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Abstract: A model is proposed for liquid film profile prediction in gas-liquid two-phase flow, which is able to provide the film thickness along the circumferential direction and the pressure gradient in the flow direction. A two-fluid model is used to calculate both gas and liquid phases’ flow characteristics. The secondary flow occurring in the gas phase is taken into account and a sailing boat mechanism is introduced. Moreover, energy conservation is applied for obtaining the liquid film thickness distribution along the circumference. Liquid film thickness distribution is calculated accordingly for different cases; its values are compared with other models and available experimental data. As a result, the newly proposed model is tested and good performances are demonstrated. The liquid film thickness distribution in small pipes and inclined pipes is also studied, and regime transition is revealed by liquid film profile evolution. The observed inflection point demonstrates that the liquid film thickness decreases steeply along the circumference, when the circle angle ranges between 30° and 50° for gas-liquid stratified flow with small superficial velocities.
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Abbreviation



	Nomenclature




	A
	Cross-sectional area, projected area



	c
	Coefficients



	D
	Cylinder diameter



	f
	Friction factor



	F
	Forces



	g
	Gravity



	h
	Film height



	P
	pressure



	Re
	Reynolds number



	s
	Integral curve



	S
	Perimeter



	t
	Time



	v
	Liquid velocity in the film



	VGS
	Gas superficial velocity



	VLS
	Liquid superficial velocity



	x
	x-axis of Cartesian coordinate system



	y
	y-axis of Cartesian coordinate system



	Greek Symbols




	τ
	Shear stress



	ρ
	Density



	α
	Liquid holdup



	β
	Pipe inclination



	σ
	Surface tension



	Subscripts




	G
	Gas phase



	I
	Interface



	L
	Liquid phase



	w
	Wall





1  Introduction

Two-phase flow is commonly encountered in processing industries (e.g., petroleum transportation and chemical processes). Fluid properties [1,2] and flow regimes [3,4] are the primary factors considered to assess and reveal pipe and equipment failure in petroleum refining. As a consequence, it is of great importance to obtain these characteristics for industrial control and optimization of parameters, such as void fraction and pressure drop in gas-liquid two-phase flow. In recent years, considerable efforts have been made to theoretically and experimentally analyze the gas-liquid two-phase flow in horizontal and inclined pipes for both stratified and annular flows [5–7].

Compared to direct numerical simulation (DNS), the two-fluid model efficiently predicts the pressure drop and void fraction in gas-liquid two-phase flow, with its multiple variations deducing different flow regime transitions [8–10]. This model utilizes shear stress and drag forces to simplify the calculation of interaction forces in DNS. Agrawal et al. [11–13] experimentally studied the shear stress and drag forces in gas-liquid two-phase flow and proposed various models for the fluid-wall and interfacial friction factors. Theoretically, the friction can be determined by using the fluid local velocity and Reynolds number. Li [14] proposed an alternate model to test and verify the relationship between the liquid film level and characteristic shear stress, which was used to determine the liquid-wall friction. However, they encountered considerable errors (~25%) in the hydraulic calculation of gas-liquid two-phase flow.

Void fraction is closely correlated with the liquid film profile, which accordingly influences the interactions between the fluids and the pipe wall. Different liquid film profile models, such as the FLAT, ARS, and MARS models, have been developed to precisely predict the void fraction (Fig. 1). Cioncolini et al. [15] and Mauro et al. [16] studied the liquid film thickness for annular flow in horizontal circular macro-channels, with the assumption of asymmetric liquid film thickness in the pipe cross-section to experimentally investigate fluid flows. Comparing various experiments for tube diameters in the range of 8.2–95.3 mm, a mean absolute error of ~25% for pressure gradient was observed for the asymmetric liquid film thickness model. However, the models mentioned above are empirical and do not reveal the liquid film formation mechanism, which is necessary for flow regime transition model analysis.
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Figure 1: (a) FLAT, (b) ARS, (c) MARS film profile models in gas-liquid stratified flow

The liquid film profile is impacted by the physical properties of both fluids and their interactions. The liquid film is smooth and can be assumed to be flat when both gas and liquid superficial velocities are sufficiently low; waves appear on the interface with increasing fluid superficial velocities. The waves can become large and intermittently wet the pipe wall, changing the flow regime from stratified to intermittent. When the wave frequency increases and the circumference expands, the flow in the pipes becomes annular. Several studies developed the entrainment-deposition mechanism for the stratified-annular flow regime transition [17–19]. Moreover, secondary flow, wave mixing, and the sailing boat mechanism have been successfully applied to account for the above-described wave behaviors [20–22]. Li et al. [23] studied the influence of pumping action on disturbance waves, gas phase secondary flow, entrainment, and droplet deposition, and established a new model for circumferential liquid film thickness distribution, correlated with the stress balance analysis. Bonizzi et al. [24] solved the energy conservation equation to precisely determine the momentum conservation equation, which was further employed to accurately predict film thickness. Sahu et al. [25] studied the influence of fluid physical properties, such as viscosity and surface tension, on liquid film thickness and increased its prediction accuracy.

Wang et al. [26] studied the air-water two-phase flow in a horizontal pipe for a range of high pressures and obtained the flow pattern maps. Obviously, the flow pattern is impacted by the fluid velocities that the liquid expansion in circumference in the annular flow test; the flow regime transitions to stratified or intermittent flow with the changing gas/liquid phase velocity. Therefore, the liquid film profile can be reasonably employed to interpret the flow regime transition mechanism, and hence, to precisely calculate void fraction.

In this study, we developed a novel model for film thickness prediction by employing both gas phase secondary flow and sailing boat mechanism to reveal its distribution. We further analyzed the film profile of annular flow in small pipes and inclined pipes and tested the model’s accuracy. Besides, it is analyzed that the influence of both pipe diameter and pipe inclination on film profile, and the stability of the stratified flow pattern is studied.

2  Mathematical Model

Liquid drop entrainment can be neglected for most flow regimes, such as the annular (Fig. 2), stratified, and intermittent flows, where it exerts little influence on pressure loss [14]. We analyzed interface mechanisms, such as gas phase secondary flow and sailing boat mechanism. The following assumptions were made to establish the liquid film profile model:
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Figure 2: Illustration of the interfacial film profile in a circle pipe for annular flow

(1) Symmetry of the liquid film about the vertical axial plane.

(2) A constant velocity gradient in the liquid film velocity boundary.

(3) No velocity slip on the interfaces.

(4) Constant gas and liquid densities.

(5) Fully developed pipe flow.

2.1 Two-Fluid Model

The balance of mass, momentum, and energy equations of both gas and liquid phases make up the one-dimensional (1D) two-fluid model. Both area and body forces are introduced to simplify the calculation of shear stress terms in the Navier-Stokes (N-S) equations. Ignoring the mass transfer between the two phases, the two-fluid model can be expressed as follows [14]:


∂∂t(ρkαk)+∂∂x(ρkαkVk)=0k= G, L,αG+αL=1
(1)


∂∂t(ρGαGVG)+∂∂x(ρGαGVG2)=−αG∂PG∂x−τGSGA−τiSiA+ρGαGgsinβ+FiG
(2a)


∂∂t(ρLαLVL)+∂∂x(ρLαLVL2)=−αL∂PL∂x−τLSLA+τiSiA+ρLαLgsinβ−FiG
(2b)

Shear stresses working on both phases are functions of fluid physical properties and flow characteristics and can be expressed as follows [14]:


τWL=fLρLVL22τWG=fGρGVG22τi=fiρGVG22
(3)

Friction factors are introduced to relate shear stresses and fluid flow parameters and are proven to be dominantly influenced by the Reynolds numbers [14]. Typically, the equivalent Reynolds number based on the fluid channel equivalent diameter is applied for the fluid flow calculation; the equivalent diameters of the liquid and gas phases can be defined as 
DL=4AL/SL
and 
DG=4AG/(SG+Si)
, respectively. In the experimental analysis of gas-liquid two-phase flow, Spedding et al. [27] evaluated both the coefficients (CL and CG) and exponents (m and n) in the equations above using equivalent Reynolds numbers and established a novel model for the interfacial and gas-wall friction factors as follows:


fL=CLReL−n      fG=CGReG−m
(4a)


fifGS=1.76(VGS6)+2.7847log10(VGSUGS+6)+7.80035
(4b)

The stratified-annular flow transition emerges with the increasing gas phase superficial velocity and the liquid film roughens accordingly. Agrawal et al. [11] observed that the liquid film thickness played an important role in influencing the interfacial shear stress and established a more complex model for the interfacial friction factor, expressed as follows:


  fi= fG[1+300(hD−5ReG2fG)]
(5)

2.2 Liquid Film Profile Model

We analyzed the influence of the gas phase secondary flow on the liquid film to reveal its propagation mechanism. The liquid phase in the film is acted upon by various area and body forces, such as shear stress, difference pressure, and gravity (Fig. 3).
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Figure 3: Fluid movement in the inertial frame of reference

Assuming VGS and VLS to be the velocities of the gas and liquid phases (the two sides of the interface), respectively, along the circumference, the energy conservation equations of the two fluids can be expressed as follows:


∂∂t[ρGαG(12VGS2+gy)]+∂∂s[ρGαGVGS(12VGS2+gy)]=−αGVGS∂PGS∂s−αGVGSτ2rdδG−τGSSGSAG
(6a)


∂∂t[ρLαL(12VLS2+gy)]+∂∂s[ρLαLVLS(12VLS2+gy)]=−αLVLS∂PLS∂s+αLVLSτ2rdδL−τLSSLSAs
(6b)

Wongwises et al. [28] suggested liquid film velocity to be a function of the gas and liquid velocities in a horizontal pipe, expressed as follows:


Vfilm=0.03(VG−VL)2
(7)

Both gas-phase secondary flow velocity and shear stress are related to the gas bulk velocity in the axial direction of the pipeline as follows [29]:


∂∂t[ρGαG(12VGS2+gy)]+∂∂s[ρGαGVGS(12VGS2+gy)]=−αGVGS∂PGS∂s−αGVGSτ2rdδG−τGSSGSAG
(8a)


∂∂t[ρLαL(12VLS2+gy)]+∂∂s[ρLαLVLS(12vLS2+gy)]=−αLVLS∂PLS∂s+αLVLSτ2rdδL−τLSSLSAs+ 1r∂σ∂r
(8b)

Both gas-phase secondary flow and sailing boat mechanism were introduced to establish the new model for predicting liquid film thickness, using which both the transfer direction and velocity magnitude of the fluids on the interface could be calculated.

3  Methods

We applied an iteration method to calculate the proposed model, detailed as follows:

1.    We applied the FLAT model in the two-fluid model to obtain the void fraction and friction factors at the interfaces. Both gas and liquid velocities in the axial direction of the pipeline were calculated.

2.    Fluid flow parameters at the interface were obtained by solving the proposed model (Eqs. (6)–(8)). Both liquid velocity vector and film thickness were determined accordingly.

3.    Steps (1) and (2) were repeated while increasing the average liquid film thickness till the error reached a certain value.

4  Results and Discussion

4.1 Film Thickness Distribution

4.1.1 Film Profile Comparison for Different Models

We compared the liquid film thickness distribution predictions of the proposed model with the Bonizzi et al. [24] and Cioncolini et al. [15] models against the experimental data of Pitton et al. [30] (Fig. 4). Firstly, it is easy to see that the models give proof that there is a singular point in film thickness distribution curve, which is about 40° in the situation. The proposed model predicted the liquid film thickness distribution with a higher accuracy compared to the Bonizzi model. A steep decrease in the film thickness was observed for circle angles <40° for both Bonizzi and Thome models; both these models underestimated the film thickness for a circle angle of 0°. However, the proposed model achieved a much smoother and evasive prediction curve compared to those of the abovementioned models, with a smaller error. These results indicated that the gas secondary flow plays a significant role in liquid film thickness distribution.
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Figure 4: Liquid film thickness distribution against circle angle for various models compared to experimental data

Both eddy and turbulent viscosities were taken into consideration to model the liquid film profile in the Bonizzi model. The eddy diffusivity discontinuity employed in this model could account for the inflection point circle angle of ~35° (Fig. 4). In the proposed model, we instead introduced the influence of gas-phase secondary flow and liquid surface tension to obtain the liquid film thickness distribution mechanism. The predictions were well in accordance with the experimental data; the inflection point circle angle was found to be smaller than 40°.

4.1.2 Film Profile in a Horizontal Circle Pipe

We analyzed the liquid film thickness distribution in a horizontal pipe as predicted by different models for a range of fluid flow velocities (Fig. 5); we further compared the model predictions with the experimental data of Pitton et al. [30] (Fig. 6).
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Figure 5: Comparison of horizontal pipe liquid film thickness distribution predictions for various models at (a) VGS = 20.800 m/s and VLS = 0.068 m/s; and (b) VGS = 17.100 m/s, VLS = 0.068 m/s
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Figure 6: Comparison of horizontal pipe liquid film thickness distribution predictions for the proposed model against experimental data [30] at (a) VGS = 20.800 m/s and VLS = 0.068 m/s; and (b) VGS = 17.100 m/s, VLS = 0.068 m/s

The film thickness distribution curve decreased steeply for circle angles <40° (Figs. 5 and 6). Above 40°, the film thickness decreased gradually with the increasing circle angle. We observed that the fluid parameters influenced the liquid film thickness distribution. For a constant liquid superficial velocity of 0.068 m/s, the film thickness distribution curve became steeper for circle angles ranging from 0–40°. As the gas superficial velocity decreased from 25.5 to 17.1 m/s, the film profile flattened, approaching zero, indicating that the decreased gas-phase secondary flow could not balance the liquid phase gravity and liquid-wall shear stress. For the circle angles in the range of 40–180°, the higher gas velocity led to a greater interfacial shear stress, which balanced the liquid gravity and accounted for the larger film thickness (Fig. 6d). Generally, the results showed that the gas-phase secondary flow was responsible for the circumferential liquid expansion in the circle pipe.

4.1.3 Influence of Inclination Angle on Film Profile

We analyzed the influence of pipe inclination on the liquid film thickness distribution for different fluid superficial velocities. For the air-liquid two-phase flow in a circle pipe with a small inclination, a stratified wave flow was observed for the gas and liquid superficial velocities of 7.50 and 0.05 m/s, respectively. The flow regime approached the stratified-annular flow transition boundary with the gas superficial velocity reaching 10.50 m/s, as the magnitudes of the gas secondary flow increased. As a result, the maximum liquid film level was suppressed.

Compared to fluid flows at high gas superficial velocities (Figs. 5 and 6), liquid expansion along the circle pipe circumference was suppressed and neutralized for the decreased gas secondary flow. Initially, the liquid film thickness decreased steeply with the increasing circle angle, with no inflection points; liquid expansion up to the top wall of the pipe was not observed. The film thickness magnitude increased with the increasing pipe inclination, with significant differences observed in the predictions of the different models. However, the pipe inclination on the liquid expansion circle angle was small and could have been neglected for all models. Compared to the FLAT model, a much wider liquid expansion was predicted by the proposed model, with an inflection point at ~60° for gas and liquid superficial velocities of 10.50 and 0.05 m/s, respectively, suggesting the emergence of stratified-annular flow transition in the fluid flow.

4.2 Void Fraction

Badie et al. [31] experimentally investigated the influence of fluid physical properties on flow characteristics by testing both air-water and air-oil (Shell Tellus 22 oil) fluid flows in an ID 78 mm circle pipe. The FLAT, MARS, and proposed models were applied for void fraction prediction and compared to the experimental values (Fig. 7).
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Figure 7: Influence of pipe inclination on liquid film thickness distribution at (a) VGS = 7.50 m/s and VLS = 0.05 m/s; and (b) VGS = 10.50 m/s and VLS = 0.05 m/s

All models predicted the void fraction with good accuracy (Fig. 8), with the proposed model having a better prediction accuracy for a large range of liquid superficial velocities. The air-water two-phase flow encountered the greatest prediction error for a liquid superficial velocity of 0.01 m/s due to the liquid void fraction being too small to be precisely predicted. For the air-Shell Tellus 22 oil two-phase flow, the larger liquid phase viscosity stabilized the interface much better than the air-water two-phase flow, allowing for better prediction accuracy.
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Figure 8: Predicted vs. experimental void fraction values for different models for the (a) air-water and (b) air-Shell Tellus 22 oil two-phase flows

4.3 Pressure Gradient

We obtained the pressure gradient by applying the two-fluid model. For the air-water two-phase flow, a wide pressure gradient variation was observed upon using the MARS model, resulting in a much higher prediction error compared to the FLAT model (Fig. 9a). The best predictions were achieved by the proposed model against experimental data. The pressure gradient generally increased with the increasing the liquid superficial velocity. A significant variation in the pressure gradient was observed for the liquid superficial velocity range of 0.03–0.04 m/s (Fig. 9a), possibly influenced by the differential pressure measurement instrument accuracy. Compared with experimental pressure gradient values, the proposed model provided a reasonable prediction of a monotonically increasing pressure gradient.
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Figure 9: Pressure gradient against liquid phase superficial velocity for (a) air-water and (b) air-Shell Tellus 22 oil two-phase flows for a gas phase superficial velocity of 15.0 m/s

We examined the influence of fluid physical properties on the pressure gradient with Shell Tellus 22 oil adopted as the liquid phase. Both FLAT and MARS models underestimated the pressure gradient; the proposed model provided comparatively more accurate predictions (Fig. 9b). Considering the relationship between the film profile and liquid-wall shear stress, the curved film profile demonstrated a much higher pressure gradient. The circumferential liquid expansion resulted in more accurate pressure gradient predictions for the proposed model compared to that of the MARS model.

4.4 Film Thickness Distribution in a Small Pipe

The liquid phase surface tension influences fluid flow parameters, such as pressure gradient and void fraction (Eq. (8)). Particularly, the liquid-wall interface curvature radius starkly reduces for pipes with small inner diameters, greatly increasing the influence of liquid surface tension on the fluid flow.

Luninski et al. [32] experimentally analyzed the annular flow in a horizontal pipe with a diameter of 8.15 mm and observed a highly even film thickness distribution compared to a pipe with an inner diameter of 50.0 mm. We calculated the air-water annular flow in a horizontal pipe at atmospheric pressure for the proposed model at gas and liquid phase superficial velocities of 10.0 and 0.1 m/s, respectively. The proposed model demonstrated a high film thickness distribution accuracy (Fig. 10).
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Figure 10: Liquid film thickness distribution for annular flow in a horizontal pipe with a diameter of 8.15 mm

By comparing the liquid film thickness curve illustrated in both Figs. 6b and 9, we can observe that the liquid film expansion inflection point increased remarkably from 38–50° as the pipe inner diameter decreased from 50.00–8.15 mm. Additionally, the film thickness magnitude ratio (i.e., the ratio of the maximum value with that at the inflection point) decreased rapidly from 11.30 to 4.64. The liquid film thickness decreased slightly with the increasing liquid expansion, with the liquid film uniformity increasing within the small pipe. The forces acting on the liquid phase accounted for the differences mentioned above: (i) The significance of gravity degraded compared to the shear stress and (ii) the surface tension acting at the interface crucially impacted the film thickness distribution.

5  Conclusions

In this study, we propose a novel model for predicting the liquid film thickness distribution in gas-liquid two-phase flow by introducing the gas-phase secondary flow and sailing boat mechanism. The circumferential liquid film distribution computed using the new model demonstrated the highest prediction accuracy against two sets of experimental data [30,31], compared to the FLAT and MARS models.

We analyzed the influence of pipe inclination on the film thickness distribution. Both the highest film thickness level and distribution range defined against the circle angle decrease with the increasing pipe inclination. The acceleration due to gravity suppresses the liquid fraction, and hence, the film thickness distribution along the circumference.

Both the void fraction and pressure gradient predictions for the gas-liquid two-phase flow in the horizontal pipe were estimated against experimental data to test the influence of fluid properties on the flow characteristics. Compared to the FLAT and MARS models, the proposed model better predicts these parameters, indicating highly accurate calculations of shear stresses acting on the two phases.

Finally, we examined the influence of the pipe’s inner diameter on the film thickness distribution. The proposed model again provided accurate predictions of the film thickness distribution against experimental data. The film thickness magnitude ratio decreased steeply as the inner diameter decreased from 50.00 to 8.15 mm.

These results confirmed that the gas-phase secondary flow and sailing boat mechanism plays an important role in the liquid film asymmetrical distribution about the circumference. As a result, the newly proposed model would be promoted by precise calculation of the gas-phase secondary flow, which is related to the gas-liquid two-phase flow regime. The other work is undergoing to establish a new model for the gas-phase secondary flow for different regimes, and the experiment setup is upgrading to finish the tests.
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