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Abstract

:

An interceptor is an appendage widely used for high-speed planing boats to reduce resistance and modify hull attitude by the lift force-induced, but the relationship between the induced lift force and the factors affecting it are still not clear, especially for the vessels other than the planing hull. In this paper, a model test of a series of models is performed to investigate the lift force induced by an interceptor and the influence of the affecting factors systematically. The lift forces induced by the interceptor are tested in the conditions of different velocities, interceptor heights, angles, and drafts in the towing tank. The effects of each factor and the coupled effects are analyzed. It is found by the experimental results that the lift coefficient of the induce lift force in the present investigation is approximately proportional to the square of the non-dimensional velocity and interceptor height, but the effect of the interceptor height is of a limited extent. The influence of angle and draft on the lift force induced by the interceptor cannot be ignored in the present study. The induced lift force is decreased when the angle of the plate is reduced and is enhanced when the draft is increased.
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1. Introduction


A small structure that is perpendicular to the flow direction is considered a powerful appendage modifying the flow field, such as the wing flap of the plane and the interceptor of the ship. An interceptor is a thin plate mounted on the stern and generally perpendicular to the water line, which is recommended to improve the hydrodynamic performance and navigation attitude easily, economically, and in an environmentally friendly way. There are also some additional functions of the interceptor. Zeselezcky et al. [1,2] proposed that an interceptor plays an important role in increasing lift force, decreasing resistance, and improving the propulsion efficiency of warships. Interceptors have also been widely used in recent years for high-speed crafts in ride and trim control [3]. Karimi et al. [4] demonstrated that the heave, pitch motion, and vertical acceleration can be reduced by an interceptor through model tests on the performance of high-speed catamaran planing boats in calm water and waves. As pointed out by Park et al. [5], the pitch motion is reduced by up to 41.3% in the regular wave and 32.4% in the irregular wave by a controllable interceptor system. Even the porpoising motion of high-speed crafts can be mitigated obviously by the interceptor [6]. In addition, interceptors can be used to harness hydro-energy at the wash of fast boats [7].



Due to the outstanding advantages of the interceptor, there have been many studies of it since its function was found by researchers and more and more attention is paid to exploring the mechanism of the influence. Ghassemi et al. [8] conducted a model test on a yacht with the interceptor, finding that high pressure is induced in the region between the interceptor and the bottom, and the wetted surface and resistance is reduced by the interceptor. In 2017, Mansoori et al. [9,10,11] investigated the flow field around the interceptor in the conditions of different heights by model tests and CFD and found that a remarkable pressure gradient is induced by the interceptor and the resistance of the hull is therefore reduced. The investigation of Guo et al. [12] demonstrated that the wake flow and navigation attitude of the hull is changed by the interceptor, and the wave resistance and the wetted surface, as well as the frictional resistance, is reduced. In the study of Zhu et al. [13], it is indicated that the splashing resistance on both sides of the hull and the residual resistance were reduced for the improved pressure distribution, and navigation attitude and virtual length were modified by the interceptor, which is consistent with the conclusions obtained by Song et al. [14] The investigation on the planing boat performed by Shen et al. [15] indicated that the trim angle is reduced because of the variation of the pressure distribution caused by the interceptor. Then, Seok et al. [16] conducted research on the effect of the interceptor on the pressure distribution. By the experiment of the high-speed displacement ship conducted in the towing tank, Pacuraru et al. [17] found that the resistance can be reduced by up to 14% by the interceptor in the condition of high Froude numbers. In addition, in order to analyze the effect caused by the interceptor, new technologies have been applied to discover the details of the flow field. Pressure reconstruction technology using three-dimensional scanning PIV is adopted in Jacobi’s research [18], which is based on the time-averaged velocity field measurement in the experiment. The effect of the interceptor’s height on the pressure distribution at the center plane of the model is discussed. Song et al. [19] used SPIV and RANS to investigate the influence of the interceptor on the inlet velocity distribution of water-jet propulsion. It is shown by the results that the resistance and the momentum are reduced by 6.06% and 2.1% on average.



The efficiency of the interceptor is influenced by many factors, including those of the interceptor and the hull. The height of the interceptor is an important factor as pointed out by Ghassemi et al. [8], and it has a close relationship with speed. This conclusion is confirmed by Mansoori et al. [9,10,11]; however, in Mansoori’s investigation, the length of the hull and the thickness of the boundary layer should be taken into account. To get a better design of the interceptor for the trim optimization and minimum resistance of the planning boat, Mansoori et al. investigated the major geometric parameters (height and width) of interceptors. The same conclusions are obtained by Shen et al. [15], namely, that an appropriate height of the interceptor is helpful in obviously reducing the resistance of the planing boat and increasing motion stability. Seok et al. [16] performed a detailed investigation. In their study, it is found that the pressure on the bottom of the hull is increased in proportion to the speed and the height of the interceptor for the blocking effect of the interceptor. Suneela et al. [20] considered that the height of the interceptor plays an important role in the vessel’s performance. The location of the interceptor is also one of the important factors. It is pointed out by the model test performed by Karimi et al. [3] that ship resistance and motion is obviously reduced by an interceptor that is located at the stern and midship, and the maximum drag reduction for a mono-hull vessel and catamaran reaches 15% and 12%, respectively. The related studies [21] on the influence of hull parameters are very limited. It is indicated by Sverre [22] that the effect of the draft and deadrise angles on the resistance and lift force of the traditional planing boat with an interceptor is negligible. Based on that conclusion, an approximate formula is given to estimate the induced lift of the interceptor for the first time. However, it is a function of hull breadth and interceptor height, which ignores speed and other hull factors. Moreover, Steen’s conclusion is aimed at the planing boat in the condition of free motion. The lift force induced by the interceptor cannot be obtained exactly for the changing attitude of the hull. Meanwhile, it is unknown whether this formula is suitable for the other types of ships. Srikanth et al. [23] conducted a model test of a prismatic planing boat with a deadrise angle of 20° considering the effect of different interceptor heights, draft, and the center of gravity. Finally, a dimensionless equation of the longitudinal moment was concluded by the results of the model test and the SIT method [24] to evaluate the performance of planing boat in the conditions with or without the interceptor. It is demonstrated by the experimental results that the resistance of the model cannot be reduced by the interceptor, even in the condition of high speed. Luca et al. [25] derived a new conclusion by the investigation that the resistance reduction caused by the interceptor has a close relationship with the deadrise angle, which is different from the one obtained by Sverre [22].



It can be found in the literature review that the principle of the effect caused by the interceptor on planing boats is caused by the high pressure induced by the interceptor. However, although the mechanism is unveiled by the previous achievements, the application of the interceptor on the other types of vessels is still needed to be investigated. The investigation performed by Mansoori et al. [26] is constructive because a general rule of the effect caused by the interceptor was obtained by adopting a 2-D flat plate rather than a specific hull form. Both numerical simulation and model tests were conducted to study the flow field around the plate with the interceptor, then the flow field details were given to estimate the lift force induced by the interceptor. In the study, the plate was perpendicular to the free surface, which was easy to conduct and observe. However, a problem is also caused by this approach, namely, the flow field is changed with draft and influenced by the wave generated on the free surface.



It is shown in the literature survey that the lift force induced by the interceptor is known as the reason for resistance reduction and hull attitude optimization for planing boats. Meanwhile, the relationship between the induced lift force and some factors remains unknown even for planing boats. The relationships that take the influence of the hull form into account are important for the design of the interceptor. A well-designed interceptor is good at improving the speed and attitude of the hull. Compared to the planing boat, mon-hull high-speed vessels are much more thirsty for the well-designed interceptor. In this paper, considering the research gap of the above investigation, three modified models are designed for the model test to investigate the effect of the interceptor. These models consist of plates with different angles and waterproof plates which are perpendicular to the free surface. The flow field around the plates with the interceptor is not influenced by the waves on the free surface because they are submerged deep from the free surface, and no lift force is induced by the waterproof plate for it is perpendicular to the free surface. Systematic model tests are carried out in the present study investigating the lift force induced by the interceptor and the factors that influence it. The effect of the factors, such as the height of the interceptor, speed, angle of the plate, draft, and the coupled effects of them are analyzed in detail. The results of the experiments performed will provide support to the physics of the lift force induced by the interceptor as well as provide experimental data for the validation of numerical models. This paper is organized as follows: In Section 2 and Section 3, the test model and experimental setup are described in detail. Section 4 presents the results and analysis of the effect of the factors. In Section 4.1, the velocity, as the primary factor affecting the lift induced by the interceptor, is analyzed firstly, and the influence of velocity on the lift force induced by the interceptor and the change rate of lift force under the same height of the interceptor is studied. In Section 4.2, the interceptor heights affecting the lift force are further studied in two different perspectives under the same velocity. In Section 4.3 and 4.4, the difference of different angles and drafts affecting the lift force induced by the interceptor is analyzed in two ways, respectively. With the increase of angle or draft, lift coefficients show a decreasing trend but show a contrary trend on the change rate of lift coefficients. So, the coupling effects of the angle and draft are studied. Section 5 provides a summary of this study.




2. Test Model


In this study, in order to investigate the general relationship between the lift force induced by the interceptor and some factors, three plates (including a flat plate and two V-type plates) are adopted. To eliminate the influence of the free surface, the plates are located underwater. The waterproof plate which is perpendicular to the free surface is connected to the plate at its edge to keep the devices away from water. Besides, the entrance of the test model is geometrically smoothed in order to mitigate the disturbance on the free surface, which makes the models look like ships. The length of the models on the free surface is 3.0 m, which will minimize the influence of the entrance on the interceptor. The parameters of models, the height of the interceptor, the draft, and the velocity adopted in the test are shown in Table 1. The three models are shown in Figure 1. The 3D view of the test models is demonstrated in Figure 1a, and the lines plan is shown in Figure 1b. The detailed design of the interceptors is shown in Figure 1c, and the location of the interceptors is demonstrated in Figure 1d.



Where α is the angle of the V-type plate, h is the height of the interceptor, and T is draft. It is important to note that when the angle of the V-type plate is 180°, it is a flat plate. Draft T is defined as the vertical distance between the side edge of the bottom and the free surface, which is 5.0 and 10.0 cm in the present study. The interceptor is fixed at the end of the bottom, the width of which is inconsistent with the model’s width, extending outwardly and perpendicular to the free surface. The distance that the interceptor extends from the plate is defined as the height of the interceptor h. Considering the previous investigation performed by the researchers mentioned above, especially Mansoori, the heights of the interceptor used in the present test are 7.0, 10.0, and 15.0 mm, and the ratio of the interceptor height to the beam is about 1.9%, 2.7%, and 4.0%, respectively. The experiments of the models mentioned above are carried out, and the relationship between the lift force induced by the interceptor and the factors are investigated, as well as the coupling effects of angle and draft.




3. Experimental Setup


3.1. Facility


The experiment was conducted in the towing tank of Harbin Engineering University. The length, width, and depth of the towing tank are 108 m × 7 m × 3.5 m. The carriage is controlled by a microcomputer, the stable range of the towing speed is 0.100–6.500 m/s, and the speeds adopted in the present test are 1.0, 1.5, 2.0, 2.5, and 3.0 m/s, the Fr numbers of which are about 0.184, 0.277, 0.369, 0.461, and 0.553, respectively. The force transducer used in this test is a three-component sensor. The scales used in the longitudinal, transverse, and vertical ranges are 60 kg, 60 kg, and 120 kg, respectively. The corresponding measurement accuracy is not greater than 0.1% full scale, and the 16-channel data acquisition device was used for data collection. The collection frequency is 40 Hz.




3.2. Lift Force Induced Experimental Measurement Scheme


Karimi et al. [4] found that the reason that the hull resistance could be reduced by the interceptor was the lift force induced by it. When the lift force is induced, the hull rises, and the wetted surface is reduced. Meanwhile, the wake flow is optimized, and the hull attitude is changed by the lift force. This point of view is accepted by all the researchers and the mechanism is illustrated in Figure 2.



It is indicated that if the lift force induced in each condition can be obtained and the variation of the wetted surface and trimming moment can be estimated, then the resistance and the trim could be calculated primarily. Therefore, the root of the problem is the induced lift force. An illustration of the method is shown in Figure 3. In order to obtain the rules between the induced lift force and the factors affecting it, the Dof fixed model test must be adopted. When the velocity of the test model with the interceptor is U = U0, the gravity G is not changed, the buoyancy B is not varied for the displacement or change in the condition of the captive model test, and the variation of the resultant force in the vertical direction ΔF is the force induced by interceptor L under the Dof fixed test scheme. If the model test is performed by a Dof free model when the sinkage or trim is changed, the lift force induce is balanced by the gravity, and the gravity G equals the sum of the lift force L1 and buoyancy B1 (G = B1 + L1). The gravity of the model is not changed whether in the captive model test or free model test, so the resultant force in the vertical direction is 0 in the Dof-free model test. It can be found in the literature review that almost all the experiments investigating the influence of interceptors were conducted in the condition of free motion in trimming and sinkage. The advantage of this approach is that the effect caused by the interceptor on hull attitude and resistance can be obtained directly. However, for the investigation of the lift force in the present study, this approach is not acceptable because the induced force will be mitigated by the variation of the hull attitude. In addition, there is a remarkable difference in the hull attitude between the conditions of static and sailing. It is unreasonable to consider the impact of the interceptor as a function of the initial state. Considering the problems above, a series of 6-DOF restrained model tests are adopted in the present study. The vertical resultant force in the condition of static, which includes the buoyancy and weight of the model, is obtained before each test. The vertical resultant force in the condition of sailing, which includes buoyancy, the weight of the model, and the hydrodynamic force induced by the interceptor, is obtained again in the test correspondingly. Therefore, the difference between them is the lift force induced by the interceptor in the corresponding condition.




3.3. Detailed Setup of Towing Tank Test


The experimental setup is described in detail as follows: The front view of the experimental setup in the towing tank is demonstrated in Figure 4a, and the side view of the experimental setup in the towing tank is shown in Figure 4b. The close-up of the schematic diagram is demonstrated in Figure 4c, and the photograph of towing test carried out is shown in Figure 4d. The force transducer is shown in Figure 4e, and the wake flow caused by the interceptor is demonstrated in Figure 4f. In the experiment, the model is connected to the force transducer directly, which is fixed at the intersection of the longitudinal section, the middle section, and the free surface. The force transducer is connected to the carriage by a center post. Guidance is used to restrain the yaw and sway motion of the model.



The scheme used in the present model test to analyze the effect of the interceptor and the influence of the factors on the effect of the interceptor is shown in Figure 5. Model 1, the angle of which is 180°, is tested in the conditions of 5.0 cm draft and different interceptors, at first, in order to obtain the basic law of the effect caused by the velocity and the height of the interceptor. Then, Model 2, which is formed by reducing the angle to 160° while keeping the constant draft of Model 1, is tested. The effect of the angle can be obtained by comparing the results of Model 1 and Model 2 in the condition of the constant draft. After that, the model test is performed in the condition that the draft of Model 2 is increased while keeping it at a constant angle. The effect of the draft can be obtained by the comparison of the test data of Model 2 in different drafts. Lastly, Model 3 is formed by reducing the angle of Model 2 from 160° to 140°. The coupling effect of the angle and draft is obtained by the comparison of the test data of Model 1 and Model 2 in different drafts, Model 2 and Model 3 in different drafts, as well as Model 1 and Model 3 in different drafts. Photographs of phenomena under typical working conditions are shown in Figure 6. The velocity of the ship and the height of the interceptor usually have a direct effect on the virtual length of the ship and the range of the rooster tail. It can be seen from Figure 6 that, as the speed increases, the virtual length of the stern increases, and the spread angle of the rooster tail on the horizontal plane decreases. As the height of the interceptor increases, the virtual length of the ship increases, and the spread angle of the rooster tail in the horizontal plane decreases, and under the same conditions, it is more pronounced under high-speed conditions.




3.4. The Main Sources of Uncertainty in the Towing Tank Test


A detailed analysis of the uncertainty of the towing tank test is a professional research topic. The focus of this article is to study the lift force induced by the interceptor and its influencing factors. It is difficult to add a very detailed test uncertainty analysis in the limited space of this article. In order to show the experimental setup and results more rigorously, the main sources of uncertainty in the towing tank test are described accordingly:




	(1)

	
The error of the towing tank equipment condition: The stability and accuracy of the speed of the towing carriage in the towing tank is a very important factor. The maximum speed of the towing carriage is 6.5 m/s, and its global speed control tolerance is within 0.3% in this study;




	(2)

	
The error of the ship model design and processing: The ship models used in this study are made of glass fiber reinforced plastic, and the surface of the hull is clean and smooth. When the model processing is completed, the processing accuracy of the model is checked using the model inspection platform. The error of the model length is less than 1.0 mm, and the error of half-width below the design waterline is less than 0.5mm, which meets the relevant requirements;




	(3)

	
The error of the setup of the towing test of the lift force induced by the interceptor: (a) For model connection and installation: The ship model is connected with the center post of the motion measuring device through a connecting flange. After the model is connected, a line laser will be used for collimation correction, so the longitudinal centerline of the motion measuring device is in the same vertical plane as the centerline of the ship model. The error caused by the connection and installation is very small and can be ignored; (b) For the measurement system: The induced lift measurement system is calibrated before this experiment. Furthermore, the calibration is performed by using a standard weight as the assumed lift force induced by the interceptor and recording the output value of the force sensor. The force transducer used in this test is a three-component sensor, the scales used in the longitudinal, transverse, and vertical ranges of 60 kg, 60 kg, and 120 kg, respectively, the corresponding measurement accuracy is not greater than 0.1% full scale; (c) For the measured external environment: the change of water temperature in the towing tank directly affects the viscous force and Reynolds number of the ship model. Our test is completed in the same time period, and the temperature is collected multiple times during the test every day. The temperature difference of the test under different working conditions is within 0.1 degrees;




	(4)

	
The error of the test result analysis and conversion method: The measurement results in this article are comparatively analyzed at the model scale, without real-scale extrapolation based on any assumptions. The data under different working conditions use the same conversion method, so the error in this part can be ignored.









In addition, for the uncertainty of the towing test of the towing tank in Harbin Engineering University, Zhou [27] had carried out a very detailed uncertainty analysis, and the results of the towing tank in Harbin Engineering University are also compared with the report of China Ship Scientific Research Centre (CSSRC), Marine Design and Research Institute of China (MARIC), and Shanghai Ship and Shipping Research Institute (SSSRI), and the measurement results agree well.





4. Results and Analysis on the Effect of Factors


It is indicated by the investigation performed by Mansoori et al. that the lift force induced by the interceptor is the primary reason for resistance reduction, so a series of model tests are used to investigate the variation of lift force in different conditions, ignoring the resistance. The effects of the interceptor, velocity, angle, draft, as well as the coupling effect of angle and draft, are analyzed based on the test data. Because the experimental conditions are limited and the details of the flow field, such as the pressure distribution on the plate and vortex shedding cannot be obtained in the test, more details can be found in the previous investigations based on CFD [28].



4.1. Effect of Velocity


Velocity is considered the primary factor affecting the lift induced by the interceptor. The speeds adopted in the model test are 1.0, 1.5, 2.0, 2.5, and 3.0 m/s, namely, Fr = 0.184, 0.277, 0.369, 0.461, and 0.553. Where   F r =  V /    g L      , V is the test velocity, g is the gravitational acceleration, and L is the longitudinal length of the plate. The heights of the interceptor h are 0, 7.0, 10.0, and 15.0 mm, which are about 0, 1.9%, 2.7%, and 4.0% B, where B is the width of the plate.



The coefficient of the lift force is calculated by Equation (1), and the coefficients of lift force in different conditions are compared in Figure 5.


  C l =  L  0.5 ρ  V 2  S   ×   10  3   



(1)




where Cl is the lift coefficient, L is the lift force obtained in the corresponding condition, which is the resultant force of buoyancy, the weight of the model, and hydrodynamic force in the vertical direction. The lift force Fl is 0 when the speed of the model equals 0. ρ is the fluid density, V is the speed of the model, and S is the projected area of the plates on the free surface, which is about 1.068 m2 for the three models.



As it is shown in Figure 7, the coefficient of the lift force is negative because the resultant force of buoyancy, weight of the model, and hydrodynamic force in the vertical direction are 0 in the condition that the speed of the model equals 0, and the pressure acting on the plate is decreased based on the Bernoulli equation when the speed is larger than 0 and the attitude of the model is restrained, which means the resultant force of buoyancy and hydrodynamic force is less than the weight of the model. It is shown in Figure 5, that, for the plates with different interceptor heights, when the Fr is less than about 0.277, the coefficient of the lift force is decreased with the velocity. When the Fr is larger than about 0.277, the coefficient of the lift force is increased with the velocity in a positive correlation and the same tendency at different interceptor heights. The transition of the curves is caused by the change of dominant position of bottom pressure, namely transforming from static pressure to hydrodynamic pressure. Besides this, all curves exhibit the same trend, so it is reasonable to consider that Fr ≈ 0.277 is a turning point of bottom pressure. It is indicated by the results that velocity is a key factor dominating the coefficient of lift force. The lift coefficient is changed with the velocity in the same way for the plates with different interceptor heights. Taking the results in the entire velocity extent adopted in the model test into account, the lift coefficient is proportional to the square of Fr, approximately.



In order to analyze the variation of the lift at each velocity, a factor Rv is defined as follow:


   R  v ( i )   =   C  l  v ( i + 1 )   − C  l  v ( i )      |  C  l  v ( i )    |     



(2)




where Clv(i) is the lift coefficient of the current speed, Clv(i+1) is the lift coefficient of the next speed, and the factor Rv indicates the change rate of lift coefficient caused by velocity. The Fr adopted are 0.184, 0.277, 0.369, and 0.461, and the factor Rv in different conditions are compared in Figure 6.



It is shown in Figure 8 that there is a nonlinear relationship between the change rate of lift coefficient and non-dimensional velocity, the lift coefficient is increased with the velocity when the Fr > 0.184, and the change rates are varied from speed to speed, which means the contribution of velocity is nonlinear. The change rates in the conditions of different interceptors possess the same tendency and little difference, which suggests that the influence of velocity is greater than that of the interceptor. Further, the change rate is affected by the interceptor at each velocity, and the influence is proportional to the height of the interceptor, but there is a limited extent of the interceptor height beyond which has little affection. Further discussion will be conducted in Section 4.2.




4.2. Effect of Interceptor


It is found in Figure 7 that the lift coefficient is changed with the velocity in the same tendency in different conditions, but the discrepancy between the results at a certain velocity is different, which means the height of the interceptor is an important factor for the induced lift. Therefore, the relationship between the lift coefficient and the height of the interceptor in the conditions of different velocities is shown in Figure 9.



It is demonstrated in Figure 9 that the results in the conditions of different velocities possess the same tendency, and compared with the models without interceptor, the lift coefficient of the model is increased remarkably with the height when the height of the interceptor is not larger than 2.7% B. The lift coefficient is proportional to the h/B approximately, which denotes the effect of the interceptor. It is noted that the difference between the lift coefficient of the models with 2.7% B and 4.0% B high interceptor can be ignored. It is suggested by the comparison that the effect of the interceptor on lift force has arisen in a limited extent of its height, which is about 2.7% B (10 mm) in the present condition. Meanwhile, it should be noted that the results in the condition that Fr = 0.277 are less than the others, which denotes the nonlinear influence of speed.



In order to get a better understanding of the effect of the interceptor, a factor Rh is defined as follow:


   R  h ( i + 1 )   =   C  l  h ( i + 1 )   − C  l  h ( i )      |  C  l  h ( i )    |     



(3)




where Clh(i) is the lift coefficient in the condition of a certain interceptor, Clh(i+1) is the lift coefficient in the condition of a higher interceptor, and the factor Rh defines the change rate of the lift coefficient caused by the height of the interceptor. The heights of the interceptor adopted are 1.9% B, 2.7% B, and 4.0% B, and the factors of Rh in different conditions are compared in Figure 10.



It is shown in Figure 10 that the change rates of the lift coefficient can be considered into two different types. In the condition that Fr = 0.184, strong nonlinearity is observed, which means the effect of the interceptor is not remarkable. In the other conditions, curves have a similar tendency and weak nonlinearity, which suggests the influence of the interceptor is enhanced, especially at the condition of h < 2.7% B. The value of the last point of each curve is close to 0, which means the lift force is induced by the interceptor. The condition of h = 4.0% B has no obvious increase compared to h = 2.7% B. This phenomenon is consistent with Figure 9.



It is shown in Figure 8 that there is a nonlinear relationship between the change rate of the lift coefficient and non-dimensional velocity. The lift coefficient is increased with the velocity when the Fr > 0.184, and the change rates are varied from speed to speed, which means the contribution of velocity is nonlinear. The change rates in the conditions of different interceptors possess the same tendency and little difference, which suggests that the influence of velocity is greater than that of the interceptor. Further, the change rate is affected by the interceptor at each velocity, and the influence is proportional to the height of the interceptor, but there is a limited extent of interceptor height beyond which has little affection. Further discussion will be conducted in Section 4.2.




4.3. Effect of Angle


In the condition that the angle of the plate is decreased, which means the plate is not a flat plate anymore, the flow field around the interceptor will be influenced, and therefore the lift force induced will be changed. Reducing the angle from 180° to 160°, Model 2 is compared to investigate the effect of the angle. The lift coefficients obtained by Equation (1) in the condition of a 5.0 cm draft are shown in Figure 11. Where h is the height of the interceptor, B is the width of the plates. It should be noted that the breadth B of the three models is the same, and the projected length of the interceptors in the lateral direction of the hull is the same. It is found that the lift coefficients of Model 2 are larger than those of Model 1 in Figure 5 obviously in the same conditions, while the tendency of the results obtained by the two different models is similar. It is indicated that for the plate in the condition of a certain draft, the lift force induced by the interceptor is influenced by the angle of the plates, which is an important factor but is ignored in the previous research. Meanwhile, it should be noted that the lift coefficient of Model 2 is much more susceptible to the interceptor than Model 1 in the condition that Fr = 0.184. The effect of the interceptor on the lift coefficient is influenced by the angle of the plates, which is not in accordance with Sverre’s study [25] on planing boats.



In order to study the influence caused by the angle, the test data are analyzed in the way as follows:


   R α  =   Δ  L  α =   160  °      Δ  L  α = 18  0 °      =    L  α =   160  °  , T = 5.0 cm   −  L  0 , α =   160  °  , T = 5.0 cm      L  α =   180  °  , T = 5.0 cm   −  L  0 , α =   180  °  , T = 5.0 cm      



(4)




where Lα = 160°, T = 5.0 cm, and L0, α = 160°, T = 5.0 cm are the lift force of the plate whose angle α is 160° with and without interceptor, Lα = 180°, T = 5.0 cm, and L0, α = 180°, T = 5.0 cm are the lift force of the plate whose angle α is 180° with and without interceptor. ∆Lα = 160° and ∆Lα = 180° are the lift induced by the interceptor in the conditions that the angle of the model is 160° and 180°, respectively. Therefore, the factor Rα denotes the influence caused by the angle. The comparison of the results is shown in Figure 12.



It can be found in Figure 12 that the lift induced by the interceptor is decreased with the speed overall. When Fr is less than 0.277, the results are irregular because of the limited lift force at low velocity. When Fr is larger than 0.277, the factor Rα is decreased with velocity and less than 1. It is demonstrated that the effect of the interceptor is strongly impacted by the deadrise angle, which is in accordance with the conclusion obtained by Luca et al. [28]




4.4. Effect of Draft


The effect of draft on the lift force induced by the interceptor is rarely studied. Sverre [25] pointed out that the effect of draft and angle on the lift force is negligible for traditional planing boats. In order to validate the effect of draft on the lift force of a submerged plate with angle, the draft of Model 2 is changed from 5.0 cm to 10.0 cm, and the lift force of Model 2 with different interceptors obtained in the corresponding conditions are analyzed as follow:


   R T  =   Δ  L  T = 10.0 cm     Δ  L  T = 5.0 cm     =    L  α =   160  °  , T = 10.0 cm   −  L  0 , α =   160  °  , T = 10.0 cm      L  α =   160  °  , T = 5.0 cm   −  L  0 , α =   160  °  , T = 5.0 cm      



(5)




where Lα = 160°, T = 10.0 cm and L0, α = 160°, T = 10.0 cm are the lift force of the Model 2 with and without interceptor in the condition of 10.0 cm draft, Lα = 160°, T = 5.0 cm, and L0, α = 160°, T = 5.0 cm are the lift force of the model with and without interceptor in the condition of 5.0 cm draft. ∆LT = 10.0 cm and ∆LT = 5.0 cm are the lift force induced by the interceptor when the draft of the model is 10.0 cm and 5.0 cm, respectively. Therefore, the factor RT denotes the influence caused by the draft. The lift coefficients and the comparison of the results in each condition are shown in Figure 13, and the Fr number adopted is 0.184, 0.277, 0.369, 0.461, and 0.553.



It is shown in Figure 13a that the lift coefficients in the conditions of different drafts are changed in different ways. In both conditions, the lift coefficients are increased at Fr = 0.277, obviously from Fr = 0.277 to 0.369, and gradually when Fr > 0.369 in the condition of 5.0 cm draft. In the condition of 10.0 cm draft, the lift coefficient is increased gradually from Fr = 0.277 to 0.461 and rapidly when Fr > 0.461. It is demonstrated in Figure 13a that the lift coefficients in the condition of 10.0 cm draft are less than those in the condition of 5.0 cm, but it should be noted that the reduction of the lift coefficient does not suggest a reduction of the effect caused by the interceptor. The influence of the draft on the effect caused by the interceptor can be found in Figure 13b. Though the results in Figure 13b are irregular, an important conclusion that the factor ∆L T = 10.0 cm/∆L T = 5.0 cm is larger than 1 can be found directly, which means the effect of the interceptor is enhanced when the draft is increased.




4.5. Coupling Effect of Draft and Angle


It is found in the present research that the effect of the interceptor is weakened when the angle of the plate is decreased and is enhanced in the condition that the draft is increased. An issue regarding the coupling effect arises. In order to investigate the coupling effect of draft and angle, the lift force of the plates with different angles are compared in the conditions of different drafts. The drafts used are 5.0 cm and 10.0 cm, the angles adopted are 180°, 160°, and 140°. The coupling effect of draft and angle is defined as the factor Rα,T, and the factors in the different conditions are shown as follows.


   R  α , T , 1   =   Δ  L  α = 16  0 °  , T = 10.0 cm     Δ  L  α = 18  0 °  , T = 5.0 cm     =    L  α = 16  0 °  , T = 10.0 cm   −  L  0 , α = 16  0 °  , T = 10.0 cm      L  α = 18  0 °  , T = 5.0 cm   −  L  0 , α = 18  0 °  , T = 5.0 cm      



(6)






   R  α , T , 2   =   Δ  L  α = 14  0 °  , T = 10.0 cm     Δ  L  α = 16  0 °  , T = 5.0 cm     =    L  α = 14  0 °  , T = 10.0 cm   −  L  0 , α = 14  0 °  , T = 10.0 cm      L  α = 16  0 °  , T = 5.0 cm   −  L  0 , α = 16  0 °  , T = 5.0 cm      



(7)






   R  α , T , 3   =   Δ  L  α = 14  0 °  , T = 10.0 cm     Δ  L  α = 18  0 °  , T = 5.0 cm     =    L  α = 14  0 °  , T = 10.0 cm   −  L  0 , α = 14  0 °  , T = 10.0 cm      L  α = 18  0 °  , T = 5.0 cm   −  L  0 , α = 18  0 °  , T = 5.0 cm      



(8)




where Lα = 160°, T = 10.0 cm and L0, α = 160°, T = 10.0 cm are the lift force of the Model 2 with and without interceptor in the condition of 10.0 cm draft. Lα = 160°, T = 5.0 cm and L0, α = 160°, T = 5.0 cm are the lift force of the model with and without interceptor in the condition of 5.0 cm draft. ∆L T = 10.0 cm and ∆L T = 5.0 cm are the lift force induced by the interceptor when the draft of the model is 10.0 cm and 5.0 cm, respectively. Therefore, the factor RT denotes the influence caused by the draft. The lift coefficients and the comparison of the results in each condition are shown in Figure 10, and the Fr numbers adopted are 0.184, 0.277, 0.369, 0.461, and 0.553.



Where Lα = 160°, T = 10.0 cm, Lα = 180°, T = 5.0 cm, Lα = 140°, T = 10.0 cm, and Lα = 160°, T = 5.0 cm are the lift force of the test models with interceptor in the different conditions. L0, α = 160°, T = 10.0 cm, L0, α = 180°, T = 5.0 cm, L0, α = 140°, T = 10.0 cm, and L0, α = 160°, T = 5.0 cm are the lift forces of the test models without an interceptor. Therefore, ∆Lα = 160°, T = 10.0 cm, ∆Lα = 180°, T = 5.0 cm, ∆Lα = 140°, T = 10.0 cm, and ∆Lα = 160°, T = 5.0 cm are the lift forces induced by the interceptor in the corresponding conditions. The factors Rα,T,1 = ∆Lα = 160°, T = 10.0 cm/∆Lα = 180°, T = 5.0 cm, Rα,T,2 = ∆Lα = 140°, T = 10.0 cm/∆Lα = 160°, T = 5.0 cm, and Rα,T,3 = ∆Lα = 140°, T = 10.0 cm/∆Lα = 180°, T = 5.0 cm denote the coupling effect of draft and angle in different conditions. The draft is increased by 100% in each comparison, the angle is decreased by about 11.1%, 12.5%, and 22.2%, correspondingly, and the coupling effect is induced by the different variation of angle and consistent variation of the draft. The comparison of the factors in different conditions is shown in Figure 14.



As mentioned previously, the influence of the interceptor is weakened when the angle is decreased and enhanced when the draft is increased. All the results shown in Figure 14a are larger than 1. Compared with the results shown in Figure 12, it is indicated that the influence caused by a 100% increment in the draft is much more effective than an 11.1% reduction in angle. Meanwhile, the factor Rα,T,1 is decreased with the velocity on the whole, which denotes the influence of the angle. Most of the results shown in Figure 14b are larger than 1, which indicates that the influence caused by a 100% increment in the draft is more effective than the one caused by a 12.5% reduction in angle. The influence of the angle can still be observed in the comparison, especially in the conditions that Fr > 0.369 for the plates with 1.9%B and 2.7%B high interceptor and Fr > 0.277 for the plates with 4.0% B high interceptor.



In the condition that the reduction of the angle is 22.2% and increment of the draft is 100%, most of the results shown in Figure 14c are in the extent 0.5 < Rα,T,1 < 1.5, which means the influence caused by draft and angle are well-matched. It is demonstrated in Figure 14 that the influence caused by a 100% increment in draft for the present model is equivalent to the one caused by a 22.2% reduction in the angle roughly. Compared with the influence of draft, the effect of angle seems greater. The lift force of the model with a 4.0% B height interceptor is not sensitive to deadrise angle, the lift force of the model with a 2.7% B height interceptor is not sensitive to draft and the coupled effect. That is the reason why the trendline of the h = 2.7% B is slightly different from the other cases. However, it is difficult to understand why the induced lift force is not sensitive to some of the factors and the coupled effect by the model test. CFD investigation is still necessary.





5. Conclusions


In this study, the effects of velocity and interceptor height on the lift force of the plate with different angles, as well as the influence of angle and draft on this effect, are investigated. The conclusions obtained are as follows:




	(a)

	
Velocity is the key factor dominating the effect of the interceptor. The lift coefficient of the test model with the interceptor in the present investigation is proportional to the square of Fr, but the contribution of velocity to the lift coefficient of the plate with the interceptor is changed from speed to speed;




	(b)

	
The height of the interceptor is an important factor. The lift coefficient is approximately proportional to the square of h/B at high speeds, but the effect of the interceptor exits in a limited extent of its height, which is about 2.7% B (10 mm) for the present model;




	(c)

	
The influence of angle and draft on the effect of the interceptor cannot be neglected for the present study. The effect of the interceptor is weakened when the angle of the plate is reduced and is enhanced when the draft is increased. The influence caused by a 100% increment in the draft for the present model is roughly equivalent to the one caused by a 22.2% reduction in the angle, and compared with the influence of the draft, the effect of angle seems greater.









The six degrees of freedom of the test model adopted in the present study is constrained. It is useful to investigate the lift force induced and the affecting factors, but it is not suitable for the investigation of the other performance, such as the heave and trim motion and resistance of the model. Further study on the details of the flow field and the formula of the lift force caused by the interceptor is still necessary.
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Figure 1. Test models: (a) 3D view, (b) Lines plan, (c) Detailed design of the interceptors, and (d) Location of the interceptors. 
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Figure 2. Illustration of physical phenomena and mechanisms associated with interceptors. 
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Figure 3. Experimental scheme of Lift force obtained by Dof fixed (Left) and Dof free (Right) model. 
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Figure 4. Experimental setup: (a) Front view of the experimental setup in the towing tank, (b) side view of the experimental setup in the towing tank, (c) Close-up of schematic diagram of the experimental setup, (d) Photograph of the test model in the towing tank, (e) Force transducer, and (f) Wake after the stern with the interceptor. 
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Figure 5. The scheme adopted in the investigation. 
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Figure 6. Photographs of phenomena under typical working conditions: (a) α = 160°, T = 10.0 cm, h = 0, (b) α = 160°, T = 10.0 cm, h = 1.9% B, (c) α = 160°, T = 10.0 cm, h = 2.7% B, and (d) α = 160°, T = 10.0 cm, h = 4.0% B. 
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Figure 7. Comparison of the lift coefficients in the conditions of different velocities (α = 180°, T = 5.0 cm). 
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Figure 8. Comparison of the effect of velocity (α = 180°, T = 5.0 cm). 
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Figure 9. Comparison of the lift coefficients in the conditions of different interceptor heights (α = 180°, T = 5.0 cm). 
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Figure 10. Comparison of the effect of the interceptor (α = 180°, T = 5.0 cm). 
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Figure 11. Comparison of the the lift coefficients of Model 2 (α = 160°, T = 5.0 cm). 
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Figure 12. Comparison of the effect of the angle. 
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Figure 13. Comparison of the effect of the draft. (a) Comparison of the lift coefficients in the conditions of different drafts (α = 160°). (b) Comparison of the influence caused by draft. 
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Figure 14. Comparison of the coupling effect. (a) Comparison of Model 1 and Model 2 in the conditions of different drafts. (b) Comparison of Model 2 and Model 3 in the conditions of different drafts. (c) Comparison of Model 1 and Model 3 in the conditions of different drafts. 






Figure 14. Comparison of the coupling effect. (a) Comparison of Model 1 and Model 2 in the conditions of different drafts. (b) Comparison of Model 2 and Model 3 in the conditions of different drafts. (c) Comparison of Model 1 and Model 3 in the conditions of different drafts.



[image: Jmse 10 00211 g014a][image: Jmse 10 00211 g014b]







[image: Table] 





Table 1. Main parameters of the testing model and conditions.
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	Model
	L (m)
	B (m)
	α (°)
	h (mm)
	T (cm)
	V (m/s)





	1
	3.0
	0.375
	180
	0, 7.0, 10.0, 15.0
	5.0
	1.0, 1.5, 2.0, 2.5, 3.0



	2
	3.0
	0.375
	160
	0, 7.0, 10.0, 15.0
	5.0, 10.0
	1.0, 1.5, 2.0, 2.5, 3.0



	3
	3.0
	0.375
	140
	0, 7.0, 10.0, 15.0
	10.0
	1.0, 1.5, 2.0, 2.5, 3.0
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