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In this work, the perturbation length of vertical U-bend effects on the air–water two-phase flow in their adjacent straight tubes was investigated experimentally at ambient pressure and temperature. The experimental database covered test sections with three inner diameters of U-tubes (9, 12, and 16 mm), two curvature ratios (8.33 and 12.5), and two orientations (downward and upward). The air and water superficial velocities varied from 0.18 to 25.11 m/s and from 0.11 to 1.98 m/s, respectively. The dissipation of U-bend effects in the regions upstream and downstream of U-bends is characterized by the variation regularities of segmental pressure gradients along the contiguous straight tubes. It was found that the significant value of the dimensionless perturbation length (Lp/D) is less than 60 for the experimental conditions in this study. The influences of the inlet volume void fraction, two-phase mixed Froude number, mixed Weber number, and mixed Dean number on dimensionless perturbation length (Lp/D) are similar. With the increase in these parameters, Lp/D presents a unimodal distribution which first increases and then decreases. The maximum value of Lp/D takes place at a volume void fraction of around 90%. New dimensionless correlations to predict the influence length of U-bends on the straight tubes upstream and downstream have been provided. The prediction errors of 80% of data are within ± 30% compared with the present experimental data.
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1 INTRODUCTION
With the increasing depletion of fossil energy and the requirements of environmental protection, biomass and biofuel are widely used in many industrial fields recently. Accurate hydraulic design of the heat exchangers for the processes of biomass utilization and biofuel production plays a vital role in reducing the pump energy consumption. Return U-bends are primary elements of the heat exchangers such as evaporators and condensers due to the reason that they can redirect the flow and improve the compactness of devices. Unlike the flow in straight tubes, the two-phase flow in return U-bends is interacted by gravitational, centrifugal, viscous, and surface tension forces. These forces modify the distribution of gas–liquid interfaces and produce such phenomena as secondary flow, reversal, coalescence, and flooding (Usui et al., 1980, 1981). Consequently, global and local flow parameters in U-bends and their adjacent straight tubes are subject to significant influences compared to those in fully developed straight tubes. Therefore, it is very important and necessary to investigate the influence of U-bends on the hydrodynamic characteristics, and these “U-bend effects” should be considered in the design to gain more accurate and effective two-phase flow devices.
Experimental studies on the flow pattern observation (Jo et al., 2022; Liu et al., 2022; Pietrzak, 2014a, b; Pietrzak and Witczak, 2013; Sharma et al., 2011a), two-phase pressure drop (Domanski and Hermes, 2008; Padilla et al., 2009; Sharma et al., 2011b; de Oliveira and Barbosa, 2014; Dassler and Janoske, 2019), the gas fraction (Pietrzak and Witczak, 2013; Pietrzak, 2014a; de Oliveira and Barbosa, 2014), and liquid film thickness (Abdulkadir et al., 2014; Abdulkadir et al., 2018; López et al., 2020) across the U-bend itself have been conducted in recent years. The results showed that return U-bends cause secondary vortex and redistribution of the gas–liquid interface, which greatly affect the evolution of two-phase flow parameters. Most of these studies focus on the U-bend region itself. However, there are research studies (Traviss and Rohsenow, 1971; Wang et al., 2003; Wang et al., 2004; Wang et al., 2005; Wang et al., 2008; Dang et al., 2018; Qiao et al., 2018; Qiao and Kim, 2018; Jatau and Bello-Ochende, 2021) indicating that bend-effects also occur immediately upstream and downstream of bends. As a result, two-phase pressure gradients across the up- and downstream of the U-bend are different from those in the fully developed straight pipe section. However, equivalent pressure gradients immediately up- and downstream of bends (Chen et al., 2004; Domanski and Hermes, 2008; Padilla et al., 2009; Padilla et al., 2011; Padilla et al., 2013; Usui et al., 1980, 1981) were calculated from those of the distant fully developed pipe section, resulting in inaccurate prediction correlations of the frictional pressure drop. These show that a more accurate prediction of the two-phase pressure drop along the entire U-tube (both bend and its adjacent straight tube sections) is still challenging, and further investigation of the length and intensity of U-bend effects on the upstream and downstream is first in importance.
Several scholars (Traviss and Rohsenow, 1971; Hoang and Davis, 1984; Da Silva Lima and Thome, 2010, 2012; De Kerpel et al., 2012; Padilla et al., 2012; Padilla et al., 2013; de Oliveira et al., 2014; De Kerpel et al., 2016; Aliyu et al., 2017) have qualitatively and quantitatively investigated the length and intensity of U-bend effects at different flow and geometric conditions. Traviss and Rohsenow (1971) measured condensation pressure drops and heat transfer coefficients of R-12 along the straight tube with immediately vertical U-bends (D = 8 mm and 2R/D = 3.17 and 6.35). The results showed that the influence of the U-bend on downstream straight pipe pressure drop can be extended to 90D. Hoang and Davis (1984) experimentally studied the variation of flow patterns and static pressures for air–water bubble flow through inverted U-tubes (D = 25.4 mm and 2R/D = 4 and 6). It was found that the length of the region that is affected by the U-bend is about 9D. Da Silva Lima and Thome, 2010 indicated that the effect of horizontal U-bends on the downstream pressure gradient of R134a can be as far as 141D pipe diameter. Later, Da Silva Lima and Thome (2012) carried out flow visual observations of the refrigerant R-134a in horizontal and vertical U-tubes. The dissipation length downstream of U-bends was characterized based on the visual flow performances and was found to be longer in the upward flow for vertical U-bends. Padilla et al. (2012), Padilla et al. (2013) measured the pressure drop to identify the perturbation lengths upstream and downstream of the vertical and horizontal U-tubes for R134a, respectively. They found that the perturbation length upstream is usually less than 10D, while the perturbation length downstream is less than 20D. de Oliveira et al. (2014) carried out pressure drop and gas holdup measurements to study the influence of a U-bend on the flow characteristics. Their results showed that significant pressure gradient changes were confined to 40D upstream and 60D downstream of the bend. De Kerpel et al. (2016) investigated the affected length up- and downstream of a sharp U-bend (internal diameter of 8 mm and curvature radius of 11 mm) based on the void fraction and wavelet variance derived from the axial capacitance signal. They determined that the upstream affected length is less than 10D and that the downstream affected length is more than 30D. Aliyu et al. (2017) conducted an experimental investigation on the two-phase flow behavior in a vertical tube section downstream of a U-bend (D = 101.6 mm) with a serpentine configuration. They stated that the flow downstream of the U-bend stabilized when reaching 30 pipe diameters.
In general, these works investigated the length of the region influenced by U-bends based on the two-phase pressure drop or void fraction measurements along axial straight pipe sections. However, relevant investigation is still limited. In addition, due to the differences in fluid properties, flow conditions, and channel geometries, perturbation lengths determined by different researchers may differ significantly. Therefore, it is essential to study the impacts of dimensionless factors integrating flow parameters and geometric parameters. Additionally, no model is available for predicting the perturbation length of U-bends.
This work continues the efforts of studying the effect of vertical U-bends on the air–water two-phase flow in their contiguous straight tubes and developing predictive models of the vertical U-bend perturbation length. Specifically, the objectives of this study are as follows: 1) to extend the experimental database for U-bends’ perturbation length in different flow conditions and geometric parameters, 2) to determine the dimensionless influencing parameters of the perturbation length, and 3) to propose U-bends’ perturbation length correlations that predict the regions subjected to the effect of vertical U-bends.
2 EXPERIMENTAL SETUP
2.1 Experimental Facility
The experiments have been conducted in an air–water two-phase experiment loop, as shown in Figure 1. The experimental system comprises an air flow path, a water flow path, a test section, and a data acquisition system. A detailed and complete discussion of the experimental apparatus, test flowmeters, and experimental system reliability can be found in Ma et al. (2018). It should be emphasized that the test section was improved to quantify the influence of a U-bend on the development of air–water flows in its contiguous horizontal straight tubes. The detailed arrangement for the test section is described as follows.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental loop.
2.2 Test Section for Pressure Drop Measurements
A gas–liquid adiabatic two-phase flow in a horizontal tube can be considered reaching a developed condition when the pressure gradient varies very little along the straight tube (Da Silva Lima and Thome, 2010; De Kerpel et al., 2012; de Oliveira et al., 2014; Traviss and Rohsenow, 1971). Therefore, in these studies, pressure drops were obtained as a function of the axial position to investigate how the flow disturbances in U-bends affect the flow behavior upstream and downstream of the bends.
Figure 2 shows details of the test section for pressure drop measurements. It was a U-tube including a U-bend (AB) and two straight tubes (IA and BO). The U-tube was made of transparent quartz glass. It was fixed horizontally. Both two straight tubes were in the same vertical plane. The physical picture of a test section is shown in Figure 3. As observed from P1-P8 and P1´-P8´ in Figure 2, eight pressure taps were located at axial 5D, 10D, 20D, 30D, 45D, 60D, 80D, and 130D upstream and downstream of the return bend, respectively. To have a fully developed flow condition, the inlet section (IP8) with 80D length was installed upstream of the P7P8.
[image: Figure 2]FIGURE 2 | Test sections for pressure drop measurements. (A) Downward oriented flow and (B) upward oriented flow.
[image: Figure 3]FIGURE 3 | Physical picture of a test section.
As shown in Figure 2, the positive direction of the x-axial was directed to the right. The dimensionless distance was defined a negative value when the flow direction was opposite to the x-axis, and it was defined a positive value when the flow direction was consistent with the x-axis. In other words, the pressure taps in the inlet straight tube section were positioned at −5D, −10D, −20D, −30D, −45D, −60D, −80D, and −130D, whereas the pressure taps in the outlet straight tube section were positioned at +5D, +10D, +20D, +30D, +45D, +60D, +80D, and +130D. In this sense, the definition can exactly describe the axial pressure tap distribution along the entire U-tube.
The segmental pressure gradients (P8P7 to P2P1 and P1P2 to P7P8’) between the axial taps were obtained. It should be noted that the segmental pressure drop is the pressure difference between upstream and downstream along the segmented tube section. Based on the aforementioned definition of pressure tap distribution, the distance between the center of each segmented straight tube section to the bend inlet (A) or outlet (B) is shown in Table 1.
TABLE 1 | Distance between the center of each segmental measurement section to the bend’s inlet (A) or outlet (B).
[image: Table 1]Experimental results of Da Silva Lima and Thome, 2010 stated that differences between the peripheral inner, outer, and top pressures up- and downstream of the bend are negligible, even very close to the bend. Therefore, the pressure tap in the current study was located at the outside of the cross section of the pipe (Figure 3). The diameter of a pressure tap was 1.0 mm. To obtain the effect of the diameter of pressure taps on measurements, a U-tube with D = 12 mm and R = 50 mm was manufactured. Compared to the test section in Figure 2, the pressure taps P1, P2, P4, P1’, P2, and P4 were removed in the U-tube. In Figure 4, the pressure data at P3 are compared under the existence or not of pressure taps (P1, P2, P4, P1’, P2, and P4’) under the same flow conditions. As observed, the pressure data with the aforementioned pressure taps agree favorably with that without the pressure taps. The relative deviation is only −1.2%. Therefore, the diameter of the 1.0-mm pressure tap is acceptable.
[image: Figure 4]FIGURE 4 | Effect of the 1-mm pressure tap on fluid pressure in the tube.
The pressure at each pressure tap was obtained by a diffused silicon pressure transducer with a repeatability of 0.05% and an accuracy of 0.2%. Pressure signals were recorded by using the data acquisition card PXIe-4492 of National Instruments under LabVIEW operating environments.
2.3 Experimental Conditions
The working fluids were air and water with superficial velocities in ranges of 0.1–26 m/s and 0.2–2 m/s, respectively. All tests were carried out at a temperature of about 25°C and a pressure of about 0.1 MPa. Viscosity and density of gas are 1.84 × 10−5 kg/(m⋅s) and 1.18 kg/m3, respectively. Viscosity and density of liquid are 9.03 × 10–4 kg/(m⋅s) and 996.95 kg/m3, respectively. Experimental tests were conducted at downward and upward oriented flow. To study the effects of structure parameters on the perturbation length, three different U-tube geometries were selected and measured, as shown in Table 2. On the basis of the evaluation method of Moffat (1988), uncertainties of measurement parameters were estimated. The maximum fractional uncertainties on the superficial gas velocity, superficial liquid velocity, and pressure drop were 8.85%, 5.72%, and 3.06%, respectively.
TABLE 2 | Geometric parameters of the tested U-bends.
[image: Table 2]3 RESULTS AND DISCUSSION
3.1 Identification Method of the Perturbation Length
Dimensionless length (L/D) is defined as the ratio of the pipe length (L) to pipe diameter (D). Thus, the dimensionless length was discussed in the following sections of this study. The pressure gradient of the gas–liquid two-phase flow is closely related to the flow behavior characteristics (de Oliveira et al., 2014; De Kerpel et al., 2016). The pressure gradient change along the straight pipe upstream and downstream of the U-bends can reflect the perturbation degree of bends on the two-phase flow.
Figures 5, 6, respectively, show the upstream and downstream axial development of the segmental pressure gradient multiplier (Spg) for different two-phase flow conditions in a U-tube with D = 9 mm and R = 37.5 mm. Spg is the ratio of the axial segmental pressure gradient to the distal pressure gradient (−105D and +105D) for the upstream and downstream straight tubes of the U-bend.
[image: Figure 5]FIGURE 5 | Axial development of Spg for the downstream straight tube of the U-bend (D = 9 mm and R = 37.5 mm) for the downward flow (A) Ul = 0.20 m/s; (B) Ul = 0.41 m/s; (C) Ul = 0.89 m/s; and (D) Ul = 1.98 m/s.
[image: Figure 6]FIGURE 6 | Axial development of Spg for the upstream straight tube of the U-bend (D = 9 mm and R = 37.5 mm) for the downward flow (A) Ul = 0.20 m/s; (B) Ul = 0.41 m/s; (C) Ul = 0.89 m/s; and (D) Ul = 1.98 m/s.
It is observed that Spg decreases with the increase in the distance from the U-bend at all working conditions, and the decreasing extent is getting smaller and smaller. These variation laws indicate that the perturbation degree of the U-bend on upstream and downstream straight tubes is smaller and smaller. However, the decreasing speed of the axial pressure gradient (the rate of Spg approaching 1) at different flow conditions is different. The faster the descent speed is, the shorter the interference length of the U-bend is. In general, it is acceptable to have a 30% relative error between the experimental pressure gradients at the inlet (−105D) and outlet (+105D) sections and the theoretical predictions. Therefore, the effect of U-bends on the two-phase flow in straight tubes is not obvious when the increment of the axial segmental pressure gradient is less than 30% compared with that of the fully developed section. In particular, the length segment (Lp) is considered as the perturbation length of the U-bend when Spg is greater than 1.3. Thus, the dimensionless perturbation length (Lp/D), defined as the ratio of perturbation length (Lp) to tube inner diameter (D), is an important parameter to characterize the effect of U-bends on the two-phase flow in their contiguous straight tubes.
3.2 Dimensionless Influencing Parameters of the Perturbation Length
As mentioned in the preceding section, dimensionless perturbation lengths have been identified by the change in axial pressure gradients in straight tubes. However, the specific perturbation length is affected by flow and geometry factors, such as the fluid superficial velocity, fluid physical property, tube diameter, and bend curvature radius. Two-phase flows in vertical U-bends interact with gravity, centrifugal, viscous, and surface tension forces that alter the phase interface distribution in the bend and vary the flow parameters up- and downstream of the bend. These variations disappear after a distance, referred to as the perturbation length, when U-bend effects weaken and vanish.
To study the combined role of flow conditions, geometry factors, and the aforementioned forces, the influence of dimensionless parameters (inlet volume void fraction β, two-phase Froude number Frm, Dean number Dnm, and Weber number Wem) on the perturbation length is analyzed in the following sections. Among these dimensionless factors, the inlet volume void fraction β impacts the phase interfacial mutual slip and affects the formation of the specific flow regimes. The Froude number is introduced to account for the influence of gravitational and centrifugal forces on the distribution and evolution of phase interfaces. This consideration was also presented by Usui et al. (1980), Pietrzak (2014a), and Padilla et al. (2013). In U-bends, the centrifugal force accelerates the fluid in the concave area of the curve tube while slowing the fluid in the convex parts. These result in a counter-rotating vortex pair of the secondary flow, known as Dean vortices. The Dean vortices strengthen with a decrease in the bend radius and increased fluid velocity and can be expressed by the dimensionless Dean number. When the tube diameter becomes smaller, surface tension plays a more significant role in the change of flow regime, which affect the perturbation length of U-bends. The influence is characterized by the Weber number, which is the ratio between inertia and surface tension.
Figure 7 shows the variation of the dimensionless perturbation length Lp/D with the inlet volume void fraction β.
[image: Figure 7]FIGURE 7 | Effect of the inlet volume void fractionβ on the dimensionless perturbation length Lp/D. (A) Downstream tube for downward flow, D = 12 mm, R = 50 mm and (B) Downstream tube for upward flow, D = 9 mm, R = 37.5 mm.
It can be known from Figures 7A,B that Lp/D exhibits a right-skewed single-peak distribution with the increase in β. The change of Lp/D is very small when β is less than 40%, and it increases slowly to the maximum value when β is between 40% and 90%. Then, Lp/D decreased sharply with the increase in β. The aforementioned variations are intrinsically due to different flow patterns. The flow pattern in the U-bend is mainly the plug flow when β is less than 40%. Bubbles in the U-bend only change their trajectory due to the centrifugal force while their disturbance is not obvious, resulting in a small perturbation length. However, the flow pattern gradually changes to slug flow with an increase in β from 40% to 90%. The fluid direction of a fast-moving foamy liquid slug changes when it encounters the bend structure. Thus, the influence of the U-bend on slug flow in the contiguous straight tube is more significant under the action of gravity, interface shear force, and centrifugal force. With the increase of β (β > 90%), the flow pattern changes to annular flow. This flow pattern is relatively stable. A steady liquid film is present around the periphery of the U-bend. Many small liquid droplets are dispersed in the gas core. Therefore, the effect of U-bends on annular flow is negligible.
Figure 8 depicts the influence of the mixed Froude number Frm on the dimensionless perturbation length Lp/D. As can be seen in Figure 8, Lp/D shows a single-camel distribution which increases first and then decreases with the increase in Frm under low superficial liquid velocities. Under high superficial liquid velocities, Lp/D increases with increasing Frm. However, it can be inferred that Lp/D will also probably exhibit a single-camel distribution based on their variation trends when Frm continues to increase. The reasons are that the Froude number reflects the relative magnitude of inertial force and gravity. When the inertial force is small and gravity is relatively large, the Froude number will be small. For these working conditions, the fluid flow velocity is low, and most flow patterns are plug flow. Therefore, the perturbation of U-bends on the fluid in their contiguous tubes is not great. When the inertial force is great and gravity is small, the Froude number is large. For these conditions, the fluid flow velocity is high, and the flow pattern is mainly annular flow. For annular flow, the properties of the liquid film disturbance wave are regular and stable. Thus, the disturbance of the bend is also tiny. On the other hand, the Froude number is in the middle range when the inertial force and gravity act equally. The interaction of the two forces leads to unstable flow configurations, and the U-bend has a greater influence on the flow in its contiguous straight tubes.
[image: Figure 8]FIGURE 8 | Effect of the mixed Froude number Frm on the dimensionless perturbation length Lp/D. (A) Downstream tube for downward flow, D = 12 mm, R = 50 mm and (B) Downstream tube for downward flow, D = 9 mm, R = 37.5 mm.
The effect of the dimensionless two-phase mixed Weber number Wem and Dean number Dnm on the dimensionless perturbation length Lp/D is similar to that of Frm, as shown in Figures 9, 10. They also showed a single-camel distribution, and the dimensionless number (Wem and Dnm) appearing in the camel increases with the increase in superficial liquid velocities. However, compared to the distribution under the influence of Frm, the camel distribution under the effect of Wem and Dnm is slightly broader and narrower, respectively. Moreover, the dimensionless perturbation length Lp/D increases sharply with the increase in Dnm on the left side of the camel in Figure 10, and the decreasing trend is gentler on the right of the camel, showing a left skewed distribution.
[image: Figure 9]FIGURE 9 | Effect of the mixed Weber number Wem on the dimensionless perturbation length Lp/D. (A) Downstream tube for downward flow D = 12 mm, R = 50 mm and (B) Downstream tube for downward flow D = 9 mm R = 37.5 mm.
[image: Figure 10]FIGURE 10 | Effect of the mixed Dean number Dnm on the dimensionless perturbation length Lp/D. (A) Downstream tube for downward flow D = 12 mm, R = 50 mm and (B) Downstream tube for downward flow D = 9 mm, R = 37.5 mm.
3.3 Predictive Correlations of the Perturbation Length
Based on statements in section 3.2, there is a very large influence of dimensionless variables (inlet volume void fraction β, two-phase Froude number Frm, two-phase Weber number Wem, and two-phase Dean number Dnm) on the dimensionless perturbation length. Thus, the concrete form of a predictive model for the perturbation length of U-bends on two-phase flow characteristics in their contiguous straight tubes can be determined as follows:
[image: image]
where C is a constant number, and a, b, c, and d are exponential numbers.
The aforementioned constant number (C) and four exponents (a, b, c, d) are determined by fitting all experimental data. The results are presented in Table 3 for different flow orientations and straight tube sections. Figure 11 shows the comparison of the dimensionless perturbation length between the experimental data and values predicted by correlation Eq. 1 and Table 3.
TABLE 3 | Values of parameters C, a, b, c, and d in Eq. 1 for different flow orientations and straight tube sections.
[image: Table 3][image: Figure 11]FIGURE 11 | Comparisons of the dimensionless perturbation length between measurements and predictions. (A) Downward oriented flow and (B) upward oriented flow.
As can be observed in Figure 11, the significant value of Lp/D is less than 60 for the measurement conditions in the present study. Moreover, the proposed correlation predicts the experimental perturbation length with good agreement, with 80% of the data within a 30% error bound. Thus, Eq. 1 can be used to predict the effect of the U-bend on the air–water two-phase flow in its contiguous straight tubes. The scopes of application for the correlations are as follows: β = 0.07–1.0, Frm = 0.35–42, Wem = 5–1600, and Dnm = 550–10000. This model can also provide a new method to study the influence of other kinds of elbows on the two-phase flow in their adjacent tubes.
4 CONCLUSION
In this work, an experimental study has been conducted to obtain the affected lengths of the U-bend on the gas–liquid two-phase flow in their contiguous straight tubes. The fluid was air–water adiabatic two-phase flow with liquid and gas superficial velocities ranging from 0.11 to 1.98 m/s and from 0.18 to 25.11 m/s, respectively. Experimental measurements were performed at three different tube inner diameters (9, 12, and 16 mm), two curvature ratios (8.33 and 12.5), and two orientations (upward and downward). The evolution of the segmental pressure gradient along the adjacent straight tubes of vertical U-bends was used to identify the perturbation length of U-bends. In addition, influencing factors of the perturbation length were also analyzed. Major conclusions can be summarized as follows:
(1) Dimensionless perturbation length (Lp/D) was determined by the attenuation law of segmental pressure gradients along the axial direction of adjacent straight tubes. It was shown that the significant value of Lp/D is less than 60 for the test conditions in this study.
(2) Dimensionless perturbation length (Lp/D) exhibits a right-skewed single-peak distribution that first increases slowly and then decreases sharply with the increase in the inlet volume void fraction (β). The maximum value of Lp/D takes place at a volume void fraction of around 90%.
(3) The effects of the two-phase mixed Froude number Frm, Weber number Wem, and Dean number Dnm on Lp/D are similar to those of the inlet volume void fraction. As these dimensionless parameters increase, Lp/D presents a single hump distribution which first increases and then decreases.
(4) New correlations to predict the influence length of the U-bend on the straight tubes upstream and downstream have been proposed. The discrepancies of 80% of data between the predictive and experimental values are within ± 30%.
In the future, more flow conditions, channel geometric parameters, tube materials, and fluid properties will be studied, and flow visualization of inlet straight tube sections will be conducted to obtain predictive correlations of the perturbation length based on different flow patterns.
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