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Abstract

:

This study introduces a measurement technique for simultaneous phase-separated velocity in two-phase bubbly flow. The non-invasive technique, based on an Ultrasonic Velocity Profiler (UVP), is used in order to obtain an instantaneous, separate velocity profile for both liquid and bubble. The aim of this paper is to measure each phase velocity at the same time and position it using only a single resonant frequency. To achieve this aim, extended signal processing of the Short-Time Fourier Transform (STFT) is proposed, combining with amplitude classification to analyze Doppler signal influenced from the bubbly flow. The use of developed algorithms allows the instantaneous separation of liquid and bubble velocity profiles. In this work, the developed technique is used to measure the velocity profile of bubbly flow in the vertical pipe, demonstrating the classification of liquid and bubble velocity. To confirm the accuracy of each velocity profile phase, the Particle Image Velocimetry (PIV) method is used for comparison. The results clarify that the proposed method is in good agreement with the PIV measurement. Finally, the effect of void fraction against velocity measurement of both phases was demonstrated.
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1. Introduction


Two-phase bubbly flow is a common phenomenon in many industrial processes such as chemical production, thermal power plants, and nuclear reactors. In Light-Water Reactor (LWR) nuclear power plants, especially those involving the Boiling Water Reactor (BWR), the phenomenon occurs with coolant in the nuclear reactor core and influences plant operation, i.e., the power level of the reactor and safety function. To understand the characteristics of this phenomenon, multi-scale modeling has been developed to analyze and predict the characteristic of two-phase bubbly flow [1,2]. It employs many empirical correlations and consecutive equations such as bubble and liquid velocity, bubble size distribution, slip ratio, and so on. To provide a reliable database for two-phase flow models, the interaction between two phases and its behavior must be clarified by experimental work, in particular, velocity distribution of liquid and bubble. Hence, it is necessary for the velocity profile of the two-phase bubbly flow to be accurate. Several intrusive measurement techniques have been used to measure the velocity profile in two-phase bubbly flow such as hot-film anemometry [3] and the conductive probe [4,5]. Intrusive techniques disturb the flow and lead to lifetime distortion. To eliminate these effects, non-intrusive measurement techniques are proposed, such as laser Doppler anemometry (LDA) [6] and Particle Image Velocimetry (PIV) [7,8]. These techniques are used for measuring the rising velocity of a single bubble or a few bubbles. However, both methods require a transparent test section and obviously fail if the working fluid is opaque. Also, the measurement result is typically obtained from the offline analysis because of the time-consuming image processing.



The UVP method is a real-time measurement for obtaining the velocity profile of fluid even though the fluid is opaque. The UVP is a non-intrusive measurement of the velocity profile. It does not require a transparent test section; the probe is installed at the outer wall of a pipe or channel. The UVP uses the pulsed echography of an ultrasonic wave reflected from a moving reflector such as particles dispersed in the fluid to measure the instantaneous velocity profile of fluid along its measurement line. Takeda [9] were the first to propose the UVP method for measuring single-phase liquid flow. The advantage of this technique is that it can perform spatial-temporal measurements of the velocity profile. Subsequently, Aritomi et al. [10,11,12] developed a hybrid system, combining the UVP system and video data processing unit to inspect the liquid and bubble velocity distributions, average bubble diameter, and the void fraction in two-phase bubbly flows. The hybrid system applies the statistical method to classify the velocity profile of both phases. However, the limitation in separation occurs when there is not much difference in the velocity of both phases. Suzuki et al. [13] proposed a phase-separation technique reliant on the UVP method as well. This method applied the pattern recognition of the velocity profile to distinguish a phase of the velocity profile. However, the technique could only be applied in limited flow conditions. Yamanaka et al. [14] proposed a separation technique, using the differences in ultrasonic intensity reflected from particles and bubbles in two-phase bubbly flows. It is clear that the ultrasonic intensity reflected from a bubble’s surface is stronger than a particle dispersed in liquid because of the differences in acoustic impedance. Murakawa et al. [15] employed a multi-wave TDX transducer and the time domain cross-correlation method (UTDC) to measure liquid and bubble velocity profiles with pattern recognition of ultrasonic echo amplitude. Then, Nguyen et al. [16] employed a multi-wave TDX transducer and the Doppler pulse repetition method to measure and separate liquid and the bubble velocity profile. Although both techniques could synchronize the instantaneous velocity of both liquid and bubble, they require more devices since two resonant frequencies are needed. As a consequence, twice the amount of pulser/receiver and data processing equipment is required. Therefore, for minimizing the measuring equipment, the measurement system that employs only a single resonant frequency is needed.



This study proposes a measurement technique for obtaining the velocity profile of two-phase bubbly flow using the UVP method with a single resonant frequency. The system employs only a single resonant frequency transducer, single channel pulser/receiver, and simple data processing unit. Therefore, extra equipment is not required. The velocity profile of both phases can be separately obtained even though the velocity data for liquid and bubble occur on the same measurement channel. Furthermore, the phase separation used in this study can distinguish the velocity of liquid and bubbles, although similarities are observed with both phases. The proposed idea uses the substantial difference in acoustic impedance between the particle and bubble [17]. This leads to the amplitude effect of the Doppler signal. The Doppler frequency is also reflected by the bubble and particle being different due to their velocities. Based on this idea, Wongsaroj et al. [18] proposed the technique using Fast Fourier Transform with a fixed window which collaborate with the classification of Doppler amplitude affected by particle and bubble. The behavior of the Doppler signal could be analyzed. The velocity of both phases could be obtained separately. However, the measurement accuracy was weak when the period of Doppler signal influenced by both particle and bubble occurs within the one fixed window. Wongsaroj et al. [19] used time-frequency analysis and Doppler amplitude classification to analyze the Doppler signal and classify the liquid and bubble velocities, respectively. Nevertheless, the performance of time-frequency estimator in each type was not been compared. Then, time-frequency parameters of the estimator have not been optimized. Moreover, the detail of the threshold setting was not discussed.



In recent work, the performance of several time-frequency estimators is compared. Short-Time Fourier Transform (STFT) which was applied in non-destructive testing and other fields [20,21,22], is selected as a time-frequency estimator in this work because it has a good performance in three criteria—readability, resolution, and computational time. The time-frequency parameter of STFT is optimized reasonably. Furthermore, Doppler amplitude classification is performed by setting the threshold. The threshold value is obtained from experimental testing which is based on the statistical data of Doppler amplitude reflected by particles and bubbles. For confirming the applicability of developed technique, the experiment is conducted on vertical pipe flow apparatus. The velocity profile measurement in two-phase bubbly flow is performed experimentally, demonstrating the separation of liquid and bubble velocity. The developed technique guarantees accuracy by comparing both single-phase and two-phase bubbly flows through the PIV methods. Moreover, the effect of void fraction against velocity measurement of both phases was observed.




2. Materials and Methods


2.1. The UVP with Doppler Pulse Repetition Technique


The UVP method can obtain instantaneous velocity profile of fluid using ultrasonic waves by means of an ultrasound reflector. Figure 1 displays the UVP principle, consisting of ultrasound transmission, an echo signal, and velocity profile obtained. An ultrasonic pulse is emitted repeatedly from the transducer along the measurement line, and the echo reflected from the surface of the reflector such as from a particle is derived from the same transducer. The particles dispersed in the fluid according to the main flow. In the case of water, the density of the particle is nearly equal (0.98 g/cm3). Therefore, the velocity of a particle is assumed to be equal to the velocity of water at that position. The echo signals reflected from moving particles contain the Doppler signal. The Doppler frequency fDi directly relates to the velocity of a moving particle at the position in measuring line. Consequently, the velocity of the particle V(x) can be obtained as follows in Equation (1). The velocity profile of the fluid along the channel diameter can be computed if tracer particles are sufficiently dispersed.





V(x)=cfDi2f0sinθ



(1)




where f0 is the basic frequency of ultrasound, θ is the incident angle, x is a position in the horizontal axis, and i is a position in the measuring line.



The Doppler pulse repetition technique is used to extract the Doppler signal from the echo signal, to estimate the Doppler frequency and calculate fluid velocity, respectively. The Doppler signal can be demodulated from echo signals reflected from a moving particle using ultrasonic emission repetition as shown in Figure 2. Figure 3 shows a block diagram of the UVP system based on the Doppler pulse repetition technique. An ultrasonic pulser/receiver, operated in the pulse-echo mode, emits an ultrasonic pulse through an ultrasonic transducer. The echo signal e(t) is then reflected and sent to the pulser/receiver via the same transducer [23]. It is expressed as:


e(t)=An,icos2π(f0(t−tn,i)+nfD,ifPRF)



(2)




where tn represents the delay time of the echo at nth pulse, A is the amplitude, and fPRF is the pulse repetition frequency.



In the quadrature demodulation section, the echo signals are multiplied by the cosine and sine components, and a finite impulse response filter is then used as a low-pass filter to eliminate the carrier wave component or basic frequency. Therefore, the Doppler signal D(n) can be extracted from the echo signals as modeled in Equation (3)–(6) The Doppler frequency is then estimated in the frequency estimation section by autocorrelation or Fast Fourier Transform [23,24]. Finally, the computed Doppler frequency is plugged into Equation (1) to demonstrate fluid velocity.



[image: Applsci 09 00050 g022] where φ is the initial phase of the in-phase signals XI and the quadrature-phase signals XQ.




2.2. The Behavior of the Doppler Signal in Two-Phase Bubbly Flow


In two-phase bubbly flow, the Doppler signal is derived from echo signals reflected in a fluid; the echo signals are assessed as either particles or bubbles. Instinctively, the amplitude can indicate its own behavior. Doppler amplitude is considered to be the reflection ratio R of acoustic intensity from the interface point between two media as described by Equation (7):


R=(Z1−Z2Z1+Z2)2=(ρ1c1−ρ2c2ρ1c1+ρ2c2)2



(7)




where Z represents acoustic impedance, ρ is the density, and c is sound velocity.



The reflection ratio of the gas-liquid interface (bubble) is greater than the solid-liquid interface (particle). Thus, the Doppler amplitude reflected from a bubble is larger than the amplitude from a particle; moreover, Doppler frequencies are still different due to their velocity. In some situations, when the bubble and particle position concurrently occurs at the same measurement channel in accordance with the number of repetitions (NREP), multi-frequency and differences in amplitude can be observed at the Doppler signal as shown in Figure 4. Therefore, to measure and separate the velocity profile of the bubble and particle, the integration of time-frequency analysis and Doppler amplitude classification are proposed in this work to analyze the effect of the Doppler signal.




2.3. Phase-Separation Technique


In accordance with the aim of this study, particle and bubble velocities on two-phase bubbly flow can be identified separately by analyzing multi-frequencies and differences in amplitude of the Doppler signal. A technique based on the integration of time-frequency analysis and Doppler amplitude classification is proposed. This technique analyzes both the frequency and amplitude of the signal to decompose Doppler frequency of particle and bubble for obtaining the velocity of both phases separately.



Several types of time-frequency estimator such as STFT, Gabor [25] and Wigner–Ville distribution (WVD) [26] can analyze time-frequency behavior of non-stationary signal which is the same kind of Doppler signal. Each type has advantage and disadvantage. Therefore, the performance of estimators must be evaluated before applying to the measurement system. The performance is evaluated in three indicators; Readability, Resolution and Computational time. The investigation was performed by using one Doppler signal obtained from two-phase bubbly flow as shown in Figure 5. Then, the signal was inputted to the algorithm of three estimators on LabVIEW software. Figure 6a–c are time-frequency spectrogram of Doppler signal obtained from STFT, Gabor and WVD, respectively. The evaluation of three estimators is shown in Table 1 and Table 2. It can be concluded that Short-Time Fourier Transform has a good performance in three criteria (Readability, Resolution and Computational time). Therefore, STFT is selected to be time-frequency estimator in the phase-separation technique.



The STFT analyzes the time-frequency effect of the Doppler signal. The classification of Doppler amplitude is performed by setting a threshold. The threshold value is based on the statistical data of Doppler amplitude reflected by particles and bubbles. The phase-separation technique is applied for operation in the UVP by replacing the frequency estimation section. Figure 7 demonstrates the process of the phase-separation technique.


X(k,fD)=∑n=0NREP−1D(n)Wn(n−kSn)exp(−jn2πfD)



(8)






P(k,fD)=|X(k,fD)|2



(9)







The Doppler signal D(n) is in the form of complex discrete data extracted by the quadrature demodulation section is sent to STFT. The Doppler signal is divided into several windows, and each window is set to overlap with adjacent windows. The signal in each window is then transformed into the frequency spectrum along several short time periods. Its calculation is expressed in Equation (8) and the energy density of spectra at time k is denoted by Equation (9). It is called a time-frequency spectrogram, indicating time-frequency characteristics of the Doppler signal. Its characteristics depend on time step Sn and window length Wn. In this study, for high time resolution, the time step was set equal to 1, and the window length for optimization was a crucial parameter for STFT as it governed the resolutions in both time and frequency. As the window length decreases, the time resolution increases but the frequency resolution in STFT decreases. Therefore, a shorter window length leads to spectral leakage. The methodology used to determine the optimum window length involves a comparison between the frequency analysis of STFT in each window length and the frequency setpoint (simulated signal). In this study, the setpoint value is determined from the Doppler frequency range at fPRF 8 kHz. The maximum Doppler frequency is fDmax = fPRF/2. Therefore, the Doppler frequency range is 0–4 kHz. Figure 8 shows the results of the comparison. The optimum window length is 24. The spectrogram obtained from the STFT is sent to the peak detector. This section analyzes the energy peaks of the spectrogram. Each spectrogram peak value indicates the Doppler frequency data and time location at which the peak occurs. The information is provided in the form of array data—Doppler frequency (fD) and time location (t)—as expressed in Equation (10).


fD=[fDa,fDb,fDc,…fDm], t=[ta,tb,tc,…tm]



(10)







Furthermore, the amplitude of the Doppler signal at each point is ascertained by making the envelope of the Doppler signal using the Hilbert transform as shown in Equation (11). The data at each point are arranged in array form (a) as Equation (12), and these data are selected by time location index (as) as in Equation (13).




D(n)=(s2(n)+s^2(n))1/2, s^(n)=defH[s(n)]



(11)






a=[an=0,an=1,an=2,…an=NREP−1]



(12)






aS=[aa,ab,ac,…am]



(13)





The selected data is then compared with a threshold value. The value is defined as being higher than the maximum Doppler amplitude of the particle and lower than the Doppler amplitude obtained from the bubble (the threshold value is determined by the experimental data in Section 4.2). The amplitude data index (i) is separated into two categories as expressed in Equation (14). Firstly, when the amplitude value is higher than the threshold, its index is defined as a bubble index. Secondly, when the value is lower than the threshold, its index is expressed as a particle index. These are called “separation indexes,” and are defined as index selectors. Within these indexes, Doppler frequency data analyzed by peak detector is classified as a Doppler frequency of bubble group and particle group according to Equations (15) and (16). The average Doppler frequency in each group is then shown as Equations (17) and (18). Therefore, the Doppler frequency of bubble and particle in the same measurement channel is classified apparently. Consequently, the velocity of both liquid and bubble can be computed simultaneously.




index(i)=def{ibubble [ib,ib−1,…,ib−(x−1)]if aSi≥Thresholdiparticle [ip,ip−1,…,ip−(y−1)] if aSi<Threshold



(14)






fD(bubble)=[fDb,fDb−1,…,fDb−(x−1)]



(15)






fD(particle)=[fDp,fDp−1,…,fDp−(y−1)]



(16)






f¯D(bubble)=fDb+fDb−1+,…,+fDb−(x−1)x



(17)






f¯D(particle)=fDp+fDp−1+,…,+fDp−(y−1)y



(18)





Figure 9a represents an example of the Doppler frequency classification for the proposed technique in one measurement channel, showing the processing system on single-phase flow. The Doppler frequencies observed from the peak on the spectrogram are only influenced by particles because the Doppler amplitude of each time location point is lower than the threshold value. Figure 9b shows the spectrogram in two-phase bubbly flow conditions. The frequency data at points a, and c can be defined as the Doppler frequency of a particle due to Doppler amplitude being lower than the threshold value. On the contrary, at point b, the Doppler frequency belongs to a bubble because Doppler amplitude is higher than the threshold value.





3. Experimental Setup


3.1. Experimental Apparatus


Figure 10 shows a schematic diagram of the experimental apparatus. The UVP measurement with a phase-separation technique called Developed-UVP consists of a 4 MHz ultrasonic transducer, an ultrasonic pulser/receiver, a function generator, a digitizer, and a computer with LabVIEW software as shown in Table 3. The pulser/receiver emitted (the pulse shape was programmed by function generator) and received ultrasonic pulses through an ultrasonic transducer. The echo signals received by the pulser/receiver were converted to a digital signal by the digitizer, with a sampling rate of 100 MS/s. The digitizer and pulser/receiver were connected and synchronized with each other. Data from the digitizer were recorded on the computer via USB port. Calculation and analysis were performed using LabVIEW software. The measurement test section was located on a vertical pipe made up of acrylic with an inner diameter (D) of 20 mm. The measurements were conducted downstream at a distance of 50 D from a bubble injector. The transducer was positioned on a clamper at the outer surface of the pipe with an incident angle of (θ) 45°. This incident angle, the ultrasound transmission ratio is maximum. Also, two wave mode (Longitudinal and Shear wave) does not occur. Therefore, incident angle 45 degree was chosen in this study. [27]. The working fluid was water. Its temperature was measured by a thermocouple and controlled to produce a small deviation at 25 ± 2 °C by a cooling system. The most important liquid phase properties on two-phase flow regime is liquid viscosity. Weiman et al. [28] investigated the influence of liquid viscosity and pipe diameter on the flow regime. They concluded that liquid viscosity and pipe diameter did not significantly affect the transitions between flow regimes. However, in the UVP measurement, liquid temperature is very important properties. The speed of sound is a function of temperature; therefore, the liquid temperature should be monitored during the experiment. Then, nylon particles of 80 µm were dispersed into the water as tracer of the liquid. The air was injected from a bubble injector to generate the bubble using an air compressor. In this work, the basic frequency of ultrasonic wave was 4 MHz which is in high frequency range. High frequency will reduce cavitation effect because the negative pressure produced by rarefaction cycle is insufficient in duration and intensity to initiate cavitation. The sound pressure in the liquid at this frequency is very small. Hence, the bubbles (cavitation) are not produced [29]. As a consequence, condensation and evaporation process could not occur in this experiment.




3.2. Experimental Conditions and Procedure


Firstly, the experiment was conducted to measure the velocity profiles on single-phase liquid (water) flow at a superficial liquid velocity UL of 200 mm/s and 300 mm/s, respectively (Reynolds numbers: 3699 and 5549). The Developed-UVP performance was compared using the PIV and the Original-UVP (autocorrelation) methods. A summary of the experimental conditions is shown in Table 4. The Developed-UVP, Original-UVP and PIV parameters were set for compatibility with experimental conditions as shown in Table 5 and Table 6.



Secondly, for separating the velocity of the bubble and liquid phases in bubbly flow, the Doppler amplitude threshold must be set. To set the threshold value, Doppler amplitude testing was carried out on two reflector conditions dispersed in fluid flow: (1) nylon particles 80 µm (liquid phase); and (2) a large number of microbubbles at diameter <1 mm (bubble phase). The testing was conducted at a UL of 200 mm/s and 300 mm/s, respectively. The evaluation was then obtained by observing the amplitude value of 30,000 Doppler signals in each condition.



Thirdly, an experiment was conducted to measure the velocity profile of the two-phase bubbly flow. In this study, the bubbles coalescence and break-up should not be occurred in the measurement volume; therefore, to avoid a complex bubbles behavior on measurement volume, the experiment was conducted in the homogeneous flow regime. The homogeneous flow regime (associated with small superficial gas velocities, UG) is referred as the flow regime where only “non-coalescence- induced” bubbles exist [30]. The “homogeneous flow regime”, can be classified into mono-dispersed homogeneous flow regime and pseudo-homogeneous flow regime depending on the prevailing bubble size distributions. Coalescence and break-up kernels can be neglected in certain cases (i.e., mono-dispersed homogeneous flow regime and the pseudo-homogeneous flow regime, when C&B are restricted to small areas in the domain) [31]. In this experiment, the UL was set at 200 mm/s and 300 mm/s. The superficial gas velocity UG injected by the bubble injector was 5.3 mm/s. It was confirmed by visual observations (high speed camera) that neither bubbles coalescence nor break-up was not observed during the experiment. The bubble diameter was about 2–3 mm. Furthermore, the nylon particles dispersed in the water were tracers for the liquid phase. The bubble and liquid velocity profiles after separation by means of Developed-UVP were validated using the PIV.



Lastly, the effect of the void fraction was clarified. An experiment was conducted to measure the velocity profile of the two-phase bubbly flow at different void fractions with constant bubble size at UL 200 mm/s.





4. Results and Discussion


4.1. Velocity Profile Measurement at Single-Phase Flow


Figure 11a,b show the results of averaging data of 5000 instantaneous velocity profile in single-phase liquid flow at the UL of 200 and 300 mm/s. The horizontal axis indicates the distance from the wall (r) nominalized by the pipe radius (R). The measurement results of Developed-UVP were calibrated with PIV and Original-UVP. The velocity distributions measured by Developed-UVP, PIV, and Original-UVP, were almost in agreement. However, the velocity distribution of UVP near the vicinity of the wall showed small fluctuations due to some parts of the ultrasonic measurement volume is located within the wall which is the overlapped regions between the ultrasonic wave and pipe wall [32,33]. The echo data is not only affected by the particle. Hence, the measurement result at that zone is influenced by moving particles and the pipe wall. Figure 12a,b illustrate the accuracy evaluation represented by the discrepancy of results between Developed-UVP, Original-UVP, and PIV methods. The deviation between these methods was within the acceptable range of ±10% at a radius ratio of <0.8. However, a few points at the near-wall zone were out of the acceptable range. Therefore, it can be concluded that Developed-UVP efficiently measured the velocity profile on a single-phase flow since it appeared to be in good agreement with the measurement results obtained using PIV and Original-UVP methods.




4.2. Doppler Amplitude Threshold Setting


Figure 13 represents the probability density function (PDF) of Doppler amplitude reflected in two conditions; nylon particles 80 µm and microbubbles <1 mm at UL: 200 mm/s and 300 mm/s, respectively. An evaluation was carried out by observing the maximum of Doppler amplitude data of 30,000 Doppler signals in each condition. Whenever a nylon particle was dispersed into the water, the distribution of PDF of Doppler amplitude voltage occurred during 0–0.1 V at UL: 200 mm/s and 300 mm/s. The peak was observed at about 0.04 V. Furthermore, a large number of bubbles at the microscale (diameter <1 mm) were injected into the water without any nylon particles. Clearly, the PDF of Doppler amplitude voltage was distributed between 0.25 V and 0.4 V at both velocity levels of liquid. The peak was observed at about 0.32 V. Hence, it can be concluded that the Doppler amplitude reflected by a particle and bubble is obviously different.



The setting of the threshold value, to precisely separate Doppler amplitude reflected by both reflectors, was done on PDF of Doppler amplitude. Therefore, the threshold was set at about 0.18 V which was the center point between the peak of PDF of particle and bubble. At both velocity levels; UL: 200 mm/s and 300 mm/s, the probability (β) of occurring of bubble data in particle zone (lower than the threshold value) was less than 0.01. Also, the value of particle data that occur within the region of bubble data (Higher than the threshold value) was smaller than 0.01.




4.3. Velocity Profile Measurement at Two-phase Bubbly Flow


4.3.1. Measurement and Comparison


The experiment was conducted at UL = 200 mm/s and UG = 5.3 mm/s as shown in Figure 14. The bubble diameter in this experiment was about 2–3 mm. Figure 15a shows the measurement results of two-phase bubbly flows. Bubbles rise mainly near the wall region. The graph shows the average velocity profile data. Liquid velocity distribution is the mean of 5000 profiles and bubble rising velocity is averaged by the amount of data obtained as shown in Figure 16. The result of bubble velocity distribution after separation by the Developed-UVP technique was verified using the PIV method. The velocity profiles of bubble measured by both methods were almost coincident with each other. It was confirmed that discrepancy of both systems was within an acceptable range of ±10% as shown in Figure 15b. Furthermore, the liquid velocity profile was obtained and separated from the bubble phase obviously. The result was compared with the liquid phase result of the PIV. The discrepancy between these methods was within the acceptable range of ±10% except a few points at the near-wall zone as illustrated in Figure 15c. However, the liquid velocity profile measurement of Developed-UVP in two-phase bubbly flow can be confidently trusted owing to deletion of the bubble velocity data and had good agreement with PIV method.



Next, The UL increased to 300 mm/s, but gas superficial velocity remained similar to the previous case. The bubble diameter was still about 2–3 mm. Figure 17a represents that the velocity profile of bubble and liquid was obtained separately. Good agreement in the velocity profile measurement of both phases was observed between the Developed-UVP and PIV method due to the discrepancy of both systems was within an acceptable range of ±10% as illustrated in Figure 17b,c, respectively.



From the results at both velocity levels, the measurement error of the bubble and liquid velocity could be caused by measuring equipment, methodology and the experimental condition. Also, the amount of bubble data and void fraction affect the averaging result of bubble velocity. Furthermore, the velocity distribution of bubble and liquid separated had an error at near the wall region (near-wall effect). The error analysis is explained in the detail in Section 4.4.




4.3.2. Measurement at a Different Void Fraction


The experiment was conducted on UL = 200 mm/s at different void fraction (α); 0.25%, 0.50% and 1.00%. From the visual observations as shown in Figure 18, the bubble shape was mostly spherical. In the present study, the effects of different bubble shapes will not be taken into account. It was confirmed that the flow regime was mono-dispersed flow regime with the bubble diameter was about 2–3 mm as represented in Figure 19. In this flow regime, the bubbles are uniformly distributed in the cross-section of the pipe, traveling vertically with minor transverse and axial oscillations [34]. Figure 20 represents the measurement results obtained by Developed-UVP. The graph shows the average velocity profile of both phases. The liquid velocity profile is the mean of 5000 profiles and bubble velocity profile is averaged by the amount of data obtained as shown in Figure 21.



The result of bubble velocity in each void fraction was almost coincident with each other except the data of α: 0.25% at center pipe region. The fluctuation within this zone was caused by a small number of averaging data. Furthermore, the liquid velocity profiles could be obtained separately. The profile of liquid rises obviously when void fraction increases due to the enhancement of several bubbles. Hence, It can be concluded that the void fraction with constant bubble diameter affects the velocity level of the liquid. Besides, it influences measurement error of bubble velocity, if the void fraction is very low.





4.4. Error Analysis


The measurement error of the Developed-UVP was analyzed. Basically, it is a combination of systematic error and random error. Various sources of systematic error are investigated and listed in Table 7. These errors are mainly influenced by equipment and methodology. Firstly, a basic frequency at 4MHz that was emitted by the pulser/receiver. Secondly, the sound velocity which was affected by temperature variation. Thirdly, the incident angle of transducer installation. Lastly, Doppler frequency which was mainly affected by pulse repetition frequency, time lapse and frequency estimation of the developed algorithm. However, the error of pulse repetition frequency and time-lapse could be ignored due to the error magnitude was very small when compared with the error of frequency estimation. Consequently, the error of Doppler frequency was mostly involved by the frequency estimation of the developed algorithm. Therefore, the systematic error can be obtained by combining each error component as represented in equation 16 which is 3.02%. The main factor of systematic error is the incident angle.





% error of Vi=(ΔViVi)×100=(Δcc)2+(ΔfDifDi)2+(Δf0f0)2+(Δsinθsinθ)2×100



(19)




where ∆ is error magnitude of each parameter.



The random error also affects the measurement accuracy. This error was unpredictable due to fluctuation or instability of the experimental condition occurred randomly that influenced by some phenomena such as the multi-dimensional motion of bubble and particle, and noises which exclude the influences of measuring equipment and methodology. Therefore, if these errors do not occur, the measurement error can be most affected by the systematic error.



Considerably, within the near wall region (at a radius ratio between 0.8 and 1.0), the error occurred which caused by the near-wall effect. This is an effect of the wave overlapping between the wall region and the measuring fluid. The effect cannot be avoided. It is included in systematic error. However, the error from other sources can be ignored owing to the error magnitude was significantly lower than the error obtained from this effect. Therefore, within this zone, the measurement error is mainly influenced by near-wall effect.





5. Conclusions


A UVP method for measuring the instantaneous velocity profiles of liquid and bubbles in two-phase bubbly flow has been developed. Instantaneous velocity profiles of single-phase and two-phase bubbly flow have been measured experimentally. The developed system employs only a single resonant frequency. Therefore, extra equipment is not needed. Signal processing, based on the Doppler pulse repetition technique, has been modified by applying the integration of Short-Time Fourier Transform and Doppler Amplitude Classification. The Developed-UVP can decompose the Doppler frequency of a particle (liquid phase) and bubble. Hence, the velocity distribution of the liquid and bubble can be measured and separated clearly. The experiment was conducted on vertical pipe flow apparatus, and measurement comparison was performed using PIV method. The measurement results clarify that the Developed-UVP is in good agreement with the PIV. Moreover, the effect of void fraction against velocity measurement of both phases was demonstrated. Therefore, it can be concluded that the Developed-UVP can measure liquid and bubble velocity simultaneously in the two-phase bubbly flow.



The Developed-UVP has the following main advantages.

	-

	
Instantaneous velocity profile of liquid and bubble can be obtained simultaneously.




	-

	
The velocity profile of liquid and bubble can be separately obtained even if the velocity data of both phases occur in the same measurement channel.




	-

	
The developed phase separation can distinguish the velocity of both phases, although similarities occur with both phases.




	-

	
The system requires only a single resonant frequency transducer, a single channel pulser/receiver, and basic data processing equipment.









Nevertheless, the developed technique is promising. Consequently, the technique can be applied to scale-up to industrial units. The further study on the applying of developed technique to industrial scale will be our future study.
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Figure 1. Ultrasonic Velocity Profiler (UVP) measurement configuration, an echo signal and velocity profile reconstruction. 
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Figure 2. Demodulation of the Doppler signal. 
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Figure 3. Block diagram of the UVP system based on the Doppler pulse repetition technique. 
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Figure 4. Multi-frequency and different amplitude effects of the Doppler signal in one measurement channel in accordance with NREP. 
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Figure 5. Diagram of a time-frequency analysis of Doppler signal. 
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Figure 6. The result of Time-frequency spectrogram: (a) Short-Time Fourier Transform (STFT), (b) Gabor, and (c) Wigner–Ville distribution (WVD). 
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Figure 7. Block diagram of the proposed technique in the UVP system. 
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Figure 8. Effect of the window length in generating a spectrogram on the measured peak frequency. 
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Figure 9. Example of the Doppler frequency classification for proposed technique: (a) single-phase flow (only particle), (b) two-phase bubbly flow (with particle and bubble). 
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Figure 10. Schematic of the experimental apparatus. 
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Figure 11. Measurement results for the single-phase liquid velocity profile: (a) UL = 200 mm/s and (b) UL = 300 mm/s. 
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Figure 12. Discrepancy for the single-phase liquid velocity profile: (a) UL = 200 mm/s and (b) UL = 300 mm/s. 
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Figure 13. Doppler amplitude threshold setting on probability density function (PDF) of Doppler amplitude reflected by nylon particles 80 µm and microbubble <1 mm; (a) at UL: 200 mm/s and (b) at UL: 300 mm/s. 
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Figure 14. The image of bubble distribution in the two-phase bubbly flow. 
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Figure 15. Average liquid and bubble velocity distribution in two-phase bubbly flow at UL = 200 mm/s and UG = 5.3 mm/s: (a) velocity profile, (b) discrepancy of bubble velocity, (c) discrepancy of liquid velocity. 
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Figure 16. Amount of bubble data. 
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Figure 17. Average liquid and bubble velocity distribution in bubbly flow at UL = 300 mm/s and UG = 5.3 mm/s; (a) velocity profile, (b) discrepancy of bubble velocity, (c) discrepancy of liquid velocity. 
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Figure 18. The image of bubble distribution in a different void fraction. 
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Figure 19. Bubble diameter distribution. 
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Figure 20. Velocity profile of bubble and liquid at a different void fraction. 
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Figure 21. Amount of bubble data in each void fraction. 
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Table 1. Comparison of time-frequency estimator.
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	Method
	Readability
	Resolution
	Computational Time





	Short-Time Fourier Transform
	Excellent
	Good
	Excellent



	Gabor
	Excellent
	Poor
	Poor



	Wigner–Ville distribution
	Poor
	Excellent
	Good
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Table 2. Computational time of time-frequency estimators.
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	Method
	Computational Time (ms)





	Short-Time Fourier Transform
	0.2657



	Gabor
	0.2807



	Wigner–Ville distribution
	0.5865
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Table 3. Equipment list for the Ultrasonic Velocity Profiler (UVP) system.
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	Equipment
	Description





	Transducer
	4 MHz, Model: TX-4-5-8,

MFG: Met-Flow, Lausanne, Switzerland



	Pulser/receiver
	Model: RPR-4000,

MFG: RITEC, Rhode Island, USA



	Function generator
	Model: AFG-31051,

MFG: RSPRO, Northamptonshire, UK



	Digitizer
	Model: NI USB 5133,

MFG: National Instrument, Texas, USA



	Operating software
	Model: LabVIEW 2011,

MFG: National Instrument, Texas, USA



	Computer
	Model: Vostro,

MFG: Dell, Texas, USA
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Table 4. Summary of experimental conditions.
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	Parameter
	Value





	Fluid
	Water



	Fluid temperature
	25 °C ± 2 °C



	Pressure
	1 atm



	Sound velocity in water
	1493 m/s at 25 °C



	Particle
	Nylon particles (80 μm)



	Pipe material
	Acrylic resin



	Pipe diameter
	20 mm
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Table 5. Parameter configuration of UVP.
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	Parameter
	Value





	Basic frequency (f0)
	4 MHz



	Incidence angle (θ)
	45°



	Emission pulse shape
	Gaussian sin



	Emission voltage
	150 Vp-p



	Receiving gain
	45 dB



	Pulse repetition frequency (fPRF)
	8 kHz



	Number of repetitions (NREP)
	128



	Number of cycles per pulse (n)
	4



	Channel width (w)
	0.74 mm
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Table 6. Parameter configuration of Particle Image Velocimetry (PIV).
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	Parameter
	Value





	Shutter speed
	1:500 s



	Number of pictures
	16,281



	Spatial resolution
	640:480 pixels



	Method
	Cross-correlation
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Table 7. Systematic error.






Table 7. Systematic error.





	Error Sources
	Error Magnitude
	Percentage of Error





	Basic frequency f0 at 4 MHz of the emitted pulse
	±0.065 MHz
	±1.6%



	Sound velocity c due to temperature variation

(1493 m/s at 25 °C ± 2 °C)
	±10.42 m/s
	±0.69%



	Incident angle θ at 45°
	±1 degree
	±2.46%



	Doppler frequency fDi at 4000 Hz (maximum value)(at Sn:1, Wn:24 and fPRF:8 kHz)
	±8 Hz
	±0.2%











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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