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The behavior of two-phase flow and corresponding flow regimes in helical tubes significantly differ when compared to two-phase flows in straight tubes due to centrifugal and torsion effects. In order to gain physical insight and gather data for validating computational models, a large number of experiments were performed on a helical coil experimental setup operated with a mixture of water and air. The experimental data were used to assess the predictive capabilities of current two-phase Computational Fluid Dynamics (CFD) models based on the Volume of Fluid (VOF) approach. In the present paper, a comparison of the CFD simulation results with the high-resolution experimental data is discussed, with special emphasis on two-phase pressure drops and void fraction distributions. It is shown that the CFD VOF model is able to correctly capture the occurrence of five flow regimes observed in the experiments, namely bubbly flow, plug flow, slug flow, slug-annular flow, and annular flow. However, a good quantitative agreement for pressure drops and void fraction distributions is found in slug flow and slug-annular flow regimes only. The good agreement found only in a limited range of flow regimes demonstrates that there is not a single set of best-practice guidelines for CFD VOF models that can be applied across a wide range of two-phase flow regimes. Also, there is not a single mesh that can be used to simulate all of the flow regimes and a case-specific mesh and time-step convergence study is needed for each individual flow regime. In the current study, optimal mesh size and time step were obtained for a slug flow test case. Hence, good agreement was obtained only for similar flow regimes, leading to significant disagreement with experimental data for test cases with substantially different flow patterns.
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INTRODUCTION

Because of their superior heat transfer performance when compared to straight pipes and the compactness of the cylindrical geometry, helical coils are widely used in the food industry, steam generators, chemical processing, and medical equipment (Fsadni et al., 2016). In the field of nuclear engineering, helical coil designs have also been widely used for steam generators in several types of nuclear power plants such as the Otto Hahn nuclear ship reactor, the Thorium High Temperature Reactor (THTR-300), the Super Phoenix fast reactor, the Advanced Gas-cooled Reactor (AGR), the Fort St. Vrain High Temperature Gas Reactor (HTGR) and the Monju reactor (Matsuura et al., 2007; Santini et al., 2008). In addition, helical coil steam generators are considered for future reactor designs such as International Reactor Innovative and Secure (IRIS), BREST-OD-300, System-integrated Modular Advanced ReacTor (SMART), CAREM-25 and NuScale (Carelli et al., 2004; Dragunov et al., 2012; Kim et al., 2013; Marcel et al., 2013; Ingersoll et al., 2014).

El-Genk and Schriener (2017) published a literature review on convection heat transfer and pressure losses for single-phase flows in toroidal and helically coiled tubes. They collected 2,410 pressure losses data and 193 Nusselt number data and summarized the effect of the dimensions, geometric parameters, flowrates, and the fluids' properties on the critical Reynolds number, friction factor, and Nusselt number. However, in many helical coil steam generator designs, the two-phase flow appears within the coils instead of the shell side. Therefore, detailed information on pressure drops, void fraction distributions and flow regime in helical coil geometries are relevant as well. Experiments on two-phase flow in vertical helical coils have been performed in the past (Kasturi and Stepanek, 1972; Xin et al., 1996; Mandal and Das, 2003; Zhu et al., 2017) to investigate pressure losses, void fraction and flow regimes and corresponding empirical correlations have been proposed.

In the past decades, more advanced measurement techniques have been introduced that are able to provide higher resolution experimental data on void fraction distributions (Rahman et al., 2009). Experimental data from high-speed cameras, high-speed X-ray radiography, and wire-mesh sensor can provide the additional resolution for a more extensive validation of CFD models. Because of the wide range of void fraction, an interface-capturing method is the most suitable for the corresponding CFD simulations. Hirt and Nichols (1981) proposed the Volume of Fluid (VOF) approach to track and locate the free surface of immiscible phases. Previous studies have shown that this model has the capability to correctly capture void fraction distributions (Hernandez Perez, 2008; Fernandes et al., 2009; Abdulkadir, 2011; Akhlaghi et al., 2019; Kiran et al., 2020). All of them performed mesh independence studies based on a reference case, but not all showed a good agreement with the experimental data in terms of the two-phase pressure drops when the optimal mesh was extrapolated to other cases. Alizadehdakhel et al. (2009) showed that their mesh is suitable for several flow regimes with the relative error below 10 percent when compared with experimental data. In two other studies instead a large discrepancy was found when simulating flow regimes different from the reference case used to perform the mesh convergence study (Akhlaghi et al., 2019; Kiran et al., 2020). Therefore, a point of interest for the current paper is to investigate how far the extrapolation can be applied when simulating two phase flows in helical coils.

However, most of the past studies mentioned above focused on straight pipes or curved pipes and very few studies were dedicated to the simulation of two-phase flow in helical coils using VOF. In the present study, CFD simulations have been carried out using the commercial code STAR-CCM+ v13.06 and 14.04 to model air-water flows in the helical coil geometry. The simulation results are compared with the experimental data obtained by Breitenmoser et al. (2019).



EXPERIMENTAL SETUP

The scheme of the Michigan Adiabatic Helical Coil (MAHICan) facility is reported in Figure 1. The geometrical details of the test section are summarized in Table 1. Two pressure drop transducers are used to measure the pressure drop across the entire coil and across the last half turn of the coil, upstream of the test section outlet (indicated as DP1 and DP2 in Figure 1, respectively). In addition, a high-speed X-ray radiography system was used to measure the void fraction. The X-ray measurements were performed 4.86 m, i.e., 1.5 turns downstream of the helical coil pipe entrance to avoid entrance effects. In total 136 measurements were performed for an adiabatic air-water two-phase flow in the MAHICan facility. The superficial air and water velocities for the data points range from 0.18 to 35.32 m/s and from 0.05 to 1.83 m/s, respectively. The experimental flow regime identification was based solely on the X-ray radiography measurements and the resulting postprocessed quantitative void fraction data. According to the methodology introduced by Zhu et al. (2017), the 136 measurements were classified into six different flow regimes, namely bubbly, plug, slug, wavy, slug-annular, and annular flow. More detailed information of the facility and experimental procedures are reported by Zhuang et al. (2018) and Breitenmoser et al. (2019). In the present study, 12 experimental measurements were selected as references for the CFD simulations.


[image: Figure 1]
FIGURE 1. Scheme of the experimental facility.



Table 1. Geometric parameters of the helical coil.
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CFD MODELING

This section introduces all of the physical models used in the simulations presented below, including the multiphase flow model, multiphase interaction model, turbulence model, and transient model. Moreover, boundary and initial conditions are discussed as well.


Multiphase Flow Model

Based on the Eulerian framework, the VOF methodology was developed as an interface capturing model to predict the distribution and the movement of the interface of immiscible phases. The volume fraction of each phase in the computation domain is used to describe the distribution of phases and the position of the interface. The volume fraction of phase q is defined as:

[image: image]

where Vq is the volume of phase q in the cell and V is the volume of the cell.

The VOF model uses a single set of equations to model the multiphase flow and treats the immiscible phases as a mixture. Accordingly, the density and dynamic viscosity of the mixture are defined as the sum of volume fraction weighted properties of each phase:
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The volume fraction transport equation is used to resolve the movement of the interface:
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where Cα is a sharpening factor and u is the mixture velocity vector. The uj and xj denote, respectively, the mixture velocity component and the coordinate in the j direction, and t represents the time. The first and second term on the left hand side denote the change rate of volume fractions and convective term respectively. The third term on the left hand side is caused by the non-zero sharpening factor. The sharpening factor is used to reduce numerical diffusion in the simulation. In the present study, the sharpening factor was assigned as 1 to avoid smearing of the interface due to numerical diffusion.

The conservation equations of mixture mass and momentum are defined as follow:
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where p and g are the mixture pressure and the gravitational acceleration respectively. The energy equation is omitted in the simulations since the experiments were carried out in adiabatic conditions.

The accuracy of the VOF model depends on the mesh grid or cell size. At least three cells across each bubble are required to fully capture the interface between two phases (Siemens, 2018). As a result, this model is computationally suitable for simulating flows in which large two-phase structures are present.

Moreover, the multiphase interaction model is crucial for the interface reconstruction that directly determines the accuracy of the void fraction distribution. Taha and Cui (2006) performed numerical simulations to study the motion of single Taylor bubbles in vertical tubes. They concluded that the terminal rising velocity and shape of slug in air-water flows are significantly affected by surface tension and buoyancy force. Surface tension is particularly important for multiphase flows in the presence of strongly curved surfaces. In the VOF model, the surface tension is introduced as a body force by adding a momentum term to the momentum equation. In STAR CCM+, the interfacial surface force is modeled as a volumetric force using the Continuum Surface Force (CSF) approach proposed by Brackbill et al. (1992). Therefore, this model was selected and a constant surface tension of 0.072 N/m was specified in the present study, corresponding to the surface tension of water-air at the operating temperature of 20°C. In addition, for the VOF-VOF phase interaction model, the water was selected as the primary phase.



Turbulence Model

To model the turbulence in multiphase flows, the k-ϵ model is recommended for internal flows and the k-ω model for external flows (Siemens, 2018). The standard k-ϵ model requires the solution of two transport equations for the turbulence kinetic energy (k) and the turbulence dissipation rate (ϵ) respectively:
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where the τRij is the Reynolds stress tensor, ν is the kinematic viscosity, νt is the turbulence eddy viscosity, and Cϵ1, Cϵ2, σϵ, σk are model coefficients. This model is based on the eddy viscosity approximation to relate the Reynolds stress tensor to the local mean flow strain rate tensor [image: image]:
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where [image: image] and [image: image] is the velocity fluctuation component in i and j direction, δij is the delta function, and Cμ is a model coefficient.

For the realizable k-ϵ model, the equation for the turbulent dissipation rate is modified, and the model coefficient Cμ is expressed as a function of mean flow and turbulence properties instead of a constant. These two modifications to the formulation of the standard k-ϵ model guarantees that mathematical requirements (positive normal Reynold stresses and Schwartz inequality) based on the physics of turbulence are always satisfied. Hence, the realizable k-ϵ model was selected for the simulation of internal flows in the helical coil.

Owing to the unsteady nature of the two-phase flow, the simulations were performed in transient mode and the implicit unsteady numerical scheme was selected. The integration time-step convergence study is discussed in section mesh generation and convergence study. All simulations were run for 4 s of transient time.



Boundary and Initial Conditions

In the present study, only the coil test section shown in Figure 1 was simulated. The dimensions of the helical coil are reported in Table 1. A mixer installed upstream of the test section inlet provides a uniform two-phase mixture at the inlet of the test section. Detailed information on the mixer geometry was reported by Zhuang et al. (2018). A pressure transducer was installed to measure the mixture pressure, together with two pressure drop sensors, as discussed in section experimental setup. The properties of air and water were specified based on the measured mixture pressure and temperature. The results of the simulations in the present study show that the air density, as well as the water density, plays a minor role, therefore, the constant density model was applied for both air and water in the finalized CFD simulations.

The inlet and outlet boundaries of the helical coil were defined as a “velocity inlet” and “outlet” boundary conditions respectively. The mixture velocity and void fraction were specified at the inlet, based on the measured experimental data. For the coil pipe walls, a no-slip wall condition was imposed. Due to the large range of wall y+ value induced by different properties of air and water, the two-layer all y+ wall treatment was used. The surface average wall y+ values obtained in the simulations range from 23.6 to 106.2, indicating that the mesh wall discretization is appropriate for the turbulence model. For the simulations initial condition, the computational domain was specified as stagnant water to ease the convergence process.




MESH GENERATION AND CONVERGENCE STUDY

Before performing the CFD simulations, a convergence study was carried out to guarantee the computational solution is not affected by the selected mesh size and integration time step. The reference case selected for the convergence study corresponds to inlet gas and liquid superficial velocities of 2.85 and 1.5 m/s respectively (cf. Table 2), i.e., the test No. 7.


Table 2. Comparison between experimental and CFD-predicted pressure drops.

[image: Table 2]


Mesh Convergence Study

The most suitable mesh type for two-phase flows in the pipe geometry is given by the O-grid mesh (Hernandez-Perez et al., 2011), so this type of mesh was selected for the present study. Firstly a surface O-grid mesh is generated on the inlet surface and then it is extruded equally along the axis of the helical coil as shown in Figure 2.


[image: Figure 2]
FIGURE 2. O-grid mesh (A) on the initial cross section and (B) in axial direction.


The prism layer is uniformly generated from the wall, and defined by 10 equal spacing nodes. The growth factor of the prism layer is 1 and the thickness of each cell is around 0.35 mm. In the center of the cross section, the side length of one square shape cell is about 0.5 mm, which is small enough to capture the large structure of free surface like Taylor bubbles in the helical coil when compared with the diameter of the coil, 12.57 mm. Therefore, seven simulations were performed to investigate the effect of the number of axial layers. The nodalization along the axis of the helical coil was changed from 1.62 mm (corresponding to 4,000 axial layers) to 6.48 mm (corresponding to 1,000 axial layers).

The results of the two-phase pressure drop for the last half turn upstream of the helical coil outlet and the void fraction at 1.5 turns downstream of the coil inlet are shown in Figure 3. The two-phase pressure drop is averaged from the time that the first bubble goes through the outlet to the end of simulation, and the time-averaged void fraction is evaluated from 2 to 4 s. The dashed lines in Figure 3 represent the experimental data. It is clear that increasing the number of axial layer makes the results close to the experimental data. A large variation occurs refining the mesh from 1,000 to 2,000 axial layers. The relative differences between the intermediate mesh (3,000 layers) and the finest mesh (4,000 layers) are <3 and 0.7% for pressure drop and void fraction, respectively. Therefore, an axial mesh consisting of 3,000 axial layers was selected for the simulations reported in section results and discussion.


[image: Figure 3]
FIGURE 3. Results of the mesh convergence study. (A) Two-phase pressure drop. (B) Void fraction.




Time Step Convergence Study

Four simulations were performed using different integration time steps ranging from 0.05 ms up to 0.5 ms, and the results of the time dependent void fraction averaged over a selected volume of the helical coil are shown in Figure 5. The dimensions and location of the volume on which the void fraction has been averaged is the same used by Breitenmoser et al. (2019) to postprocess the experimental data.

In the test No. 7, the slug flow regime occurs as indicated by the experimental data. The time step convergence study shows that if the integration time step is larger than 0.1 ms, the simulation is not able to capture the characteristic of slug flow, as demonstrated in Figures 4A,B. In contrast, simulations with a smaller time step show a good agreement with the experimental data as indicated in Figure 9A. In Figures 4C,D, the repeating high peaks represent the large slug bubbles passing through the volume selected for the void fraction spatial averaging, and the fluctuations after the peaks correspond to the wake behind a large slug bubble.


[image: Figure 4]
FIGURE 4. Simulation data of void fraction for different integration time steps. (A) Time-step = 0.5 ms. (B) Time-step = 0.2 ms. (C) Time-step = 0.1 ms. (D) Time-step = 0.05 ms.


In addition, the time-averaged data was also investigated as shown in Figure 5, and the same time-averaged range as mentioned in previous subsection was used. There is a clear convergence trend from 0.5 to 0.1 ms and the experimental data is indicated by the dashed lines. The relative differences between the smallest time step (0.05 ms) and the intermediate time step (0.1 ms) are <1.5% for both parameters. To reduce the computational time associated to the simulations, a time step of 0.1 ms was selected for the results discussed in section results and discussion.


[image: Figure 5]
FIGURE 5. Results of the time step convergence study. (A) Two-phase pressure drop. (B) Void fraction.





RESULTS AND DISCUSSION

In this section, the simulation results for two-phase pressure drops and time-dependent volume averaged void fractions are presented and compared with the experimental data. All of the following figures are obtained using Origin Pro 2019.


Two-Phase Pressure Drop

As mentioned earlier, the two-phase pressure drop is an important parameter for designing a new helical coil heat exchanger. In the experiments, the two-phase pressure drops for the last half turn upstream of the helical coil outlet were measured, so in the simulations, the pressure drop across the same section was monitored for comparison with the experimental data. The comparison obtained for the time-averaged pressure drop is reported in Table 2.

The results show that for the slug and slug-annular flow regimes (tests No. 5 to No. 9), the two-phase pressure drops can be predicted reasonably well with relative errors ranging from <3% to up to about 30%. This also supports the conclusion that the VOF model is suitable for modeling immiscible two-phase flows in which large structures are present. However, for all other flow regimes, the two-phase pressures drops are all significantly overestimated with relative errors up to more than 300%.

The possible reason for the poor agreement between the simulation and experiment could be explained by the fact that the superficial velocities and flow patterns of the other cases are far from the reference case No. 7 for which the mesh and time-step convergence study were performed. There are few other cases (test No. 5, No. 6, No. 8, and No. 9) which shows reasonable agreement with experimental data and also has reasonably similar close superficial velocities and belongs to the same flow regime. However, the large discrepancy in results between simulations and experimental data suggests that mesh and time-step should be verified on a case-specific basis and cannot be extrapolated too far from the reference case. With this, we can conclude that universal mesh and time-step for this modeling approach does not exist due to significant variation in boundary conditions imposed for different cases. The possible reasons for the poor agreement for each flow regime are presented in the next subsection with the analysis of the void fraction distribution.



Void Fraction

In this subsection, the results of the void fraction are compared between the experimental and CFD-predicted data. All of 12 tests are separated into five different flow regimes, and six representative results for the different identified flow regimes are presented and discussed.


Bubbly Flow

The test No. 1 and No. 2 correspond to the bubbly flow regime. The time evolution of the void fraction and the corresponding void fraction histogram of test No. 2 for both experimental and simulation data are shown in Figure 6. The void fraction time evolution in Figure 6A shows small oscillations around 0.02 and the maximum void fraction is <0.1. However, the simulation results in Figure 6B show much larger peaks and more frequent oscillations, which means that the simulation produces larger bubbles which move faster than in the experiment. Figures 6E,F confirm that the computational model results in larger bubbles than what found in the experiments. This might be due to the mesh not being fine enough to capture the small bubbles, which leads to small bubbles merged into a large bubble. As mentioned above, in subsection multiphase flow model, at least three cells across a small bubble are required to capture the interface between two immiscible phases fully. It is evident that the finer mesh helps simulate smaller bubbles better, but the simulations will become too expensive to afford. Nevertheless, both the two histograms reported in Figures 6C,D demonstrate a unimodal void fraction distribution peaked at low void fraction values, caused by the dominant continuous liquid phase present in bubbly flow. Due to the low void fraction, i.e., high X-ray attenuation, the noise level in the experimental data is relatively high compared to other flow regimes. This noise causes some values of the measured void fraction to be <0, as demonstrated in Figure 6A.


[image: Figure 6]
FIGURE 6. Results of test No. 2. (A) Experimental void fraction time evolution. (B) Simulation void fraction time evolution. (C) Experimental void fraction histogram. (D) Simulation void fraction histogram. (E) X-ray void fraction contrast image. (F) Void fraction isosurface image.




Plug Flow

By increasing the air flow rate, the small bubbles tend to agglomerate together and the bubble clusters develop into elongated Taylor bubbles or plugs. According to the definition of Zhu et al. (2017), tests No. 3 and No. 4 are identified as plug flow regime. As shown in Figures 7A,B, the peaks values are similar for the simulation and experiments, but still the simulation shows the occurrence of peaks at higher frequency than the experimental data. In terms of the histograms, the void fraction histogram presents a bimodal distribution with the appearance of a second peak in the high void fraction range, around 0.5 (cf. Figures 7C,D). Since the plug flow is characterized by large structures, the simulation is able to correctly capture the phenomenology observed in the experiments (cf. Figures 7E,F). In addition, the staircase shaped tail of a plug proposed by Conte et al. (2017) can be seen both in Figures 7E,F. However, the mesh used in these two simulations is still not fine enough to track the interfaces of small bubbles, which might lead to the large discrepancy for the two-phase pressure drop.


[image: Figure 7]
FIGURE 7. Results of test No. 3. (A) Experimental void fraction time evolution. (B) Simulation void fraction time evolution. (C) Experimental void fraction histogram. (D) Simulation void fraction histogram. (E) X-ray void fraction contrast image. (F) Void fraction isosurface image.




Slug Flow

With higher air superficial velocity, the flow regime transits from plug to slug flow. This flow regime is characterized by higher and wider void fraction peaks, as illustrated in Figures 8, 9. However, in the simulation, the Taylor bubbles are longer than in experiments and have lower peak values of void fraction compared with the experimental data (cf. Figures 8A,B, 9A,B). The slug flow regime is identified for tests No. 5 to No. 8 (cf. Table 2). In addition, the second void fraction peak in the histogram becomes higher than the first peak as shown in Figures 8C,D, 9C,D. Besides, as shown in Figures 9E,F, a slug tail similar to what observed in the experiments is predicted in the simulation.


[image: Figure 8]
FIGURE 8. Results of test No. 6. (A) Experimental void fraction time evolution. (B) Simulation void fraction time evolution. (C) Experimental void fraction histogram. (D) Simulation void fraction histogram. (E) X-ray void fraction contrast image. (F) Void fraction isosurface image.



[image: Figure 9]
FIGURE 9. Results of test No. 7. (A) Experimental void fraction time evolution. (B) Simulation void fraction time evolution. (C) Experimental void fraction histogram. (D) Simulation void fraction histogram. (E) X-ray void fraction contrast image. (F) Void fraction isosurface image.




Slug-Annular Flow

Based on the definition proposed by Zhu et al. (2017), tests No. 9 and No. 10 are identified as slug-annular flow regime. Due to the higher air superficial velocity, some of the long Taylor bubbles coalesce together, showing typical features of annular flow. In Figure 10F, cavities on the slug bubble surface induced by the high air superficial velocity are clearly visible, while they are hard to notice from a 2d projection in Figure 10E. As a result, the number of large oscillations decreases and the void fraction fluctuates around 0.8 (cf. Figures 10A,B). The void fraction histogram return to a unimodal distribution, but with the peak located at higher void fraction values (cf. Figures 10C,D). As shown in Table 2, the air superficial velocity of test No. 10 is five-time larger than the reference case (test No. 7), so the large discrepancy between experiments and simulations is probably due to a not sufficiently small integration time step.


[image: Figure 10]
FIGURE 10. Results of test No. 9. (A) Experimental void fraction time evolution. (B) Simulation void fraction time evolution. (C) Experimental void fraction histogram. (D) Simulation void fraction histogram. (E) X-ray void fraction contrast image. (F) Void fraction isosurface image.




Annular Flow

Tests No. 11 and No. 12 correspond to the annular flow regime. The main characteristic of the transition from slug-annular flow to annular flow is the disappearance of the slugs. The smooth annular region appears both in the experiment and simulation (cf. Figures 11E,F). Therefore, there is a unimodal void fraction distribution present in the histogram with a single peak in the high void fraction regime (cf. Figures 11C,D). Comparing with the experimental data, the simulation results still show some slugs, not found in the experimental data (cf. Figures 11A,B). This might explain why the computed two-phase pressure drops are much larger than the experimental data (cf. Table 2). Another possible reason of the large difference is that the annular flow simulation requires smaller time step owing to the highest air superficial velocity. The time step convergence used test No. 7 as a reference and it was extrapolated into other 11 simulations, so the time step may not be accurate enough. The smaller time step might give better results, but it absolutely makes the computation much more expensive.


[image: Figure 11]
FIGURE 11. Results of test No. 11. (A) Experimental void fraction time evolution. (B) Simulation void fraction time evolution. (C) Experimental void fraction histogram. (D) Simulation void fraction histogram. (E) X-ray void fraction contrast image. (F) Void fraction isosurface image.






CONCLUSION

The behavior of air-water two-phase adiabatic flows in helical coils was investigated using CFD simulations. The VOF model was applied to track and locate the free surface of two immiscible phases, namely water and air. The realizable k-ϵ model was employed to simulate the turbulence of the two-phase flow. Following a convergence study, the optimal parameters for mesh generation and integration time steps were determined based on the reference case, test No. 7. The simulation results show that by employing proper boundary conditions, initial conditions, mesh and time step, the air-water flow regime as well as the pressure drop can be predicted by CFD models reasonably well. The bubbly, plug, slug, slug-annular and annular flow regimes were observed in the simulations, but a good quantitative agreement with the experimental data for two-phase pressure drops and void fractions was found only for slug and slug-annular flow regimes. This good quantitative agreement proves that the VOF model can predict and capture the two-phase flow very well with the case-specific mesh and time-step convergence study. However, for other cases, the two-phase pressure drops were considerably overestimated in the simulations, and phenomenological differences for the void fraction time evolutions were also observed. The large discrepancy of pressure drops and time-dependent void fraction shown in these cases confirms that the optimal mesh and time-step obtained for the reference case cannot be used for different flow regimes cases, especially for those whose superficial velocities differ a lot from the reference case. Also, there is not a single mesh that can be used to simulate all the flow regimes due to the significant flow topology variation. Hence, a case-specific mesh and time-step convergency are indispensable for each flow regime.
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