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Abstract: The mechanically choked orifice plate (MCOP) is a new type of device for flow control by which choking conditions for incompressible fluids can be obtained with relatively small pressure losses. Given the lack of relevant results and data in the literature, in the present study, we concentrate on the experimental determination of the flow coefficient for the annular orifice, the pressure distribution in the MCOP, and the characteristics of the choked flow itself. As confirmed by the experimental results, the Reynolds number, the orifice plate thickness, the plug taper, and the eccentricity have an obvious influence on the aforementioned flow coefficient. The pressure drop in the MCOP is mainly generated near the orifice plate, and the pressure upstream of the orifice plate is slightly reduced in the flow direction, while the pressure downstream of the orifice plate displays a recovery trend. The choked flow rate of the MCOP can be adjusted by replacing the spring with a maximum flow control deviation of 4.91%.
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1  Introduction

In the fields of aerospace [1], petroleum engineering [2], cryogenic refrigeration [3], and nuclear energy utilization [4], choked flow is widely used for flow control. Under a certain inlet pressure, the mass flow rate through the throttle device will reach the maximum value when the downstream pressure decreases to a critical value. In such conditions, the mass flow rate were not increase even if the downstream pressure decrease further. The flow under these conditions is called choked flow [5]. Choked flow is often used in systems and processes that need to maintain a constant fluid flow but have pressure fluctuations to achieve rapid, stable, and precise flow control and regulation [6].

For compressible fluids, when the flow reaches the sonic speed at the throat of the nozzles, the flow will be choked because the propagation speed of the downstream pressure wave is also the sonic speed, which cannot affect the upstream pressure [7]. While for incompressible liquids, before the flow reaches its sonic speed, the pressure near the throat is reduced to the vaporization pressure, and the bubbles generated by the vaporization of the liquid block the propagation of the downstream pressure fluctuation to the upstream [8], resulting in the choked flow [9]. However, due to the increase of pressure in the diffusion section of the nozzle, the bubble generated bursts quickly and cause oscillation and noise and cavitation, which affects the safety or normal operation of the equipment [10]. Furthermore, because the vaporization pressure is usually low, reducing the pressure to the vaporization pressure in order to achieve a choked flow will generate an large pressure loss [11]. These problems limit the application of liquid choked flow devices based on vaporization. To solve this problem, the author proposed a new method to realize choked flow by mechanical choked devices, such as mechanical choked orifice plate (MCOP) [12] and mechanical choked venturi nozzle (MCVN) [13], which expands the application of choked flow.

The MCOP does not require the flow rate to reach the sound speed, nor does it need the liquid pressure to be reduced to the vaporization pressure, that is, it can achieve the choked flow under the “subcritical” flow condition, with low flow rate, low resistance loss, no noise and vibration. As a new type of choked flow control method for incompressible fluid, the MCOP has attracted increasingly attention [14,15]. In-depth study of the internal flow field characteristics and flow control characteristics of the MCOP has important value for its application in engineering. However, in the previous research work [12], the flow characteristics of the MCOP were mainly studied using numerical simulation methods. During the numerical simulation, many actual interference factors are ignored, such as the effect of the pipe wall roughness, the vibration caused by the pump vibration, and the influence of gravity, which may cause the simulation results to be somewhat different from the actual situation. Aim at this problem, in this paper, further research on the flow characteristics of the MCOP was conducted by experiments to provide more reliable theoretical guidance for its application in engineering.

2  Structure and Operating Principle of the MCOP

Fig. 1 shows the three-dimensional model and experimental MCOP photos. The MCOP mainly consists of orifice plate, float, spring, guide rod, and tripod brackets. The float can slide on the guide rod. A high-precision linear spring is connected to the downstream side of the float, whose other side is fixed to the downstream tripod brackets. Both sides of the guide rod are fixed on the upstream and downstream tripod brackets, which are keeping the same axis with the orifice plate, to ensure the symmetry of the annular channel during the float movement.
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Figure 1: The structure of the MCOP

The shape of the float is designed according to the method recommended in reference [12]. When the downstream pressure decreases, the pressure difference between the two ends of the float increases, causing the float to move downstream. At this time, the spring is compressed, the area of the annular flow channel between the float and the orifice plate is reduced, preventing the flow from increasing and maintaining a constant flow. Conversely, when the downstream pressure increases, the pressure difference between the two ends of the float decreases, the float moves upstream, the spring is stretched, increasing the area of the annular channel and reducing the degree of throttling of the fluid to maintain the flow rate constant. In this way, a choked flow is achieved. For the convenience of comparison, the structure size of the MCOP processed and studied in this paper is the same as the structure in Zhang et al. [12], with the orifice plate inner diameter of 18 mm, the guide rod diameter of 2 mm and the pipe inner diameter of 25.4 mm. The distance between the movable orifice plate and the inlet boundary is 40 mm.

3  Flow Loop and Experimental Method

The schematic diagram of the experimental flow loop is shown in Fig. 2a. In the experiment, water was used as the experimental flow medium, and was pumped into a stabilized water tank with a height of 3 m from the water tank. The water from the stabilized water tank was divided into two parts. One part is used as a bypass to facilitate the replacement of the test section, and can also be used to adjust the fluid flow and upstream pressure of the test section when necessary; the other part is used as the working medium in the horizontal pipeline to the test section. The water pump was regulated by an ABB inverter. Regulating valves are provided upstream and downstream of the MCOP to regulate the flow rate and outlet pressure, respectively. The water flow rate was measured by a Micro Motion Coriolis mass flowmeter, which has a measurement range of 0–1 kg·s-1 with a full-scale accuracy of 0.5%. All the experiments were performed under atmospheric pressure and at room temperature. The differential pressure was measured by differential pressure sensors made by the Yokagawa Company with a maximum full-scale reading of 150 kPa and a full-scale accuracy of 0.1%. The measurement range of the differential pressure sensors is adjustable according to the order of the differential pressure magnitude to ensure the accuracy of the measurements. The signals of the differential pressure and flow rate were converted to 4–20 mA current signal, which is collected, processed and analyzed by a computer.

Fig. 2b is a photograph of the test section after connecting the MCOP to the experimental loop. To facilitate observation, the test section line was made from transparent Perspex with an inner diameter of 25.4 mm. There are straight sections of length 1.77 m and 1.6 m upstream and downstream of the MCOP to ensure the full development of the flow. Through experiments, the flow coefficient of the annular orifice, the pressure distribution in the MCOP, and the choked flow adjustment characteristics of the MCOP are studied.
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Figure 2: MCOP experimental system (a) Flow loop (b) The test section

3.1 Experiments on Flow Coefficient of Annular Orifice

The MCOP achieves flow control by adaptively changing the area of the annular flow channel between the orifice plate and the float. The annular flow channel converges the fluid in the pipe wall and the center of the pipe between them, which is different from the flow in the standard orifice plate flowmeter that suddenly shrinks the fluid to the center of the pipe [16], or the flow in the V-cone flowmeter that converges the fluid to the wall of the pipe [17]. Therefore, further research is needed on the flow coefficient of the annular orifice in the MCOP.

In order to accurately determine the influence of different factors on the flow coefficient of the annular orifice, a series of cylindrical rods with different diameters and cones with different cone angles were used to replace the float of the MCOP. The diameter of the cylindrical rods D2 range from 4.015 mm to 16.974 mm, and the cone angles ranges from 0° to 15°. The influence of rod diameter, concentricity, thickness of orifice plate, cone angle and flow rate on flow coefficient were studied.

3.2 Experiments on Pressure Distribution in the MCOP

To measure the pressure distribution in the MCOP, four pressure measurement points of ①③⑤⑦ were arranged at the pipe wall upstream of the orifice plate, and at the same time, another four pressure measurement points of ②④⑥⑧ were arranged the orifice plate. The arrangement of pressure measuring points is shown in Fig. 3. The abscissa used in the figure is established along the wall of the pipe with the direction from downstream to upstream.
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Figure 3: Pressure measurement points layout

4  Experimental Results and Analysis

4.1 Annular Orifice Flow Coefficient

Fig. 4 shows the variation of the flow coefficient with the pipe Reynolds number RD under different cylindrical rod diameters. The pipe Reynolds number ReD is defined as:
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where, Q is the mass flow rate, kg·s-1; D0 is the pipe inner diameter, m; μ is the dynamic viscosity of water, kg·m-1·s-1.

The flow coefficient α is given by
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where ΔP is the differential pressure between the inlet and the outlet, Pa; [image: images] is the density of water, kg·m-3 and A is the flow area between the orifice plate and the float, m2.

It can be seen from Fig. 4 that the flow coefficient gradually decreases with the increase of the Reynolds number at the beginning. This is because the larger the Reynolds number, the stronger the inertia of the fluid and the stronger the contraction of the stream downstream of the annular hole, resulting in the flow coefficient drops. When the Reynolds number increases to a certain value, the flow coefficient tends to be constant. This is because as the Reynolds number increases, the flow gradually reaches a stable turbulent state, the range of viscosity affected by the fluid is small, and the separation point of the boundary layer is fixed, so the flow coefficient is also stable. It can also be seen from the figure that the flow coefficient gradually increases as the diameter of the cylindrical rod increases. This is mainly because the larger the diameter of the cylinder, the greater the pressure drop at the same flow rate, and the lower the pressure after orifice plate throttling, which makes the stronger the drainage effect on the fluid. Moreover, the larger the diameter of the cylindrical rod, the faster the flow coefficient decreases with the Reynolds number increases, and the smaller the Reynolds number when the flow coefficient reaches a constant.

[image: images]

Figure 4: The variation of the flow coefficient with RD under different cylindrical rod diameters

To study the effect of the thickness of the orifice plate l on the flow coefficient of the annular orifice, a series of orifice plates with different thickness ranges from 2 to 7 mm were tested, with the diameter of the cylindrical rod D2 = 14.101 mm and the flow rate Q was fixed at 0.4 kg·s-1. The relationship between the flow coefficient and the thickness of the orifice plate is shown in Fig. 5. It can be seen from the figure that as the thickness of the orifice plate increases, the flow coefficient also increases. This is because, as the thickness of the orifice plate increases, the flow channel between the orifice plate and the cylindrical rod has a compulsory convergence and collection effect on the water flow, which is beneficial to the elimination of the vortex and makes the flow coefficient larger.
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Figure 5: The influence of the thickness of the orifice plate on the flow coefficient of annular orifice

The radial distance between the axis of the cylindrical rod and the axis of the orifice plate is defined as the eccentricity δ. Through the design and control of the tripod brackets at both ends, three different eccentricities were achieved, namely, 0.5 mm, 1.5 mm, and 2.5 mm. Fig. 6 shows the change law of the flow coefficient α with the eccentricity δ, with the diameter of the cylindrical rod D2 = 14.101 mm and the orifice plate thickness l = 2 mm. It can be seen from the figure that the eccentricity has a greater influence on the flow coefficient of the annular orifice. As the eccentricity increases, the flow coefficient gradually decreases, which is caused by the destruction of the flow symmetry. Therefore, in order to obtain stable flow control results, the tripod bracket in the MCOP should accurately position the float at the center of the pipeline to ensure good axis symmetry.
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Figure 6: Influence of eccentricity on flow coefficient of annular orifice

As shown in Fig. 7, the influence of taper on flow coefficient was studied by using a cone instead of float in MCOP. During the experiment, the position of the cone was fixed, so that the plane of the upstream end face of the orifice plate was exactly in the middle of the cone, and the diameter of the cone cross-section circle D3 = 14.000 mm. Fig. 8 shows the change law of the flow coefficient with the Reynolds number under different cone angles. It can be seen from the figure that the change of the flow coefficient with cone inserted also decreases first and then gradually becomes constant with the Reynolds number increases, and the discharge coefficient gradually decreases as the cone angles increases.
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Figure 7: Schematic diagram of cone tested
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Figure 8: The change law of the flow coefficient with the Reynolds number under different cone angles

Through the study of the flow coefficient of the annular orifice, it is proved that the flow coefficient of the MCOP is not a constant, but is affected by many factors, including the flow state and physical structure. Therefore, in determining the final structure of the float, the flow coefficient must be accurately determined.

4.2 Pressure Distribution in the MCOP

Fig. 9 shows the pressure distribution on the pipe wall when the float is in different positions. It can be seen from the figure that as the pressure difference between upstream and downstream increases, the float gradually moves downstream. The main pressure drop occurs near the orifice plate, but the pressure distribution is not uniform in the upstream and downstream areas of the orifice plate. The pressure upstream of the orifice plate slightly decreased in the direction of flow, while the pressure downstream of the orifice plate gradually recovered in the direction of flow. This shows that the effect of pressure distribution must be considered to determine the precise structure of the float. For example, in the design of the float profile in our previous work [11], we simplified the pressure of the fluid on the float to the differential pressure between the downstream of the orifice plate multiplied by the cross-sectional area of the float. However, considering that the pressure distribution is not uniform, in order to accurately determine the shape of the float, the pressure on the float should be calculated in the form of the integral pressure on the surface of the float or measured at multiple points and averaged.
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Figure 9: Pressure distribution in the MCOP

4.3 Choked Flow Characteristics of the MCOP

It can be seen from the above researches, a MCOP structure can only correspond to one choked flow rate. If it is necessary to change the choked flow rate, one method is to replace the float, another way is to replace springs with different strength. From the derivation process of the float line equation [11], when springs with different elastic coefficients are selected, the choked flow rate and the range of working differential pressure will change correspondingly. But theoretically, it should have little influence on the control accuracy of flow rate. In our study, the designed minimum working differential pressure ΔPmin = 6 kPa and the designed choked flow rate Q = 0.4 kg·s-1. For example, when the strength of spring from k to k' (assume that k' = tk), the minimum working differential pressure ΔPmin into ΔPmin':
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Within the range of working differential pressure, the corresponding choked flow Q will be changed to Q' :

[image: images]

In order to verify the above theoretical analysis results, the linear spring applied in the previous experiment was replaced, and the spring strength changed from k = 604 N·m-1 to k' = 1635 N·m-1. At t = 2.7, according to Formulas (2) and (3), the minimum working differential pressure should be ΔPmin' = 16.2 kPa, and the corresponding choked flow rate should be Q' = 0.6573 kg·s-1.The choked flow characteristic curve after replacing the spring is shown in Fig. 10. As can be seen from the figure, when the differential pressure is between 16.2~106.8 kPa, the flow rate through the MCOP varies between 0.6463~0.6896 kg·s-1. The flow rate is not constant near the differential pressure of 16.2 kPa may be due to the poor linearity of the spring or the inconsistent flow coefficients before and after the spring replaced. Compared with the choked flow rate calculated according to Formula (3), the maximum deviation of the adjusting flow rate by changing the spring is 4.91%.

[image: images]

Figure 10: Choked flow characteristics of the MCOP after spring replacement

5  Conclusion

In this paper, the flow characteristics of the MCOP, including the annular orifice flow coefficient, the pressure distribution in the MCOP, and the adjustment characteristics are experimentally studied and analyzed. The main conclusions are as follows:

(1) The flow coefficient of the annular orifice is affected by many factors, including the flow rate, thickness of the orifice plate, float profile angle, float diameter and float eccentricity.

(2) The main pressure drop of MCOP occurs near the orifice plate, and both upstream and downstream of the orifice plate, the pressure changes in the flow direction.

(3) Choosing springs with different strengths can change the choked flow rate and the working pressure differential.
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