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Abstract

:

Featured Application


This study effectively guides the SVUFMST of Nanjing natural gas measurement station, which have greatly reduced the verification time and economic cost in practical work.




Abstract


A combined experiment and numerical analysis was performed to determine whether the flow field has a significant impact on the simultaneous verification of multi-ultrasonic flowmeters (UFMs) in tandem arrangement (SVUFMST) and whether the SVUFMST is practical for flowrate measurement of pressurized natural gas. In practical testing, SVUFMST can highly improve the efficiency of UFMs’ calibration. Two types of UFMs of different nominal diameter were studied: DN250 and DN150. When it comes to DN250, data obtained from the actual-flow experiments were first used to verify the simulated results for n ≤ 3 (number of tested UFMs) and then the verified numerical method was extended to simulate the internal flow of four and five tested UFMs. Comparison analysis shows that all the numerical results agree remarkably well with the available experimental data and more than two tested UFMs can induce an overall shift in the E–Q curve (relative measurement error E plotted as a function of flowrate Q). For the slight difference among the tested UFMs, the practicability of the SVUFMST at n ≤ 4 (DN250) and n ≤ 3 (DN150) are thereby proved, whereas the striking difference in E (~1.0%) between the most downstream UFM and the other UFMs for n = 5 (DN250), associated with the outstanding collapse onto the velocity profile along the acoustic paths, results in the invalidation of the SVUFMST.
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1. Introduction


Increasing attention is being paid to measurement technologies designed for natural gas owing to their clean and efficient characteristics with extensive use in energy supply [1,2,3]. Further, it has received attention for its extreme facility of transportation, widespread and vast reserves, ease of use, and lack of solid residual after burning. Natural gas currently makes up over 24% of the world’s energy and 6.2% of China’s energy. As one of the most important energy networks in China, the West–East Natural Gas Transmission Project (WENGTP) was established and has been service since 2001, transports over 72 billion cubic meters of natural gas from western China to eastern China each year, and results in the alleviation of domestic energy tensions and improvement of the fuel structure [4,5]. An inevitable challenge, however, for natural gas transmission and trade is how to measure the natural gas exactly and reduce measurement uncertainty. Aiming at this problem, high-precision ultrasonic flowmeters (UFM) with different diameters are usually used to measure the natural gas flow in the pipelines because of their high accuracy and repeatability as well as their low flow resistance and disturbance. As a result, the verification of natural gas flowmeters is not only increasingly required but also, from the perspective of accurate energy consumption and settlement of work, is even more important. Unfortunately, the current verification method (JJG1030-2007 Verification Regulation of Ultrasonic Flowmeters [6]; ISO 17089-1:2010(en) Measurement of fluid flow in closed conduits [7]) is time-consuming and has low efficiency because the installation, disassembly, and verification of each flowmeter take one to two hours or more, and only one flowmeter would be tested in a calibration process according to the above standard regulations. Moreover, in order to accurately reproduce the operating environment, the UFMs in WENGTP would be calibrated in several important natural gas measurement stations along the mainline of WENGTP, such as Nanjing natural gas measurement station (NJMS) and Chengdu (CDMS) natural gas measurement station of China National Petroleum Corporation, and the natural gas flow in the mainline should be switched to the bypass line for UFMs’ verification. Therefore, this metrology method would result in an unusual natural gas supply and urge a more efficient and practical verification regulation to reduce the disturbance of UFMs’ verification on the natural gas supply. Consequently, increasingly more attention has been paid to the necessity of improving the efficiency of multi-UFMs’ verification. As proposed and practically applied by some related manufacturers and metrological services, the simultaneous verification of multi-UFMs in tandem arrangement (SVUFMST) is a highly efficient metrology method to address this problem. However, there are only a few published studies regarding SVUFMST. Wan, who works in CDMS, calibrated two UFMs in tandem arrangement and analyzed the error values to confirm the flowmeter measurement performance, and his results showed that two flowmeters in a tandem arrangement can be simultaneously calibrated [8]. However, there is still no flow analysis or defined applicable conditions for SVUFMST. The schematic of the SVUFMST is illustrated in Figure 1, in which the tested UFMs were tandemly arranged downstream of the master meters and checking meters successively, with upstream and downstream straight pipes of appropriate length. Although this method has been applied in practical verification, it is still in the exploration stage and there is no corresponding operation standard accessible. Therefore, it is urgent to carry out comprehensive research on this method to perfect it.



In this paper, the effect of the global flow field characteristics on the performance of the SVUFMST was studied to determine whether the flow field has a significant impact on the SVUFMST, and, if so, to explain the mechanism of its action. Although there are few studies that especially focus on the mechanism of the action of the flow field on SVUFMST, there are several trials concerning how the unusual flow fields can affect the UFMs measurement errors. Despite having low flow resistance and disturbance with extremely high precision, it is inevitable to absolutely exclude the local flow distortion, mainly in form of negative velocity, near the transducer recess (or protrusion) in the ultrasonic flowmeter [9] in which an ultrasonic transducer is installed. Further, the negative velocities generated at the protrusion and recess locations as a whole are the key factors for negative measurement errors of the ultrasonic flowmeter. This result therefore confirms that the transducer recess in the ultrasonic flowmeter can affect the measurement accuracy. In addition to transducer recess and protrusion, the flow profiles [10,11], UFMs internal wall roughness [12], and pulsating flow [13] may all result in pronounced measurement errors of UFMs. It has been experimentally reported that the flow (velocity) profiles, such as the parabolic velocity distributions usually used for laminar and power law for turbulent flow, or a flattened airflow profile generated from a specially shaped convergent nozzle, also have a significant effect on the measurement error of ultrasonic meters [11], as does the complex flow profiles caused by the upstream elbow pipes as proposed by Zhao et al. [10]. Some of the above findings [9,10] suggest that computational fluid dynamics (CFD) can be an effective method to reveal the mechanism of action of the flow field on UFMs’ measurement accuracy, and thus, in this study, CFD is adopted to numerically simulate the internal flow field in the tandem multi-UFMs and help quantify the influence of the flow field on the SVUFMST performance.



Further, in terms of SVUFMST, the influence of the detailed field characteristics of the flow on the ultrasonic flowrate signals, such as the upstream flow distortion near the transducer recess affecting the downstream flowmeter measurement, cannot be determined only from experimental results, because there always exists uncertainty resulting from the product differences in large-quantity production. Compared with experimental methods, however, the simulation results using CFD can convincingly exclude the disturbance of industry manufactures and are highly focused on the aerodynamic factor. By comparing the preliminary simulation results to the available experimental data, the grids, boundary conditions, and key model parameters were carefully adjusted to meet the numerical accuracy and maximum permissible error of UFMs, and then the optimized numerical model was extended to simulate the internal flow of UFMs in tandem arrangement in other severe conditions. This probably leads to the inability or excessive cost of executing the experiments for three or more UFMs tested in tandem arrangement or different types of UFMs in SVUFMST. Our study provides some effective guidance for the SVUFMST of Nanjing natural gas measurement station, which have greatly reduced the verification time and economic cost in practical work.




2. Materials and Methods


2.1. Experimental Method


The SVUFMST is depicted schematically in Figure 1 and the tested UFMs arranged in tandem along the streamwise direction were denoted as UFM1 to UFMn (here, n ≤ 5) at different testing locations. n is the number of tested UFMs, which are prefixed to indicate the total number of tested UFMs, for example, 5-UFM1. In the present study, a type of transit-time UFMs (Daniel 3400) were examined, as shown in Table 1, using the working standard facility (WSF) in NJMS, and according to the China national verification regulation of UFMs “JJG 1030-2007” and ISO 17089-1:2010(en), “Measurement of fluid flow in closed conduits-Ultrasonic meters for gas—Part 1: Meters for custody transfer and allocation measurement.” These target flowmeters, with two nominal diameters, DN250 and DN150, have two sets of four paths, namely, two cross planes for the four paths, as shown in Figure 2. The abscissa, as presented in Table 1, means the plane of Path A and D is 0.809R away from the horizontal center plane of pipeline and Path B and C is 0.309R close to the center plane of pipeline. The expanded uncertainty (k = 2) of the WSF is within 0.29% of the flowrate range of 8–12,000 m3/h, which is used to verify the DN50–DN400 flowmeters with their accuracy no higher than 1.0%. Furthermore, the experimental data measured from NJMS and the experimental environment provided has strong traceability, with the help of the established primary standard facility (the expanded uncertainty is 0.10% and k = 2) and secondary standard facility (the expanded uncertainty is 0.25% and k = 2).



The layout of the WSF is illustrated in Figure 3, which is designed as a bypass conduit of the mainline of WENGTP to achieve an actual-flow calibration. Once a UFMs verification is being conducted, the natural gas flow in the mainline would be switched preliminarily to the bypass conduit (also known as WSF). By applying the “master meter method” [6,7], the facility consists of three flowrate-measurement nodes: the master meters (MM), checking meters (CM), and UFMs under test; the flow is generated by the pressure drop between the upstream inlet and downstream outlet of the WSF, as a result of the driving force of WENGTPs mainline. The checking meter is used to monitor the performance of the master meter in real time and the flowrate tested by the master flowmeters are designated as the reference flowrate. In order to improve the full-scale performance of WSF, this verification system is divided into two sub-systems aligned in parallel, depending on the flowrate scales: large working standard for the high-flowrate verifications and small working standard for the low-flowrate verifications, as shown in Figure 3. Therefore, the flowmeters and straight pipes with larger inner diameters are employed in the large working standard. As for the large working standard, the master meter is composed of 11 turbine flowmeters, three of which are DN150 and eight of which are DN200. Then, the 11 corresponding pipelines of the master meter converged into two checking meter lines equipped with two UFMs (DN150 and DN400), either of which could be selected to connect with the tested flowmeter of the inner diameter ranging from DN150 to DN400. Compared with the large WSF, three smaller turbine flow meters (DN50, DN80, and DN100) as the master meters and a single DN100 UFM as the checking meter were utilized to verify the tested flowmeters with small inner diameters (DN50, DN80, and DN100) in the small WSF. FE20 and FE16, as depicted in Figure 3, represent the UFMs and the turbine flowmeters, respectively, and flow control valves are installed both upstream and downstream of each flowmeter in WSF. The straight pipe length upstream and downstream of each flowmeter under test was maintained higher than 150D and 20D, respectively, to achieve a fully developed inner flow. Figure 1 also shows the straight pipe layout and Table 2 lists the straight pipe length for different flowmeters. As a mixed-flow medium (composed of approximately 95% methane, 3% ethane, 1% nitrogen, 0.5% carbon dioxide, and partial alkanes), the temperature, pressure, and chemical composition of the tested natural gas had been simultaneously measured to obtain its actual density and viscosity in each experiment. Some of its physical and chemical properties are listed in Table 3. Here, the chemical composition analysis was performed using a gas chromatograph and pressure gauges and thermometers were installed as shown in Figure 1.



Usually, regardless of whether a single UFM or multi-UFM is verified, each flowmeter is tested at a five standard flowrate (Qmin, Qt, 0.4Qmax, 0.7Qmax, and Qmax) required by the national standard; the test is repeated three times at a certain flowrate. Each target flowmeter had been verified alone using the WSF before implementing SVUFMST to exclude the incorrect UFMs. It should be noted that as SVUFMST is carried out, any unusual relative difference, such as one beyond the maximum permissible error of the tested UFMs, between the flowrate tested by a single meter and that by the tested multi-UFMs would invalidate the SVUFMST, despite the number of tested UFMs, hereinafter denoted as n.




2.2. Numerical Methods


To explore the effect of the flow disturbance caused by the transducer recesses on the performance of the simultaneous verification of multi-UFMs arranged in tandem, we consider five cases with different numbers of tested UFMs ranging from 1 to 5 (1 ≤ n ≤ 5), the geometries and configurations of which were carefully measured and modeled according to the actual UFMs. In addition, in order to deepen the understanding of the influence of the change of flow field on SVUFMST, we also consider three cases with same type but different diameters (DN150). Figure 2 depicts a wetted UFM Daniel 3400 (DN250 and 150) studied in this paper, which has four paths and eight transducer recesses along the paths in different configurations. The simulations were carried out in natural gas using 50D and 10D straight pipes upstream and downstream of the tested UFMs, respectively. The natural gas is set as an incompressible mixed-flow medium according to the experimental conditions. The 50D straight pipe upstream was determined by conducting numerical verifications based on the previous work supposed by Cimbala et al. [14] to achieve the fully developed flow at the 1st tested UFM inlet. The constant axial flow velocity U0 (for DN250) ranged from 0.88 m/s to 29.22 m/s and the fully developed outflow were used as the inlet and outlet boundary conditions, respectively, in our CFD simulations. In this study, the relatively high pressure in the pipe and flowrate led to a very large Re in the range of 106–107 and, hence, only turbulent flow needs to be considered.



In consideration of the high accuracy of the tested UFMs (1.0% full scale), it is very important to obtain reasonable calculation accuracy for examining the SVUFMST’s performance. Thus, we use 3D CAD software to build the model according to the actual geometric measurement results of the tested flowmeter. Then, we use advanced polyhedral mesh technology to render the mesh and refine it in both near-transducer-recesses regions and flowmeter bodies. Because considering the high Reynolds number environment in which the inertial force dominates the flow in the tube while the viscous force affects the near-wall and near-transducer-recesses flow, we also add boundary layer grids in these regions with a height of 0.0001D of the first layer of elements and an exponential growth row (growth factor: 1.2, rows: 10). Figure 4 depicts the grid of a single UFM and a detailed profile of the recesses. This mesh improves the prediction accuracy of the velocity profiles, especially the steep velocity gradients on the near-wall region and negative velocity near transducer-recesses region. Here, the velocity profile is the definition given for the distribution of velocities in the axial direction over the cross section of the circular pipe or along the acoustic paths of a UFM. For different numbers of tested UFMs, the total cell number was in the range of 5–15 million after verifying the grid-independence. The finite volume solver in Fluent was used to calculate the time-averaged Navier–Stokes equations and the k-epsilon closure equations. The realizable k-epsilon turbulence model in combination with the wall treatment of SWF was finally employed in our simulations because it provided the best agreement with the experimental data obtained from a single tested UFM and better prediction for flow separation into the recesses after comparison with other commonly used turbulence models. Furthermore, the second-order upwind discretization scheme and SIMPLE algorithm were adopted.



According to the manufacturer’s instructions (Emerson Daniel-3400 DN250 and 150), the mean axial velocity measured by the UFMs can be calculated from


   U  UFM   =  w A  ×  U A  +  w B  ×  U B  +  w C  ×  U C  +  w D  ×  U D  ,  



(1)




where w is the weight associated with chordal velocity, subscripts A to D indicate the path A to D, respectively, and thus UA is the velocity measured along path A, etc. As for Daniel 3400, the weight coefficients are 0.1382 along paths A and D (wA = wD = 0.1382) and 0.3618 along paths B and C (wB = wC = 0.3618). Similarly, the space-averaged numerical velocity on a path was first obtained by extracting the velocity profile on that path from the numerical velocity field, which was then used to calculate the numerical mean axial flow velocity with the help of the same weight coefficients mentioned above. For both the experimental measurement and numerical simulation, the relative measurement error E can be expressed as


  E =   Q −  Q  in      Q  in     × 100 % ,  



(2)




where Q can be calculated either from the UFM measured or from the UFM attained by post-processing the simulated results, and the corresponding Qin is either the standard flowrate generated by a flow-standard facility or the inlet flowrate given in advance as a boundary condition.





3. Results


3.1. Numerical Simulation Verification by Experiments for 1–3 Tested DN 250 UFMs


For one, two, and three UFMs in tandem arrangement, the relative measurement errors E are plotted in Figure 5a–c as a function of flowrate Q, respectively. Both the experimental data (distributed symbols) and numerical results (continuous lines), can be fully described by a negative power-law relationship with two assigned constant coefficients A and B, which can be expressed as


  ln  (  E + k  )  = A ln ( Q ) + B ,  



(3)







The values of A and B for different numbers of UFMs and goodness of fit R2 are listed in Table 4. An R2 value very close to 1 indicates high goodness of fit of the simulated results. In addition, we add a standardized residual δ* to observe the regression fit degree of the experimental value and the simulation curve. Once δ* is in the range of (−2, 2), we think the fitting is almost satisfactory.



It is clear that E decreases nonlinearly and monotonically with increasing Q and the attenuation ratios for Q < 600 m3/h are significantly larger than those for Q > 2000 m3/h. Similarly, the approximately negative power-law relationship between KS and Q can be found in Figure 5 and this phenomenon shows that the swirl secondary flow would be reduced effectively as Q (or Re) increased. The above discussions indicate that all the available experimental data agree remarkably well with the numerical results and especially the overall E–Q power-law distribution for a single tested UFM is in good accordance with the previous results [12,15,16]. Because the volumetric flowrate measured using UFMs is calculated as the product of the mean axial flow velocity U0 and the area S over the cross section, the velocity distribution correction factor C (also known as velocity profile factor), which is used to evaluate U0 corresponding to the uniform velocity profile (fully developed and usually turbulent), must be known [15]. The negative power-law relationship between E and Q for 1 ≤ n ≤ 3 in geometric tandem arrangement can be mainly attributed to the change in C as a function of Reynolds number Re, which can be calculated approximately for the fully developed velocity distribution in the axisymmetric non-swirling flow. Re can be calculated using Re = UD/ν, where D is the pipe or UFMs internal diameter and v is the kinematic viscosity of the fluid. For a constant internal diameter of UFM and fluid viscosity, Re should increase linearly with increasing flowrate. Therefore, once the decrease in Q decreases Re to a certain extent, the transition from a flattened velocity profile to a more convex velocity profile may occur, resulting in the evolution of the velocity distribution and the variance in C. Here, we only took Q (equivalent to Re) and n into consideration for our simulations, and other factors would be analyzed according to the difference δ between the experimental and simulated E, whereas previous studies had suggested that E depends on Re, pipe roughness, inlet flow conditions, distance from an inlet, etc. [12,15,16,17]. δ can be calculated by


  δ =  E t  −  E s  ,  



(4)




where the subscript t indicates the test results and s indicates the simulated results.



The maximum deviation δmax between the experimental and simulated E is about 0.06% for a single UFM at Q = 500 m3/h and 2000 m3/h, 0.18% for UFM2 of the two tested UFMs at Q = 500 m3/h, and 0.18% for UFM3 of the three tested UFMs at Q = 500 m3/h. Compared with the maximum permissible error of the UFM (Daniel-3400) of 1.0%, the value of δ as discussed above can be acceptable, and also confirms the feasibility of implementing CFD simulations in UFMs’ internal flow and then calculating the measurement errors. It was clear that δmax always occurred in the flow transition regime with Q approximately ranging from 500 m3/h to 1000 m3/h. As illustrated in Figure 5, the deviation δUFM between the upstream and downstream UFMs’ E (adjacent or nonadjacent) is smaller than 0.15% with the only one exception (δUFM = 0.3%) that can be found at Q = Qmin for three tested UFMs. It is noted that δUFM is different from δ, and is given as follows:


   δ  UMF   =  E  i + j   −  E i    ( i = 1 , 2 , 3 , … , n − 1 ;   j = 1 , 2 , 3 , … , n − i ) ,  



(5)




where a larger subscript number indicates a greater distance from the flow inlet at the test bench and n is the number of the tested UFMs. Overall, the simulated |δUFM| was smaller than the experimental |δUFM| because only the flow field effect on E was taken into consideration for the simulated results, whereas there were other factors introduced previously, such as UFMs’ manufacturer and pipe roughness, affecting experimental data and then affecting δUFM. Thus, it can be observed that the magnitude of δUFM is similar to that of the standard facilities’ uncertainty, which is equivalent to 0.29% (k = 2) and can be regarded as an important inlet flow condition. Therefore, the uncertainty is large enough to change δUFM from negative to positive values. In other words, it is ambiguous whether E of the upstream UFM is larger than E of the downstream UFM, as shown in Figure 5. From two tested UFMs to three tested UFMs, the absolute values of the measured δUFM hardly changed, whereas those calculated from simulated flow fields increased obviously with increases in n. For three tested UFMs, the simulated E–Q curves were concentrated in two nonlinear striped regions and the E–Q curve of UFM1, which exclusively occupied the lower striped region, showed a clear shift to a smaller relative error, while E of both downstream UFM2 and UFM3 were very close to each other. The two concentrated striped regions hereinafter can also be found in flow through more than three tested UFMs. It is of interest to note that the increase in n can induce an overall shift in the E–Q curve and the two concentrated striped regions are consequently built on the abrupt shift in an E–Q curve associated with n.




3.2. Numerical Simulation Verification by Experiments for 4–5 Tested DN 250 UFMs


For four and five tested UFMs, only the numerical results were further presented and analyzed, owing to the lack of an adequate number of the same-type tested UFMs (Daniel 3400) in NJMS and the severe work schedule disturbance resulting from highly time-consuming experiments in this study, especially mounting and remounting the tested UFMs. Even so, the numerical methods used for the less-tested UFMs were verified in the previous section.



Similar to the case of three tested UFMs, the E–Q curves for four tested UFMs were also concentrated into two distinctly separate striped regions and exhibited a negative power-law shape, but the E–Q curves of UFM3 and UFM4 were closer to that for a single UFM in the lower striped region, whereas those of UFM1 and UFM2 were distributed in the upper striped region, as depicted in Figure 5. Compared with the UFMs’ maximum permissible error of 1.0%, the average deviation between the lower and the upper striped region are roughly 0.15%, as Q > 1000 m3/h, and then could be acceptable. This also suggests that it is practical to simultaneously verify four tested UFMs in a tandem arrangement. Furthermore, the increase in n from three to four may be a trigger for the transposition between E–Q curves of downstream UFMs (UFM3, UFM4, or UFM5) and those of upstream UFMs (UFM1 or UFM2), and a similar behavior was found for five tested UFMs. The flow through from UFM2 to UFM3 led to the appearance of the two power-law striped regions of E–Q curves for four tested UFMs, namely, a pronounced shift in the E–Q curves, whereas that from UFM4 to UFM5 does so for five tested UFMs. These results imply that n probably decreases the similarity of flow fields at different testing locations, especially the velocity profiles on the same-type paths, which may be partly attributed to the flow distortion at the transducer recesses due to the relatively clear negative velocity and difference in U-Profiles along paths. Thus, it is reasonable to presume that SVUFMST would perform more poorly with more tested UFMs.



It is noted that once an E difference is obtained beyond 1/3 of the maximum permissible error, Emax, of the tested UFM (Daniel 3400), SVUFMST cannot be conducted according to the verification regulation of UFMs (JJG1030-2007). For five tested UFMs, there were still two power-law striped regions into which the E–Q curves of UFM1-UFM4 and UFM5 are concentrated, respectively. Unlike the grouping of the former E–Q curves, only the E–Q curve of UFM5 concentrated into the lower striped region, which was, as in our study, the only negative striped region; the other four E–Q curves were uniformly distributed, but the UFM located more upstream was associated with the larger relative error E, as mentioned above. The striking average difference of E between the upper striped region and the lower striped region is higher than 1% on the same level as Emax, as shown in Figure 6b. Table 4 lists the important parameters for the best-fit power-law expressions, in which the sudden decrease in the intercept k of the E–Q curve at UFM5 is equal to 1.713, whereas k of the other E–Q curves (n = 5) is zero. This suggests that as the gas flows through five tested UFMs, the flow distortion was significantly strengthened, and the decrease in the internal flow uniformity significantly destroyed the consistency of the UFMs’ measurement conditions. Therefore, the invalidation of the SVUFMST for n = 5 is numerically proved.




3.3. Numerical Simulation Verification by Experiments for Two to Three Tested DN 150 UFMs


Different from the large diameter of the UFM, the UFMs of DN150 adopt a more conservative experimental working condition, under which only one and two tandem arrangement is set up for verification experiment. For two UFMs in tandem arrangement, the relative measurement errors E are plotted in Figure 7 as a function of flowrate Q. Similar to 4.1, both the experimental data (distributed symbols) and numerical results (continuous lines), as shown in Figure 7, expressed as an obvious negative power-law relationship. Also, we can note that the increase in n can induce an overall shift in the E–Q curve compared with DN250.



Compared to different diameter and inlet velocity, Re can be calculated using   R e = 4 ρ Q / ν π D  , where D is the pipe or UFMs internal diameter, v is the kinematic viscosity of the fluid, and Q is the inlet volume flow. Although the density and the kinematic viscosity of natural gas change at different times, they can be considered to be constant on the same bypass pipeline. Here, comparing to three tandem arrangement of DN250, the Re of DN150 comes to 1.67 times of that at the same inlet volume flow rate in the theory. Thus, in the previous overall shift theory, three tandem arrangement of DN150 are more likely to get terrible E-Q curve, which we can get proof from Figure 7. Simulation result shows that the overall shift offset of the E–Q curve is larger than DN250. This suggests that as the gas flows through smaller diameter UFMs, the flow distortion becomes more sensitive when n increases. However, it is still within the allowable range of relative error. Thus, three tandem arrangement of DN150 is numerically proved to be valid.





4. Discussion


4.1. Definition and Distribution of Key Factors to Describe Variation in the Velocity Profile


For the UFMs under test, Daniel 3400, there are three important factors proposed by Zanker [18] and Daniel Inc. for examining the variation in the tested UFM performance with respect to the distortion in velocity profile. These three helpful ratios are defined as


KS = (UB + UC)/(UA + UD),



(6)






KA = (UA + UB)/(UC + UD),



(7)






KC = (UA + UC)/(UB + UD),



(8)




where KS, KA, and KC, are the swirl ratio, asymmetry ratio, and crossflow ratio, respectively. The swirl ratio compares the inner chords to the outer chords and is an indicator of swirl due to both the different radial locations and planes. In good conditions, KS should be close to 1.042/0.89 = 1.17 [19]. The asymmetry ratio KA compares the flow in the top half of the pipe (path A and B) with that in the bottom half (path C and D) and, in good condition, should be close to 1. The crossflow ratio is the ratio of the flow velocity along the paths in one plane divided by those in the other plane at right angles; in good conditions, it should be close to 1. Here, the KS is shown in Figure 7 for both DN250 and DN150, which was reported to reveal the power-law velocity profile rule for fully developed turbulent flow by Moore et al. [20]. Furthermore, the swirl ratio is also presented as the “profile factor” by Daniel Inc., which is defined as the reciprocal of the meter factor, and which is sometimes called the velocity distribution correction factor in other documents [21]. The symbol shapes indicate the streamwise location of the tested UFMs (triangles: UFM1, diamonds: UFM2, circles: UFM3, squares: UFM4, gradient triangles: UFM5), and the symbol colors denote n (red: only one tested UFM, blue: two UFMs, green: three UFMs, purple: four UFMs, orange: five UFMs), as shown in Figure 8. We can see overall decreasing trend of KS with increasing Q. However, these results are so rough that they cannot be used to evaluate the effects of chordal velocity profiles on E (or δUFM) under different n. In contrast, the E–Q curves and simulated velocity profiles are more sensitive with respect to this theme.




4.2. Flow Analysis for Daniel 3400


In order to perform comparisons among velocity profiles along the same-type paths under different Q, the flow velocity U as shown in Figure 9 was first nondimensionalized using the corresponding mean axial flow velocity U0 and weighted by the corresponding w, and the location variable x was also nondimensionalized using the length of the corresponding path length L. As shown in equation 1, the values of the weight are 0.1382 along paths A and D (wA = wD = 0.1382) and 0.3618 along paths B and C (wB = wC = 0.3618), respectively. Note that the tested UFMs’ structure is symmetrical at the origin, and each of the paths form a 60° with the axial flow; however, the velocity along the paths also approximately distributes according to Prandtl–von Karman logarithmic law, which is a common velocity distribution for fully developed turbulent pipe flow [14]. Despite this, there were pronounced differences between the velocity profiles along paths A and D (denoted as U-Profiles A and D) and that along paths B and C (denoted as U-Profiles B and C), because paths A and D were closer to the pipe wall with shorter L, and could be more sensitive to the boundary layer. To be more specific, U-Profiles A and D tend to be an inverted V shape, whereas their counterparts along paths B and C display an inverted U shape. As we can see from Figure 9, when n increases, the difference in U-Profiles of each path line also begins to increase, which is manifested as the overall deviation for U-Profiles A and D and the deviation of the main flow area for U-Profiles B and C. Further, we compare the U-Profiles A and B of three tested UFMs at the same flow rate (Figure 10). We find that the velocity profile of the main flow area hardly changed when n = 3, while the velocity profile of the near boundary layer area has obvious dispersion phenomenon. Obviously, the negative power-law E–Q relationships can be partly derived from these results about the U-Profile at different Q and the larger value of wB and wc (weighted coefficients).



As noted above, more tested UFMs would account for poorer performance of SVUFMST and we sought to explain this finding in accordance with the inlet flow condition of each UFM, especially the secondary flow, in the following discussion. In most practical engineering applications, the effect of the entry length on turbulent flow becomes insignificant beyond a pipe length of 10 times the diameter, as imposed by “JJG1030-2007.” However, our detailed numerical results showed that the entry length would increase as Re increased, which was in line with the previous observations reported by Cimbala et al. [14], and hence we had ensured that all the entry lengths in our numerical simulations were larger than 50D. However, the entry velocity profiles of the UFMs at different streamwise locations can still be affected to some extent by the flow distortion caused by the transducer recesses, which can be treated as large-scale roughness elements. The mass-conservation law was satisfied by reducing the residual of the continuity equation by less than 10−6, and the relative deviation between the area-averaged inlet velocity at UFM1 and that at other UFMs was less than 10−3. The significant differences among the transverse velocity fields at the inlet of UFMs at different locations demonstrate occurrences of distinguishable secondary flows and remarkably diverse inlet flow conditions of each tested UFM, as shown in Figure 11 and Figure 12. In particular, the phenomenon of secondary flows near the boundary is very obvious and it becomes more severe with the increase of the number of installations. Therefore, in spite of the low magnitude of the transverse velocity, it can be deduced that the inconsistency in the inlet flow condition, as a consequence of the secondary flows, may affect the slight differences (mostly below 1%) in E among the tested UFMs while SVUFMST are executed.





5. Conclusions


It is clear that SVUFMST has effectively solved the requirement of improving the efficiency of multi-UFMs’ verification. As such, we recommend that the natural gas measurement station can use it in daily verification to reduce the disturbance of UFMs’ verification on the natural gas supply. In this paper, a combined experimental and numerical analysis was performed to determine whether the flow field has a significant impact on the SVUFMST aiming at flowrate measurement of pressurized natural gas and, if so, to explain the mechanism of its action and the practicability of the SVUFMST. Compared with experimental methods, the simulation results using CFD can convincingly exclude the disturbance of industry manufactures and highly focuses on the aerodynamic factor. We pay particular attention to three test parameters, including the flowrate Q, the diameter D, and the number of the tested UFMs n, each of which significantly influence the characteristics of the internal flow fields and, in turn, the performance of SVUFMST.



Next, we will summarize each of the two models of tested UFMs. As for Daniel 3400(DN250), the actual flow experiments of n ≤ 3 were carried out in NJMS, according to the method of SVUFMST. Data obtained from these actual-flow experiments were first used to verify the simulated results and then the verified numerical method was extended to simulate the internal flow of UFMs for n = 4 and n = 5, which would lead to excessive experimental cost. As for Daniel 3400(DN150), we compared the experimental and numerical simulation results of 2 tandem arrangement, and then extended the numerical method to n = 3. The velocity profiles along the paths and the E–Q curves were extracted from the numerical results to reveal relationships between them and n and Q. Comparison analysis shows that all the numerical results agree remarkably well with the available experimental data, and especially the overall E–Q negative power-law distribution is in good accordance with the previous results [12,16,17]. For both UFMs, the increased in Q can hardly change the shape characteristics of U-Profiles A and D, but that can significantly flatten U-Profiles B and C for any specified tested UFM. The negative power-law E–Q relationships can be partly attributed to this result. It is of interest to note that more than two UFMs under test can induce an overall shift in an E–Q curve and the two concentrated striped regions are consequently built on the abrupt shift in E–Q curves associated with n, which also can be found for n = 4 and n = 5. However, different diameters of the tested UFMs can allow different values of n. A smaller diameter means a larger value of Re, which means a more violent turbulent environment at the same Q. Thus, DN150 can easier reach its tandem arrangement limit by more obvious secondary flows due to the accumulation of large-scale roughness elements. Our numerical simulation results show that the DN250 for n ≤ 4 and the DN150 for n ≤ 3 are proved to be appropriate in SVUFMST.
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Figure 1. Schematic of the simultaneous verification of multi-ultrasonic flowmeters (UFMs) in tandem arrangement: FF: Forcing Function Generator; PP: Pressure Transmitter; TT: Temperature transmitter. 
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Figure 2. Schematic of the acoustic path arrangement in the tested UFM (Daniel 3400): the upper right corner is the side view of the upper left corner (the recesses are hidden). 
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Figure 3. Schematic of the working standard facility for verification of the tested UFMs. 
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Figure 4. Schematic of the grid: (a) a single UFM; (b) detail profile of the recess. 
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Figure 5. Relative measurement error E as a function of flowrate Q for 1–3 tested flowmeters: (a) a single tested UFM; (b) two tested UFMs; (c) three tested UFMs. 
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Figure 6. Relative measurement error E as a function of flowrate Q for four to five tested flowmeters: (a) four tested UFMs; (b) five tested UFMs. 
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Figure 7. Relative measurement error E as a function of flowrate Q for two to three tested flowmeters. 
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Figure 8. Factors associated with velocity profile as a function of Q: (a) swirl ratio for DN250; (b) swirl ratio for DN150. 
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Figure 9. Velocity profiles along the same type of path under different Q for three tested UFMs (DN150): (a) A path; (b) B path. 
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Figure 10. Velocity profiles along the same type of path for three tested UFMs (DN150) at different Q = 56.02 m³/h for red line and Q = 1816.28 m³/h for blue line: (a) A path; (b) B path. 
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Figure 11. Transverse velocity distribution for four tested UFMs (DN250) at different UFM inlet with Q = 5000 m³/h: (a) UFM1; (b) UFM2; (c) UFM3; and (d) UFM4. 
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Figure 12. Transverse velocity distribution for four tested UFMs (DN150) at different UFM inlet with Q = 1816.28 m³/h: (a) UFM1; (b) UFM2; and (c) UFM3. 
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Table 1. Technique parameters of the tested ultrasonic flowmeter.






Table 1. Technique parameters of the tested ultrasonic flowmeter.





	Model
	Path Type
	Size
	Abscissa
	Inclination Angle of Acoustic Paths
	Flowrate (m3/h)
	Accuracy (%)





	Daniel 3400
	Four paths
	DN250
	0.309R (Path B and C)

0.809R (Path A and D)
	60°
	153–5084.96
	1.0







R is the radius of the tested UFM (Daniel 3400).
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