differential voltage to the required level [159]. 

 

Figure 4-17: Block diagram of the LVDT signal conditioning circuitry [159] 
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4.3.8 Calibration of LVDT and associated signal conditioning and processing circuit 

In order to ensure the accuracy of the displacement data used in the research presented in this thesis, it 

was required that the LVDT and associated signal conditioning circuitry were calibrated using 

equipment traceable to the United Kingdom Accreditation Service (UKAS) [161]. The LVDT and 

signal conditioning and processing circuit were calibrated by RDPE electronics using a two-point 

calibration method.  The calibration equipment used was traceable to National Physical Laboratory 

(NPL) standards and it was used to measure the analogue output from the signal conditioning and 

processing circuit when the LVDT was displaced to two positions corresponding to ±0.5mm from its 

zero point (i.e. when the magnetic core was displaced 0.5mm in each direction from the reference 

point).   

 

Figure 4-18: Calibration plot of LVDT and signal conditioning circuitry  
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5.6.1 Testing procedure  

The experimental setup used in this investigation was similar to the setup described in section 5.3.1 to 

determine the sensing pipe stiffness constant. The CMM scanning head was programmed to obtain 

displacement measurements across the span of the sensing pipe at predefined spatial locations. Once 

the setup was readied, with no weight applied on the mass hanger attached to the sensing pipe, the 

CMM was used to take a number of measurements at the defined points across the span of the sensing 

pipe. These measurements obtained were used as references to calculate the true displacement of the 

sensing pipe at the predefined spatial locations when weights were applied. Different sets of mass 

blocks were added to the mass hanger at the sensing pipe centre and, for each set of mass blocks added, 

the CMM scanning head was used to measure and record the displacement of the sensing pipe across 

its span at the predefined measurement points. This experiment was repeated twice and the average of 

the two sets of measurement was taken to reduce the random errors in the measurement. 

5.6.2 Results of the testing 

The true displacement of the sensing pipe at each reference point, when a known weight was applied 

at the pipe centre was calculated by subtracting the displacement obtained when no weight was applied 

to the sensing pipe from the displacement when a known weight was applied. The plots of the true 

displacement of the sensing pipe across its span for various applied weights are presented in figure 5-7. 
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Figure 5-7: Displacement pattern of the sensing pipe when weight blocks are applied 

The vertical axis of the plot in figure 5-7 represents the true displacement of the sensing pipe from a 

reference positions when different known weights were applied at its centre and the horizontal axis 

represents the predefined spatial positions on sensing pipe span. The legend plot represents the different 

weights applied to the sensing pipe centre. From the results shown in figure 5-7, the displacement 

pattern when a static load was applied to the centre of the sensing pipe fixed at both ends agrees closely 

with the theoretical prediction by Timoshenko [164]. For the experiments where the weights applied to 

the sensing pipe centre were less than 34.30N, the displacement pattern of the sensing pipe was 

observed to be symmetrical about its centre. The displacements were observed to be maximum between 

145mm and 455mm. The influence of the bellows at each end of the sensing pipe can be seen by 

investigating the displacement patterns between 51mm to 144mm and 456mm and 549mm on the 

sensing pipe span, which corresponds to the positions of the bellows. The maximum displacement at 

0 100 200 300 400 500 600
-0.08

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0
Sensing pipe displacement pattern due to an applied weight 

P
ip

e 
di

sp
la

ce
m

en
t, 

m
m

Predefined spatial positions on sensing pipe Span, mm 

 

 

0N

4.61N

14.50N

22.40N

34.30N

44.10N

53.99N

Applied weights























160 

 

bench test rig was positioned in a vertical orientation as shown in figure 5-11. The flanges at the bottom 

end of the sensing pipe and test rig frame were fastened together using bolts and nuts, while the top 

flange of the test rig frame was removed to provide access for pouring the test mixture into the sensing 

pipe. 

 

Figure 5-11: Picture of the sensing pipe connected to bench test rig 

Once the test mixture was available, it was carefully poured into the sensing pipe and the top flange of 

the test rig frame was fastened to the sensing pipe and the test rig base. Care was taken to ensure the 

VCA, load cell and LVDT assembly were properly aligned at the sensing pipe centre. Once the setup 

was completed, an excitation signal of constant amplitude and frequency was applied to the VCA. The 

force applied to the sensing pipe midpoint from the VCA and the resulting displacement of the sensing 

pipe midpoint were then measured and recorded using the load cell and LVDT and their associated 

signal conditioning circuits. For each experiment conducted to investigate the VDMS frequency 

response for a given test mixture, the amplitude of the VCA excitation signal was kept constant while 

the frequency was varied between 0rad/s and 760rad/s at predetermined frequency points. For each 

frequency point where a measurement was taken in the experiment, the force and displacement signals 
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Figure 5-12: Experimental and theoretical frequency response plots for test mixture (1) 

 

Figure 5-13: Experimental and theoretical frequency response plots for test mixture (2) 
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Figure 5-14: Experimental and theoretical frequency response plots for test mixture (3) 

 

Figure 5-15: Experimental and theoretical frequency response plots for test mixture (4) 
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Figure 5-16:Experimental and theoretical frequency response plots for test mixture (5) 

 

Figure 5-17:Experimental and theoretical frequency response plots for test mixture (6) 
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Figure 6-2: Schematic diagram of the Multiphase flow loop used in this research 

 

Figure 6-2 is a schematic of the flow loop facility used in this research showing the reference flow 

measurement instruments, reservoirs, pumps, control valves ,the separator unit and the installed 

VDMS. Also, figure 6-1 shows the picture of the flow loop facility with the VDMS and associated 

supports installed in the flow loop working section. In order to simplify the schematic diagram 
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steps of 2kg over the full range of the load cell span, which was 0kg to 40kg, and the output 

voltages from the load cell signal conditioning circuits were then recorded.  This process was 

repeated three times to ensure repeatability and accuracy of the measurements obtained. The 

average of the measured output voltages from the load cell signal conditioning circuits and 

corresponding masses were taken and are presented in figure 6-6 which shows a plot of the mass 

of water added to each hopper against the output voltages from the respective load cell signal 

conditioning circuits. In figure 6-6, the plot with green circular markers represent the calibration 

data obtained for the solids hopper system, while the plot with blue square markers represent the 

calibration data obtained for the water hopper system. 

 

Figure 6-6: Calibration plots for solids and water hopper systems 

The results in figure 6-6 shows excellent linear relationships between the mass of water added to 

the hoppers and the relevant output voltages from the load cell circuits.  Linear regression was 
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system were obtained as 36.8dB and 90° respectively. This indicates that the closed loop system 

is robust and will not easily become unstable for these controller parameters. 

 

Figure 7-7: Bode plot of frequency control system 

The phase of the output response is approximately -90° when the frequency of the system is 

667rad/s.  It is worth mentioning here that the PI controller used in the frequency control system 

had an autotune function to automatically determine appropriate controller parameters that ensured 

the system response meets the above design specifications. 

7.4 Implementation of the data acquisition unit for the PC based control system for the 

VDMS operation 

In order to implement the computer based control system for the VDMS, a modification of the 

data acquisition unit described in section 4.4  was required. The data acquisition unit comprises of 

a National Instrument DAQ card (NI-USB6211) which has sixteen analogue inputs (16-bit, 
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Figure 7-11: Flow chart of LabVIEW routine to obtain online density measurement of a flow using the 
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Chapter 9  

MODIFIED MATHEMATICAL MODEL FOR PREDICTING MIXTURE DENSITY 
IN AIR-IN-WATER PIPE FLOWS  

9.1 Introduction 

This chapter presents a new mathematical model that was developed for predicting density in both 

compressible and incompressible pipe flows and for clarity, it is referred to as model-2 to 

distinguish it from the previous mathematical model developed in section 4.2 which is referred to 

as model-1 in this chapter. The need to develop a new mathematical model that could be used to 

accurately predict mixture density in both compressible and incompressible flows was necessitated 

by the relatively large measurement errors observed when model-1 was used to predict the mixture 

density in air-in-water flows as observed in section 8.6.2. Additionally, validation of the new 

mathematical model, (model-2) using the experimental and theoretical frequency response data for 

air-in-water flows with different air volume fractions compositions (in the bubbly and slug flow 

regimes), is presented is this chapter. Lastly, the density measurement errors obtained when model-

1 and model-2 were used to independently compute the predicted mixture density of the air-in-

water flows given in table 8-6 is presented and discussed. 

9.2 Development of a new mathematical model for predicting mixture density in 

compressible and incompressible pipe flows 

In order to develop a new mathematical model that could be used to accurately predict mixture 

density in both compressible and incompressible pipe flows, the model of the vibrating mechanical 

system comprising of a mass, spring and damper element as shown in figure 4-1, was modified to 

attempt to account for the change in the dynamic vibration characteristics of the system when an 

air-in-water mixture flows through it. Gysling [136] showed that the sensing pipe and its content 
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Figure 9-5: Experimental and theoretical frequency response plots for test mixture (8) 

 

Figure 9-6: Experimental and theoretical frequency response plots for test mixture (9) 
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Figure 9-7: Magnitude ratio versus VDMS operating frequency plots for air in water flows with 3% air 
volume fraction  

 

Figure 9-8: Magnitude ratio versus VDMS operating frequency plots for air in water flows with 23% air 
volume fraction 
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dynamic behaviour of the VDMS and to compute the mixture density. This chapter also presents 

and discusses the comparison between the experimental and theoretical frequency responses of the 

VDMS for experiments using air-water flow mixtures with 3% and 23% air volume fractions 

respectively. The results obtained showed that the frequency responses of the VDMS obtained 

using model-1 and model-2 agreed nicely with the experimental frequency response data for the 

experiments with 3% air volume fraction and showed large variation for the experiments with 23% 

air volume fraction. Lastly, the mean of the mixture density error obtained using the model-1 and 

model-2 were compared for a similar set of air-in-water flow conditions and the results showed 

that model-2 provided a more accurate mathematical model for predicting mixture density for 

flows with air volume fraction less than 10%.  
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http://www.spe.org/jpt/img/posts/p9224/ma3_768.jpg
http://www.ni.com/pdf/manuals/375195c.pdf
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N=length(y1);% compute Number of data samples 
%create a for loop to compute the new values for the complex DFT of the force signal for k values 
for k=1:N/2 ;  % set values of k up to the Nyquist frequency 
    XAB1(k)=0; % set initial value of the complex DFT of the force data,XAB1(k)=0 
end  
for k=1:10; 
fn = fs/2;  % Nyquist frequency 
f = linspace(0,fn,N/2);% create a row vector for frequency up to the Nyquist frequency 
X1 = fft(y1)/N; % Compute DFT of sampled force data 
XA1=X1(1:N/2);%Extract DFT of sampled force signal up to the Nyquist freq 
XA1=transpose(XA1); 
XAB1=XAB1+XA1;  
XAB1b=XAB1/k ; % Perform ensemble averaging 
XAR1=real(XAB1b);%Extract the real part of the DFT of sampled force data 
XAI1=imag(XAB1b); % Extract the Img part of the DFT of sampled force data 
subplot(2,2,3); 
plot(f,XAR1); % plot the real part of sampled force data against frequency 
title('DFT of Force signal-Real part'); 
ylabel('P(f)_{Re}(N)'); 
xlabel('Frequency(Hz)') 
subplot(2,2,4); 
plot(f,XAI1);%plot the imaginary part of sampled force data against frequency 
title('DFT of Force signal-Img part'); 
ylabel('P(f)_[180](N)'); 
xlabel('Frequency(Hz)');   
end 
hold off 
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Appendix C 

LVDT DATASHEET 

 

Figure C-1: Specification of the LVDT signal conditioning circuitry [159] 
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Figure C-2: Picture of the LVDT signal conditioning circuitry [159] 
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Appendix D 

LOAD CELL ABRIDGED DATA SHEET [158] 

 

Figure D-1: load cell abridged data sheet [158] 
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Figure D-2: Picture of load cell signal conditioning circuitry [158] 
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Appendix E 

NI USB-6211 DEVICE SPECIFICATION 

 



 

345 

 

 

 

Figure E-3: NI USB-6211 device pinouts [181] 
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Appendix F 

COMPUTER BASED VDMS CONTROL SYSTEM 

 

Figure F-1: User interface of the computer based VDMS control system 
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Figure F-2: Frequency control and VCA excitation signal generation program routines used in 
computer based VDMS control system 

 

Figure F-3: Data acquisition and online signal processing technique program routines used in 
computer based VDMS control system 






