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Abstract

:

The ever-changing nature of the power industry will require the implementation of hybrid energy systems. Integration of tightly coupled components in hybrids often involves the diversion of exhaust gas flow. An innovative smart material actuation technology is proposed to replace traditional electro-mechanical actuated valve mechanisms with lighter and less expensive actuators. A shape memory alloy (SMA) spring-actuated valve was designed for high-temperature service to demonstrate the promise of smart materials in control valve applications. With SMA springs only generating a maximum force of 3.2 N, an innovative valve design was necessary. To demonstrate the concept, a 3-inch Nominal Pipe Size valve was designed, and 3D printed using the stereolithography technique. Increasing the electrical current to actuate the SMA springs reduced actuation time. The maximum current of 10 A produced the lowest actuation time of 2.85 s, with an observed maximum stroke rate of more than 100 stroke completion %/s (considering actuation open/close as 100% stroke) at the midrange. The final assembly of the valve was estimated to provide a cost reduction of more than 30% and a weight reduction of more than 80% compared to the other available automatic valves in the present market.
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1. Introduction


Although valve technology is part and parcel of the modern engineering world. At the present market, any valve with a high operational temperature would be significantly expensive and heavy. The two main factors contributing to this are the high temperature-sustaining materials which are heavy, and the actuation system. This research aims to significantly reduce both the cost and the weight of the traditional valve technology by developing a valve where smart materials are implemented for the actuation. This smart material-actuated valve can potentially upgrade the present technology to a whole new level [1].



For an automated valve operating at a flow of 60 L/min in environmental temperature, the cost and weight would depend mainly on the material and actuation system. For example, a motor-driven 3-inch valve would cost around USD 776.80 with a 7.8 kg weight [2], and a pneumatic valve would be about USD 344.8 with a weight of 8.0 kg [3]. Researchers are working on developing hydraulic actuators with different composites to reduce the weight and cost of the system [4]. This research aims to generate a valve that can be actuated with smart materials such as shape memory alloy springs, which would be light in weight and cost-friendly. The cost of manufacturing the prototype 3D printed valve, including all the electronics exempt from the power source, was estimated to be approximately USD 110 with a weight of 0.5 kg, which is considerably lower.



Smart material actuators are built with materials that can respond to environmental changes and undergo a material shape change. These devices have the capability of generating the needed force to move another mechanical device. The three secular groups mainly used as smart material actuators are piezoelectric materials [5], magnetostrictive materials [6], and shape memory alloys [7,8,9,10]. Their actuation capability derives from a shape change through electric, electromagnetic, or thermal stimulation [11,12]. There are several benefits of using shape memory alloy to actuate valves. It is cheaper compared to other systems. Furthermore, the valve becomes lighter because no mechanical gearbox or motor would be required.



To demonstrate that the valve design was appropriate to control or manipulate the flow through any pipe, it was essential to manufacture the designed valve and test it in laboratory conditions. For that, AM was selected as the preferred manufacturing method. Additive manufacturing (AM), also known as three-dimensional (3D) printing, is a manufacturing method that creates physical objects from a geometrical representation by successive addition of material. A variety of AM technologies have been developed so far. For different materials such as ceramic, metal, and polymer fabrication, fused deposition modeling (FDM) [13], selective laser sintering (SLS) [14,15] powder bed fusion [16], directed energy deposition (DED) [17], binder jetting [18], direct ink writes (DIW) [19,20], and stereolithography (SLA) [21,22] can be used to create various complex structures. For this research, SLA was perfect for creating the prototype valve. The SLA method was selected because it is easy to print and modify, provides precise final resolution, and is less expensive.



In this paper, a bypass valve was designed, which would be actuated with SMA springs. To validate the effectiveness of the design, the valve was 3D printed with photo-resin in the SLA printing technique. Moreover, utilizing shape memory alloy springs, the valve was actuated, and the actuation rate was determined with the variation of electrical inputs. The feasibility of using SMA for fast response actuation to control the valve has been demonstrated. Furthermore, it is essential to point out that this design should also be suitable for high-temperature operations, where only the valve material needs to be changed to high-temperature-sustaining materials such as metal.




2. Design and Material


2.1. Material Properties and Theory of Shape Memory Alloys


Shape memory alloy’s nonlinear behavior can be attributed to their internal phase transformation. The transition from one form of the crystalline structure to another creates the mechanism by which the shape change occurs. These smart materials experience two distinctive phases known as martensite (low-temperature phase) and austenite (high-temperature phase). Each phase has two different temperature values that describe the stages of actuation that shape memory springs are subjected to. These four temperatures define the start and finish transformation for each phase, as shown in Figure 1 [23,24]. One factor to notice in Figure 1 is the SMA temperature hysteresis between the martensite state and the austenite phase, showing that due to this hysteresis, the transformation from martensite to austenite will not be the same as from austenite to martensite. Table 1 shows the abbreviation from Figure 1.



The force that the spring produces at any given deflection depends linearly on the shear modulus of the spring’s material [25].



The expression for shear stress and strain relation in an SMA spring is described as:
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where G is the elastic shear modulus,   τ   is the shear stress,   γ   is the strain,   Ω   is the phase transformation tensor,   Θ   is the thermoelastic tensor related to the thermal expansion of the SMA material, T is the temperature, and   ξ   is the internal variable describing the degree or martensitic transformation [26]. To calculate the total deflection of the shape memory alloy springs during actuation, the formulas used are those of regular springs with their specific characteristics as detailed below:


  spring   max   shear ,     τ   m a x   = K   2 F R   π   r   2      



(4)






  Hooke ’ s   Law   of   Torsion   determines   the   deformed   rotation   angle ,   γ =   τ   G   =   2 F R   π   r   3   G    



(5)







Angular deflection: measures the change in angle from both ends of the spring   α =   ∫  0   2 τ R N      γ   r   d x   =   4 F   R   2   N     r   4   G    .


  total   Deflection ,   y = α R =   4 F   R   3   N     r   4   G    



(6)




where K is the Wahl correction factor, which is related to the change in the coil of the spring, F is the external force created by the spring, R is the mean radius of the spring, r is the radius of the spring’s wire, N is the total number of coils of the springs, and as stated before is the shear modulus. The shape memory alloy spring material used for this research is Nitinol (Nickel–Titanium). This material was chosen due to previous studies made on NiTi alloys showing better corrosion resistance, biocompatibility, high deformation recovery, and higher electrical resistance for resistive heating in actuator applications [27]. Table 2 represents the specification of the SMA springs used.




2.2. Valve Design


The valve design is a crucial part of the project, and five factors were considered for the procedure.



	
Redirection of airflow;



	
Placement of SMA actuating springs;



	
Light rotating parts (for springs to actuate easily);



	
Leakproof;



	
SMA springs wiring.






Inspired by the butterfly valve, we designed and modified the valve with some improvements in flow control and automatic actuation. The design mainly consists of the main body (Figure 2a) with a rod (Figure 2g) and a disc (Figure 2e); the assembly of all three parts would complete the full valve (Figure 2h). After simulation in Autodesk Fusion 360 it was found that Instead of using a flat disc, a slightly curved disc was advantageous for better flow control (Figure 2f). The curvature meant that the weight of the disc would increase, which would require more force to rotate. To reduce the weight of the disc, the material was removed from the opposite side of the disc part, as shown in Figure 2e. Another major challenge was the leaks; O-rings and sealants were used at joints to make the valve leakproof. Flow control and automatic actuation improvements for compensating the friction between the rod and the main body of the valve, a modified cap was created for the top side of the valve (Figure 2c,d), where the rotating parts were connected to the static elements, and the neck of the rod was chamfered to fit an O-ring. The purpose of the cap was to create pressure from the top side to seal the leakage from the top with the O-ring. This would also reduce the amount of frictional loss. A squared chamber was designed at the top of the valve, which includes actuation stoppers and places for SMA springs installation, Figure 2b. The sidebars act as the stoppers, stopping the valve in on and off positions. One side of the springs would be directly connected to the rod, which is connected to the disc, and the other side would be attached to the side holes. The spring would actuate the valve when applied with electricity from the D.C. power supply. In Figure 2i, the voltage applied to both SMA springs is denoted (A). Therefore, SMA will contract and the normal springs will change to their elongated position. In the same manner, the disc inside the pipe will turn depending on the displacement of the SMA spring (A) opening the outlet and allowing flow throughout the pipe system.




2.3. Boundary Conditions


To prove that the design is practically feasible, boundary conditions for experimenting were designed with considerations for the cost, available environment, and space for the experiment. For the testing of the valve mount, it was connected to a 3-inch PVC pipe on both ends, with a Y-type connection as shown in Figure 3. The test was completed at room temperature with a flow of 60 L/min compressed air. Flow meters were placed on the inlet and each outlet to measure the actual flow and how much the valve can redirect the flow.





3. Experimental Section


3.1. 3D Printing of the Valve


For 3D printing of the designed valve, Formlabs Form 3 stereolithography 3D printer (Formlabs, Chicago, IL, USA) was used. As the SMA springs actuate with a temperature up to 80 °C, clear resign (Formlabs, Chicago, IL, USA), which can sustain that temperature, was utilized to fabricate all specimens, and standard printing parameters were used. After fabrication, the model was subjected to a post-curing process during which UV light (405 nm) was applied for 180 min.




3.2. Instruments


A 26-gallon oil-free air compressor (Kobalt, Lowe’s, Mooresville, NC, USA) was used for experimental testing to generate the required airflow. For measuring the air flow rate at the beginning and end of the PVC pipes, flow meters (Cole Palmer, Chicago, IL, USA) were connected. The joints are sealed with sealant to prevent any leakage. SMA springs (Kellogg’s Research Lab, New Boston, NH, USA) were used to actuate the valve and a 100 W power capacity DC power supply with a 60 V/5 A rating (model 9110, B&K Precision Corporation, Yorba Linda, CA, USA) was utilized. Digital Scale (Polychrome gear, New York, NY, USA) was used to measure the force generated by each spring.




3.3. Testing Setup


To prove that the SMA springs can actuate a valve in practical applications, it was essential to test it out in a particular flow. The compressor was used to generate the flow as the starting point. It was connected to an airflow meter with a flexible pneumatic pipe and connector. The air flows through the airflow meter into a 3-inch Y-type PVC pipe. One end of the Y-type line (outlet 1) is connected to the 3D-printed valve with a flow meter before finally letting the air into the environment. The other end (outlet 2) was directly related to a flow meter. Sealants were used in all solid joints to reduce leakage from joints, and jubilee clamps were used on the flexible pipes. The springs were mounted on top of the valve as per design. A D.C. power supply was directly connected to the springs to actuate the springs. Wirings from the power supply were connected through a 2-way switch to the springs. The two-way switch is used to provide valve actuation commands. The final setup is shown in Figure 4.




3.4. Experimental Method


3.4.1. SMA Spring Compression Time


To determine the time required for the SMA spring compression, the springs were first stretched from an initial length of 13 mm to 42.5 mm. Then DC electrical power was supplied, connecting positive and negative lines at both ends of the SMA spring to the power supply. This electrical supply generates heat in the spring. The SMA spring then starts to shrink and return to its original length. The time required for the spring to compress to its original form was noted. Furthermore, keeping the voltage constant, variable electrical current was supplied to the SMA spring to find the relation between electrical current and compression time.




3.4.2. Spring Load Capacity Test


Determining how much force each spring could generate is important to determine the SMA spring’s capability to actuate the valve. To check that, initially, the spring was stretched from an initial length of 13 mm to a length of 42.5 mm. Then one end of the spring was fixed with a clamp, and the other was hooked with a weighing scale which was also fixed and tared to zero (Figure 5). Then DC electrical power was supplied, connecting positive and negative lines at both ends of the SMA spring to the power supply. The values are shown on the scale in kilograms with the spring compression. Later, it was converted into Newtons (force).




3.4.3. Actuation Time and Flow Output Test of the Valve


For practical implementation of the design, it was essential to determine the actuation time and flow control with experimental testing. For that, the flow was generated with the compressor and measured through the flow meters. Two SMA springs were used for the actuation of the valve. One for opening and one for closing. The springs were powered with two D.C. power supplies. The actuation of the valve was controlled with a two-way switch. The actuation time was checked with different electrical outputs from the power supply. Furthermore, the flow redirection results were collected when the valve was in fully open and closed conditions.






4. Result and Discussion


4.1. Mechanical Properties of SMA Springs


The valve’s response time depends mainly on the time required for the springs to shrink to their original shape when applied with electrical current. This was quantified by keeping the voltage constant at 5 V with a varying current, and the results are shown in Figure 6a. It can be interpreted from the graph that, with the increase in current supply, the amount of time required for springs to compress decreased simultaneously. With a maximum of 10 A, the compression time was 1.36 s. The amount of force the springs can generate is also significant, as the springs would have to rotate the disc with the rod at high flow rates inside the pipes. This was also determined while keeping the voltage constant at 5 V with a varying current, and the results are shown in Figure 6b. Each of the springs generated a maximum 3.2 N force. The amount of time required to reach the maximum force varied with the amount of supplied current and decreased with the current increment. Furthermore, when comparing Figure 6a,b, they show almost similar trends. So, the time a spring takes to return to its original shape after being stretched is the same as the time for reaching the maximum force spring can generate.




4.2. Actuation of 3D Printed Valve with SMA Springs


After the characterization of SMA springs, the next experiment is to validate the use of SMA to actuate the designed valve. So, the actuation was tested with different electrical inputs. For the opening and closing of the valve, it needed to rotate from 0° to 90°. So, it was marked with a 15° interval, and the time required to reach each checkpoint was measured. The results of actuation speed with a constant voltage of 5 V and variation of electrical currents from 2–10 A are shown in Figure 7. It must be noted that it was not possible to actuate the valve with less than 2 A because the springs could not generate enough force with low electrical inputs, and the actuation time for 2 A was significantly high with more than 120 s required for actuation (Figure 7a). Furthermore, the actuation time gradually decreased with the increase in current, with the lowest time noted being 2.85 s with an electrical current of 10 A (Figure 7b). However, with the rise in current, the life expectancy of SMA springs drops [28]. Keeping that in mind, the maximum current was chosen to be 10 A. It was also pointed out that although the actuation of the valve reduced with increments of electrical inputs, it did not vary significantly after 7 A, with 7 A taking 4.35 s. However, the actuation time of the valve was slower compared to the compression time. The reason was that the springs had to maneuver the weight of the rod and disc and actuate the valve against the airflow. There was one more noticeable characteristic from Figure 7. The actuation time is comparatively slower during the starting and ending 30° compared to the other middle sections. That is because it took a little time to generate the heat needed for SMA springs to start actuation. As shown in Figure 7 and Figure 8, the response time performance of the valve is not linear with respect to position. At the saturation points, the valve slows to a stroke completion speed is 20%/s. In the midrange, the valve response with stroke completion speed as high as 110%/s. In applications requiring minimum flow, this feature could be attractive. Regardless, further optimization of the material and valve design would likely provide an improved response over those reported herein.




4.3. Flow Control of the 3D Printed Valve


Lastly, to validate that the valve can be practically used to control the airflow using the setup as shown in Figure 4, a set of experiments were carried out to demonstrate the feasibility of controlling the airflow. In this experiment, inlet flow was set at 60 L/min, while the valve in outlet one was controlled to open and close upon electrical actuation. The data obtained from each flow meter at both the open and closed positions of the valve are shown in Table 3.



When the valve was fully open, the inlet flow of 60 L/min was divided equally within both outputs. There was a 4 L/min airflow leakage even though the leaks were sealed with sealants at the pipe joints and an O-ring at the top of the valve. This was mainly because of the PVC pipes, which were unsuitable for handling compressed air [29]. When the valve was fully closed, the flow decreased to 6 L/min in outlet one and increased up to 46 L/min in output 2. The reason the flow was not entirely zero L/min in output 1 was that when the disc was in a closed position inside the valve, it did not fully cover the entire cross-section area as there were still some small gaps at the edges inside the valve, so the air leaked through those leaks and showed a flow of 6 L/min at output 1. Furthermore, the system leakage increased from 4 L/min to 8 L/min. The main reason was that when the valve was closed, the pressure inside the PVC pipe increased, so leakages also increased for the total system due to increased pressure. However, it can be seen from Table 3 that a high amount of flow was redirected when the valve was actuated from the open to closed position with the SMA springs. To further improve the leakage situation and for high-temperature applications, the valve can be manufactured with stainless steel for future studies.





5. Conclusions


Smart material has produced marvelous results in different actuating technology in recent years. In this research, SMA springs were implemented as actuators in valve technology to reduce weight and cost. The spring compression time depends on the supplied electrical inputs, and with the increase in electrical current, it reduces extensively. As the amount of force generated was not very high so the rod and disc were designed in such a way that it would compensate for that, and the valve would actuate with this lower force. A valve model was evaluated with a 3D-printed valve operating with an airflow of 60 L/min at room temperature. The fastest actuation time recorded was around 2.85 s with 5 V and 10 A of D.C. electrical supply. The testing results have shown that the SMA can be integrated into a valve system to control the airflow upon actuation. The manufacturing cost for the designed valve was approximately USD 110, with a weight of roughly 0.5 kg. It can be said that the final price would be around USD 200 [30]. Both price and weight were considerably lower, with the price being 30% less and weight more than 80% less compared to the other available automatic valves in the present market.
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Figure 1. SMA length vs. temperature [23]. 






Figure 1. SMA length vs. temperature [23].



[image: Actuators 12 00131 g001]







[image: Actuators 12 00131 g002 550] 





Figure 2. Design of the valve consisting of (a) the main body of the valve, (b) the top side of the main body, (c,d) the top and bottom side of the top cap, respectively, (e,f) both sides of the disc, (g) the actuation rod, (h) the full valve setup, and (i) spring connection and activation system. 
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Figure 3. Flow diagram for compressed air. 
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Figure 4. Experimental setup of the valve (a) side view, (b) top view. 
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Figure 5. Setup for SMA spring load capacity test. 
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Figure 6. (a) Time vs. current graph for compression of spring and (b) time vs. current graph for reaching maximum force generated by springs. 
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Figure 7. Actuation time vs. angle traveled by the valve for 5 V constant voltage and current of (a) 2–5 A and (b) 6–10 A. 
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Figure 8. Actuator response stroke rate as a function of valve position for the 10 A current. 






Figure 8. Actuator response stroke rate as a function of valve position for the 10 A current.



[image: Actuators 12 00131 g008]







[image: Table] 





Table 1. Characteristic temperatures of SMAs.






Table 1. Characteristic temperatures of SMAs.





	Ms
	Martensite start temperature upon cooling



	Mf
	Martensite finish temperature upon cooling



	As
	Reverse transformation start temperature upon heating



	Af
	Reverse transformation finish temperature upon heating
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Table 2. Properties of Nitinol shape memory alloy springs obtained from the supplier.






Table 2. Properties of Nitinol shape memory alloy springs obtained from the supplier.





	Wire Size
	Mandrel Size
	Pitch
	Transition Temperature





	1 mm
	8 mm
	1 mm
	80 °C
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Table 3. Showing the amount of flow redirected by the actuation of the valve.






Table 3. Showing the amount of flow redirected by the actuation of the valve.





	Valve Condition
	Inlet Flow
	Outlet 1 Flow
	Outlet 2 Flow





	Fully Open
	60 L/min
	28 L/min
	28 L/min



	Fully closed
	60 L/min
	6 L/min
	46 L/min
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