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Abstract: A new approach and a new related distribution system are proposed to address the issue of uneven steam injection caused by the different suction capacities of the used wells during the application of steam “stimulation” methods for enhanced oil recovery. The new distribution system consists of a swirler, spiral dividing baffles, and critical flow nozzles. Numerical simulations are used to analyze the flow-field and degree of steam homogeneity obtained with such an approach. The results indicate that a higher inlet pressure leads to better results. Additionally, the internal flow field becomes more stable, and the deviation from an even distribution reduces to ±4.0% even when the resistance of each branch is inconsistent. Furthermore, field tests have yielded satisfactory results.
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1  Introduction

In heavy oil production, steam stimulation is utilized to enhance oil recovery by decreasing oil viscosity and increasing fluidity [1,2]. The steam generated by a boiler is often injected into multiple wells. However, differences in pipe network structure, the back pressure of each well, and steam-water phase separation during transmission on the ground result in uneven steam distribution among different wells. The development of heavy oil reservoirs primarily relies on the heat energy carried by high-temperature and high-pressure saturated steam. The non-uniform distribution of steam quality leads to thermal energy resource wastage and hampers the development of heavy oil reservoirs. Therefore, achieving homogeneous distribution has become a critical topic in multiphase flow research.

Fachun et al. and Zhang et al. have demonstrated that entrance flow pattern, inlet geometry, and inlet quality are critical factors that impact steam quality distribution [3,4]. Some researchers have proposed the installation of a static mixer and guide plate in the main pipe, which has improved distribution uniformity to some extent. However, downstream phase separation still occurs [5]. Rubel et al. adjusted the flow area of the two branches to achieve equal dryness by changing the position of the guide plate when the guide plate was installed before the static mixer. However, the apparatus has not addressed the problem of maintaining a short distance and high resistance after gas-liquid two-phase mixing, and there is also the issue of adjusting the guide plate in the gas-liquid two-phase flow [6]. Wren et al. suggested that partial phase separation occurring at the T-junction could be enhanced where the branch was inserted into the branch. They found that the angle of insertion of the branch tube had almost no significant impact on the separation characteristics. Therefore, further investigation is necessary to reduce dryness deviations in each branch and improve the homogeneous distribution of the gas-liquid two-phase flow. They also found that cutting angle of the branch had little effect on the separation characteristics and that further improvements were needed to minimize deviations in the homogeneous distribution of each branch [7]. To minimize significant deviation from the homogeneous distribution of the gas-liquid two-phase flow in the impact tee, Tian et al. installed orifice plates in the tee to alter the flow pattern and simultaneously enhance the flow characteristics. However, they could only ensure homogeneous distribution within a limited range of gas-liquid velocities [8]. Centrifugal devices, such as swirl blades, drums, and runners, are commonly used to adjust the gas-liquid two-phase distribution and consequently improve the effect of the inlet flow pattern [9–11]. Wang et al. presented an industrially realizable drum-wheel type time-sharing distribution system for the first time, which utilizes a drum for time-sharing distribution. When the gas-liquid two-phase fluid enters the drum, it is driven to rotate, and distribution is achieved by designing distribution flow channels of different proportions. The device underwent air-water experiments, which revealed that under certain experimental conditions, the purpose of homogeneous distribution of gas-liquid two-phase flow can be achieved, but the structure is relatively complex [12]. Furthermore, Huang et al. suggested that the two-phase distribution can be adjusted using devices such as acceleration tubes and runners, and that homogeneous distribution can be achieved via centrifugal action, which is superior to gravity action. However, even if the gas-liquid distribution is adjusted, the quality distribution of the steam can still be affected by the different resistance characteristics of the downstream branch pipes [13].

Zhang et al. conducted numerical simulations to investigate the distribution of gas-liquid two-phase flow in a multi-parallel branch channel. They found that the branch pressure difference influences the distribution of the gas-liquid two-phase flow by altering the outlet pressure of the branch [14]. In addition, Chun et al. employed straight-hole critical flow nozzles to improve the production of wells by controlling the quality of steam injection in each one [15]. Redus et al. carried out experiments at the Texaco steam drive site using critical flow nozzles in series and an orifice plate in cyclical steam stimulation. They determined the size of the nozzle for each steam injection well based mainly on solving the equations for the critical flow nozzle and the mass of wet steam passing through the sharp-edged orifice plate, which enable the required steam flow rate to be achieved with homogeneous injection into each well [16,17]. Liang et al. utilized a Venturi nozzle to eliminate the inconsistency of downstream resistance in the branch. This ensured that the gas-liquid mixture reached the velocity of sound at the throat, which implies that the steam distribution was not affected by the upstream flow pattern and gas–liquid velocity [18]. In addition, Dolatabadi et al. optimized the position of the steam injection within nozzle, finding that optimal injection mode exhibited the highest kinetic energy and efficiency while minimizing entropy. They also modified the wet steam model, reducing wetness loss by up to 6.5% compared to the original model [19,20]. Through experimentation and simulations of supersonic flow in a suddenly expanded nozzle, they successfully utilized optimization techniques to predict optimal results for flow control, thus avoiding the need for additional experimentation and reducing costs and energy usage [21,22]. Moreover, adjusting the inlet pressure of the critical flow Venturi or changing the throat size of the nozzle are both means to regulate the flow rate [23–25]. Liu et al. [26] proposed a new device for homogeneous distribution based on the principle of isokinetic, which showed homogeneous distribution within an error of ±3% during experimentation and simulation of gas-liquid two-phase flow at normal temperature and pressure. However, their study only considered the distribution of air-water two-phase flow, without taking into account the effect of downstream pressure from the branch outlet.

In this study, wet steam at high temperature and high pressure is utilized as the research medium, and a critical flow Venturi nozzle is added to the branch. This method ensures that the stability of the airflow and the flow field in the main pipe are not affected by the inconsistent resistance characteristics of the branch outlet, thereby achieving homogeneous distribution of steam.

2  Principle of the Homogeneous Distribution System

2.1 Construction of the Homogeneous Distribution System

The aim of this study is to develop a method for achieving homogeneous distribution of wet steam, using a two-branch homogeneous distribution system as an example. Fig. 1 illustrates the structure of a double-branch homogeneous distribution system, which includes a swirler consisting of four thin semi-elliptical blades with an inclination of 45° near the entrance of the main pipe. Spiral dividing baffles are located below the swirler and divide the main channel into two branches, channels 2 and 3. Critical flow Venturi nozzles are placed on each of the two branch channels, with cylindrical-throat Venturi nozzle design specifications based on those listed in GB/T 21188-2007 [27]. The dimensions of the two nozzles were determined using the flow-distribution ratio, with specific dimensions illustrated in Fig. 2.
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Figure 1: Structure of the homogeneous distribution device
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Figure 2: Critical flow Venturi nozzles of the two branches

In practical engineering applications, critical flow Venturi nozzles are specifically designed to address issues related to pressure fluctuations and flow control at the outlets of both branches. For this study, the nozzles were specifically designed for steam flow rates ranging from 19 to 36 t/h, with an inlet quality ranging from 40% to 80%. The Thornhill-Craver equation was chosen as the critical flow control equation for this study [28].


W=0.00177Yd2(1−0.00705Hd)ρP,
(1)

where W is the steam flow in kg/s, Y is the expansion coefficient of steam, d is the Venturi nozzle throat diameter (mm), H is the Venturi nozzle throat length (mm), ρ is the steam density (kg/m3), and P is the inlet pressure of the critical flow nozzle (MPa).

2.2 Methods

Fig. 3 illustrates a schematic of the distribution structure used in this study. The primary principle of the homogeneous distribution method involves transforming the inlet gas-liquid two-phase flow regime, using a swirler, into a homogeneous and symmetrical annular flow to eliminate the influence of the inlet two-phase flow regime on the distribution process. Then, the main flow pipe is separated into fan-shaped spiral channels by spiral dividing the baffles at suitable locations downstream of the swirler corresponding to the branches. This allows the axisymmetric gas-liquid two-phase fluid to be guided into the divided channels in parallel without obstruction. Finally, the gas–liquid critical flow nozzle balances the resistance between the inlet and outlet of the divided channels, thereby avoiding the effect of fluctuations in the downstream flow and pressure on the homogeneous distribution. The gas-liquid two-phase flow then flows into the divided fan-shaped channels under separated states and isokinetic conditions before entering the branches through the critical flow nozzles, achieving homogeneous distribution of different gas-liquid flow ratios. It is essential that the upstream swirler, diversion channels, and downstream critical flow nozzle are all interlinked and indispensable. Homogeneous distribution in various gas-liquid two-phase flow ratios can be achieved only when all three of them work together perfectly.
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Figure 3: Schematic of the structure of the distribution device

3  Numerical Simulation Approach

3.1 Mathematical Model

This study employed ANSYS Inc.’s Fluent 19.0 software to investigate the gas-liquid two-phase flow field in the distribution system and the homogeneous distribution effect. The VOF, Mixture, and Eulerian-Eulerian models are all commonly used fluid calculation models. The VOF model is suitable for two or more immiscible fluids with laminar flow, free surface flow of fluids, and vapor bubble flow in liquids. Meanwhile, the Mixture and Euler-Eulerian models are used for mixing/separation of different phases, with the Mixture model applied to bubble flow, settling, and cyclone separators [28].

Multifluid and mixture models are often used to predict the behavior of flows with dispersed interfaces where complete modeling is not practical or necessary. These models are particularly useful in systems such as sedimentation tanks, cyclone separators, and annular flow systems [29].

In this study, the working medium consisted of vapor and water, with vapor as the primary phase and water as the secondary phase. To balance accuracy with computing load capacity and convergence time, the Mixture model was employed during the calculation process.

3.2 Conservation Equations

The vapour is the main phase and is continuous; water is the secondary phase. Collision, agglomeration, or break-up of droplets was neglected during the CFD simulations. The continuity equation for the saturated water–vapour two-phase flow Mixture model is expressed as follows:


∂∂t(ρm)+∇⋅(ρmum)=0
(2)


um=αvρvuv+αwρwuwρm
(3)


ρm=αvρv+αwρw
(4)

where ρv, ρw, and ρm are the vapour-phase, water-phase, and mixing densities in kg/m3, respectively; αv and αw are the volume fraction of the vapour phase and liquid phase, respectively; uν, uw, and um are the vapour-phase, liquid-phase, and mixing average mass velocities in m/s, respectively.

The momentum equation of the saturated steam two-phase flow Mixture model is as follows:


∂∂t(ρmum)+∇⋅(ρmumum)=−∇p+∇⋅[μm(∇um+umT)]+ρmg+F+∇⋅(αvρvudr,vudr,v+αwρwudr,wudr,w)
(5)


μm=αvμv+αwμw
(6)


udr,v=uv−um
(7)

where p is the static pressure in Pa, g is the acceleration in m/s2, F is the volume force, μv, μw, and μm represent the vapour-phase, liquid-phase, and mixed viscosities in kg/(m⋅s), respectively, and udr,v represents the drift velocity of the vapour phase relative to the liquid phase in m/s.

The energy conservation equation for the two-phase flow Mixture model of saturated wet steam is:


∂∂t(αvρvEv+αwρwEw)+∇⋅(αv uv (ρvEv+p)+αw uw (ρwEw+p))=∇⋅(keff∇T)+SE
(8)

where ∇⋅(keff∇T) is the energy change owing to conduction, keff is the effective conductivity coefficient, and SE denotes a volumetric heat source.

For the vapour phase:


Ev=hv−pρv+uv22
(9)

For the water phase:


Ew=hw
(10)

where hv and hw are the enthalpies of vapour and liquid water, respectively.

3.3 Turbulence Model

The Reynolds stresses in the RANS equations were estimated using epsilon models, including standard and RNG epsilon models, as well as the Reynolds stress model. In the epsilon models, the Reynolds stress tensor can be calculated based on the isotropic eddy viscosity assumption. The RNG epsilon model, which is a member of the epsilon family of turbulence models, is developed using a statistical method based on Renormalization Group (RNG) techniques by Yakhot et al. [30]. This model features an additional term in the dissipation equation to increase its accuracy when dealing with rapidly strained flows [31].

The standard epsilon model is a semi-empirical formulation with high accuracy and wide applicability. However, it assumes isotropic turbulence as the default turbulence, which may result in significant deviations from actual results when solving numerical problems with strong cyclonic flows and complex flow directions and internal excitation velocities. In contrast, the RNG epsilon model employs a rigorous statistical technique that integrates turbulent vortex factors to enhance the accuracy of rotational flow field simulation. The analytical formulation based on the RNG theory incorporates the effects of low Reynolds number flow viscosity, which is particularly important for solving the near-wall region flow, making the RNG epsilon model more reliable and accurate than the standard epsilon model, especially for rotational flow. Lakzian et al. used the RNG epsilon model to predict turbulence vortices accurately and considered the tip clearance region [32].

Considering the influence of fluid compressibility, the speed of convergence required, and the computational time, the RNG epsilon model was selected as the final turbulence model [33].


ρDkDt=∂∂xi[(αkμeff)∂k∂xi]+Gk+Gb−ρε−YM
(11)


ρDεDt=∂∂xi[(αεμeff)∂ε∂xi]+C1εεk(Gk+C3εGb)−C2ερε2k−R
(12)

where μeff is eddy viscosity coefficient, μeff=μ+μt, μt=ρCμk2ε, Cμ=0.0845, ak=aε=1.39, Gk represents the generation of turbulence kinetic energy caused by the mean velocity gradient, Gb is the turbulence kinetic energy generated by buoyancy, ε is the turbulent kinetic energy dissipation rate, YM is the turbulence kinetic energy produced by buoyancy, C1ε=1.42, C2ε=1.68, R=Cμρη3(1−η/η0)1+βη3ε3kη=(2Eij⋅Eij)1/2kε, Eij=12(∂ui∂xj+∂uj∂xi), η0=4.377,β=0.012.

For RNG k-ε model, the pressure was discretized using second order. The pressure-velocity coupling is achieved by using the SIMPLE scheme [34]. The discretization of the convective terms for momentum, turbulent kinetic energy, dissipation rate and Reynolds stresses is achieved by second order upwind scheme.

3.4 Meshing and Grid Independency Test

(1) Boundary conditions were employed for the pressure inlet and outlet. There was no slide on the wall. To analyse the impact of each branch outlet pressure on the distribution of equal quality under various pressures and temperatures, the specific boundary conditions of the computation were set up as given in Table 1.
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(2) The viscosities of the vapour and water are the corresponding saturated viscosity values, and the inlet turbulence intensity is set to 5%.

The fluid domain mesh was generated using the ANSYS Inc. mesh software, consisting of a hybrid grid composed of both structured and unstructured meshes. The total cell count was approximately 7 million. To facilitate observation of the generated revolving annular fluid film, a boundary layer mesh with a thickness of 10 and a growth rate of 0.05 was applied to the pipe wall downstream of the swirler.

The simulations were carried out on five different grid sizes, with outlet 1 and outlet 2 water vapor mass flow rates (qmv1, qmv2) used as references. The inlet pressure was set at 18 MPa, the inlet quality of the two-phase mixture was X0 = 0.4, and the outlet pressure of each branch was 0 MPa. The results for the five grids, named Mesh1 to Mesh5, are presented in Table 2. It can be seen that there is a difference of no more than 0.023% in the vapor quality of outlets 1 and 2 between Meshes 3 and 5. Increasing the number of meshes does not always improve the accuracy of the computation, but it increases the computational time and resource requirements. Therefore, Mesh3 was chosen for the simulation calculations in this study. Fig. 4 shows the mesh division of the distribution system.
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Figure 4: Schematic of the distribution system grid

4  Results and Discussion

4.1 Flow Pattern Distribution before the Spiral Divider

Figs. 5a and 5b illustrate representative CFD results of the gas-phase distribution contour on different cross-sections, located downstream of the swirler, with and without critical flow nozzles installed in the two branches. Cross-sections Y1, Y2, and Y3 are located 0.15D, D, and 2D downstream of the swirler, respectively (D = 60 mm being the pipe inner diameter). The gas superficial velocity is 27 m/s, the inlet quality of the two-phase mixture is X0 = 0.4, and the pressures downstream of the two branch outlets are P1 = 9 MPa and P2 = 3 MPa. Based on Fig. 5, it can be observed that the gas phase is centralized in the center of the main pipe, forming a gas core. The liquid phase is thrown to the wall to form a distinguishable liquid film due to the action of the swirler and the significant difference in the gas-liquid density. This indicates that the liquid film in the gas-liquid two-phase flow can maintain its original inertial flow under the symmetric structure, despite fluctuations in downstream pressure. The thickness of the liquid film always remains uniform, and there are no visible droplets are left in the air core. Notably, the presence of a critical flow nozzle has little effect on the formation of the liquid film. Furthermore, changes in downstream pressure hardly have any impact on the flow of the liquid film. As a result, this ensures that the liquid phase enters the spiral manifold channel in a specific ratio, parallel and unhindered.

[image: images]

Figure 5: Gas axial vapor phase contour at different locations

4.2 Velocity and Pressure Field Characteristics before the Spiral Divider

Figs. 6 and 7 show the location of the central longitudinal section, both without and with a critical flow nozzle, and the velocity vector distribution of the gas phase before the spiral dividing baffles. The inlet pressure is set at 18 MPa, with P1 and P2 representing the downstream pressure at outlets 1 and 2. The difference in pressure between the two branch outlets is either 6, 0, and −6 MPa.
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Figure 6: Velocity vector distribution of the gas phase before the baffles without critical flow nozzles
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Figure 7: Velocity vector distribution of the gas phase before the baffles with critical flow nozzles

Based on the principle of isokinetic distribution, Fig. 6a indicates that the pressure difference at outlet between two branches is zero, i.e., P1–P2 = 0 MPa. This indicates that the central gas in the main pipe is symmetrically distributed along the axial direction. However, it should be noted that even with P1–P2 = 0 MPa, a small amount of gas backflow may still exist. Conversely, Figs. 6b and 6c show that when P1 is either higher or lower than P2, the gas in the central portion of the main pipe is significantly deflected before the spiral dividing baffles, and inclined more towards the downstream branch channel with a lower pressure. The variability in downstream resistance of the branch outlet can lead to instability in the gas flow field before entering the spiral-dividing baffles.

However, once a critical flow nozzle is established as shown in Figs. 7a–7c, the velocity vector of the gas in the center of the pipe remains unchanged in both direction and magnitude before entering the spiral-dividing baffles, while being symmetrically distributed along the axis. This guarantees that downstream pressure fluctuations in the main flow field are effectively controlled by the critical flow nozzle, thereby ensuring stability of the flow field. Additionally, the distribution of the gas-liquid two-phase flow changes from a non-isotropic state to an isotropic one, satisfying the condition for isokinetic distribution.

Figs. 8a and 8b display the radial gas velocity distribution of the Y2 section without and with a nozzle, respectively (e.g., “9–3 MPa” in the legend means P1 = 9 MPa and P2 = 3 MPa). Unlike traditional flow tubes, the velocity distribution of gas with or without a nozzle exhibits an “M” shape, with low velocities in the middle, high velocities near the wall, and the lowest velocities close to the wall (due to wall effects). Significant variations were observed in the gas velocity field without nozzles when downstream pressure variations were present in the branch. However, after the introduction of nozzles, a consistent “M”-shaped velocity field distribution was observed. Furthermore, the velocity near the wall can be sustained at around 65 m/s, indicating a stable flow of the formed liquid film.
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Figure 8: Profiles of (a, b) gas velocity and (c, d) pressure at Y2 section (Fig. 5) along the diameter

On the other hand, Figs. 8c and 8d depict the gas pressure distribution along the diameter of the Y2 cross-section with and without nozzles, respectively. The pressure distribution forms a “U” shape, which is different from the pressure characteristics of conventional pipelines. Specifically, low pressure exists in the center of the section while pressure near the wall increases progressively. However, the addition of nozzles leads to a more stable pressure distribution and insignificant changes in pressure under different working conditions. Overall, the critical flow nozzle overcomes the effect of downstream resistance variations caused by pressure fluctuations in the branch, which would otherwise affect upstream flow characteristics and quality distribution.

4.3 Analysis of the Quality Distribution of the Two Branches

Figs. 9 and 10 show the homogeneous distributions with and without critical flow nozzles under six conditions of pressure fluctuations downstream of the outlet, at a pressure of 18 MPa and a temperature of 630.14 K, while the inlet quality ranges from 0.4 to 0.8. The closer the outlet quality is to the diagonal, the closer it is to the inlet quality, indicating the effectiveness of the homogeneous distribution. Fig. 9 reflects that the qualities of outlets 1 and 2 deviate significantly from the diagonal, especially when there are inconsistent downstream pressure fluctuations. However, after introducing the critical flow Venturi nozzle, Fig. 10 displays that the quality of outlets 1 and 2 approximately match the diagonal and are close to the inlet quality. Therefore, the critical flow Venturi nozzle overcomes the effect of the inconsistent pressure downstream of the two branches’ outlets, resulting in a more uniform distribution of quality.
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Figure 9: Quality distribution effect without a nozzle
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Figure 10: Quality distribution effect with a nozzle

4.4 Analysis of the Flow Distribution of the Two Branches

In order to quantitatively evaluate the flow distribution between the two branches, the distribution deviation of flow is defined as


Q(X)=Q1−λQ2
(13)

where Q(X) is the flow distribution deviation, Q1 and Q2 are the flow rate of branch 1 and branch 3 respectively, and λ is the ratio of the distribution area of spiral divider channel 1 to channel 2.

Fig. 11 shows the distribution of the gas–liquid mixing mass flow (Q(X)) when the outlet pressures of the two branches are not equal. The flow ratio of the two branches should conform to a 3:1 distribution ratio, given that the distribution area ratio in the spiral dividing channel is 3:1. Flow distribution is influenced by inlet qualities and different outlet pressures. When the outlet pressures of the two branches are equal, the gas–liquid mixed mass flows from the two outlets consistent with a 3:1 distribution ratio. However, when the outlet pressures of the two branches are not equal, smaller the pressure difference between the two outlets result in smaller flow distribution deviations. Conversely, when the difference in outlet pressure between the two branches is large (P1 = 3 MPa, P2 = 9 MPa or P1 = 9 MPa, P2 = 3 MPa), the flow distribution deviation increases with increasing inlet quality. However, the maximum flow distribution deviation is only within ±8%. Due to the gradual accumulation of vapour as the inlet quality increases, liquid films and droplets are more easily carried away by the deflecting airflow.
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Figure 11: Gas–liquid mixing mass flow ratio for two branches at different outlet pressures

4.5 Effect of Inlet Pressure on Homogeneous Distribution

Fig. 12 displays the deviation (D(X)) of the quality of the two branches at various outlet pressures for inlet pressures of 12, 15, and 18 MPa. The deviation of the quality is calculated as D(X) = X1–X0 (where X1 is quality of outlet). As can be seen from the graphs, most of the quality deviations are less than 2% at different inlet pressures, with only a very rare percentage approaching 4%. These findings indicate the broad applicability of the homogeneous distribution method proposed in this study.
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Figure 12: Deviation of the quality of the two branches under different inlet pressures

Additionally, Fig. 12 demonstrates that the homogeneous distribution effect is better with higher inlet pressures. This is due to the fact that an increase in pressure leads to an increase in steam density, resulting in greater inertia and resistance to external differential pressure disturbances. Furthermore, a smaller difference between the outlet pressures of the two branches results in a better homogeneous distribution effect.

5  Injection Steam Homogeneous Distribution Field Test

The steam distribution system is designed according to the principle of homogeneous distribution, as described above. Wet steam flowmeters are installed on each branch to measure both the flow rate and quality of wet steam. Fig. 13 presents the flow chart of the field test. The steam generated by the boiler passes through the flowmeter-dryness meter, then flows through the equal dryness distribution system, and subsequently passes through the flow-dryness meter downstream of the outlet. Finally, the steam is distributed evenly among the three wells. Additionally, Fig. 14 depicts a photograph of the steam injection well field test of the distribution system. A thermal insulation layer is wrapped around the outside of the distribution system to reduce heat loss of the steam.
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Figure 13: The flow chart of the field test

[image: images]

Figure 14: Photo of the field-tested distribution system

Continuous field testing was conducted over a four-day period, and the results demonstrated satisfactory application performance. The average test data for the three steam injection wells are shown in Table 3. Notably, the inlet quality, branch nozzle size, and outlet flow rate were all consistent, resulting in a maximum quality deviation of only 1.54% among the three wells. The results of the field experiments indicate that co-injection wells were successfully distributed equally in terms of quality, achieving uniform steam injection and verifying the feasibility and effectiveness of the isokinetic homogeneous distribution device.
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6  Conclusion

The primary goal of the current study was to determine whether the wet steam in a boiler is distributed to different branches based on a predetermined proportion of the distribution flow and principle of equal quality. To achieve this, swirlers, spiral dividing baffles, and critical flow nozzles were implemented. Based on the isokinetic homogeneous distribution principle, the CFD investigation revealed that the maximum deviation in the quality distribution was less than 4.0%. The research also demonstrated that critical flow nozzles in each branch eliminated the impact of inconsistent resistance downstream on the internal flow field, liquid film, and gas, thereby maintaining their original velocity and direction and ensuring that the flow in each branch meets the distribution ratio.

The second major finding was that an increase in inlet quality leads to an increased risk of droplet carryover by the airflow, resulting in greater deviations in flow distribution. However, reducing the difference in pressure between the two branch outlets decreases in deviation in homogeneous distribution. Higher inlet pressure provides more stability to airflow and improves homogeneous distribution. In field experiments on isokinetic quality distribution for steam injection, excellent dispensing results were achieved, with an average quality deviation of ≤1.54% within the range of 50% to 90% of the actual quality measured on-site. These experiments demonstrated the safety and practicality of the isokinetic homogeneous distribution system. Further development and improvement are expected to expand its range of applications and enhance accuracy.
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Table 1: Operating conditions simulation range

P() (MPa) T() (K) X() Pl (MPa) P2 (MPa)
12 597.83 0 0

6 6
15 615.31 3 3

04, 0.5, 0.6, 0.7, 0.8

6 3
18 630.14 9 3

3 9
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Table 3: Measured data from three steam injection wells

Well number P(MPa) T(CC) Q (th) X; (%) Xy (%) Maximum quality deviation

Steam injection well #1  5.41 269.82 4.62 66.38
Steam injection well #2  5.49 270.75 4.55 65.61  66.5 1.54%
Steam injection well #3  5.51 271.83 4.48 64.84






OEBPS/Images/FDMP_30106-fig-10.png
Outlet]l quality

0.9

0.8
0.7 -
0.6
—4A— OMPa-OMPa
05 —4— 6MPa-6MPa
=T —4— 3MPa-3MPa
—a— 3MPa-9MPa
04+ — = 6MPa-3MPa
= 9MPa-3MPa
0.3 1 1 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Inlet quality

(a) Outlet 1 quality distribution effect

Outlet2 quality

0.8 F

0.7

0.6 -

—A— O0MPa-0MPa
4 6MPa-6MPa
—4— 3MPa-3MPa
—e&— 3MPa-9MPa
= 6MPa-3MPa
©  9MPa-3MPa

0.5

0.6

0.7 0.8 0.9

Inlet quality

(b) Outlet 2 quality distribution effect





OEBPS/Images/FDMP_30106-fig-5.png
Vapor phase

0.9
0.82
| 0.74
0.66

0.58

0.5
0.42
0.34
0.26
0.18
0.1






OEBPS/Images/FDMP_30106-fig-13.png
The flowmeter-
dryness meter

The boiler

The flowmeter-
dryness meter

Branchl ~

A

N

The equal dryness
distributor

N

The flowmeter-

dryness meter
Branch2 )

Well 1

s

The flowmeter-

dryness meter
Branch3 N\

Well 11

-/

Well 1II






OEBPS/Images/logo.png





OEBPS/Images/FDMP_30106-fig-9.png
Outletl quality

0.8
07F
0.6
4 OMPa-0MPa
05k 4 6MPa-6MPa

N
N
T

e
w

—4— 3MPa-3MPa
—&— 3MPa-9MPa,
~—©  6MPa-3MPa,
-~ ©  9MPa-3MPa,

0.3 0.4 0.5 0.6 0.7 0.8
Inlet quality

(a) Outlet 1 quality distribution effect

0.9

Outlet2 quality

0.9

0.8
0.7+
0.6+
4 OMPa-0MPa
05k 4 6MPa-6MPa

N
i
T

4 3MPa-3MPa
—e— 3MPa-9MPa
-~ ©  6MPa-3MPa
- = 9MPa-3MPa

0.3 0.4 0.5 0.6 0.7 0.8
Inlet quality

(b) Outlet 2 quality distribution effect

0.9





OEBPS/Images/table-2.png
Table 2: Meshing and grid independency test

Number Number of grids Number of nodes Q1 (kg-s™) Qv (kgs™)
Meshl 678,369 58,309 4.4901 1.2963
Mesh2 935,612 80,593 4.5263 1.4052
Mesh3 1238,564 239,617 4.7402 1.5463
Mesh4 1710,276 271,390 4.7391 1.5501
Mesh5 2178,942 301,974 4.7413 1.5483
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