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Abstract

:

A super pressure balloon (SPB) is an aerostatic balloon that can fly at a constant altitude for an extended period. Japan Aerospace Exploration Agency (JAXA) has been developing a light-weight, high strength balloon made of thin polyethylene films and diamond-shaped net with high tensile fibers. Previous investigations proved that strength requirements on SPB members are satisfied even though the net covering the SPB sometimes becomes damaged during the inflation test. This may be due to non-uniform expansion, which causes stress concentration, however, no method exists to confirm this hypothesis. In this study, we tested a new method called Simplified Digital Image Correlation method (SiDIC) to check if it can measure the displacement of the SPB by using a rubber balloon. After measuring the measurement accuracy of the Digital Image Correlation method (DIC) and SiDIC, we applied both DIC and SiDIC to a rubber balloon covered just with the net. Interestingly, SiDIC entailed a smaller amount of data but could measure the deformation more accurately than DIC. In addition, assuming the stress concentration, one part of the net was bonded to the balloon to restrict the deformation. SiDIC properly identified the undeformed region.
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1. Introduction


A super-pressure balloon (SPB) is a vehicle that can fly at a constant altitude for an extended period to perform scientific observations at a fraction of the cost of using a satellite. The SPB maintains its internal gas at a pressurized state, which suppresses buoyancy fluctuation when the balloon volume changes due to atmospheric temperature variations between day and night [1,2]. JAXA has been developing a lightweight, high strength balloon made of thin polyethylene films and a diamond-shaped net with high strength tensile fibers. Previous research shows that the tensile strength of the net meets requirements on SPB member strength, though the nets covering the SPB sometimes become damaged during the inflation test [3,4,5]. This may be due to non-uniform expansion, which causes stress concentration, although no method exists to confirm this hypothesis [6,7,8]. Contact measuring devices like strain gauges are not suitable because the SPB is too large to monitor the whole balloon and because they can deform the balloon surface during the contact measurement. Conversely, non-contact measurement methods such as the Digital Image Correlation method (DIC) can be efficiently used for this application.



DIC—an optical method to measure changes in images—usually requires the use of patterns to be applied onto the specimen surface. This method is used not only for measuring the deformation of a test piece in a tensile test but also in fracture mechanics problems and bioengineering applications [9,10,11]. This method may be able to detect the stress concentration on the SPB [12]. However, it is not suitable to study the shape of SPBs, as ink spots on the thin film may affect its strength and weight properties. To measure the deformation as accurately as possible, it is necessary to spray the particles evenly and as finely as possible to a wide range. However, if we do this, a large amount of ink will be applied to the surface, not only will it weigh more but also the polyethylene film will not stretch uniformly due to curing of the ink.



To overcome this problem, a Simplified DIC (SiDIC) using intersection detection technology was developed, which allowed us to track the diamond-shaped weave of the net so that we could measure the deformation of the SPB during the pressurization process. In this study, we developed SiDIC and verified the measurement accuracy, using a rubber balloon and diamond-shaped plastic net. First, the measurement accuracy of DIC using a patterned rubber balloon was confirmed and the deformation size measured by DIC was consistent with the rough calculations. Next, the accuracy of SiDIC was tested using a rubber balloon with random spray patterns and covered by a diamond-shaped plastic net. The pictures taken before and after deformation were analyzed using DIC and SiDIC, and the results were compared. DIC and SiDIC measured very similar deformation fields. The two methods were then tested using a rubber balloon covered just with the net. It was found that SiDIC entailed a smaller amount of data although it measured the deformation more accurately than DIC. In addition, assuming the stress concentration, the net was bonded to the balloon to restrict the deformation. Remarkably, SiDIC could properly identify the undeformed region. In summary, SiDIC is a simple and efficient method for measuring the SPB’s deformation field.




2. Simplified Digital Image Correlation Method


2.1. Digital Image Correlation


DIC is a non-contact method for measuring the amount of movement (displacement amount) on the specimen surface. A picture of the specimen surface is taken before and after deformation using a digital camera. An identical point on the specimen is determined in the images before and after deformation; the amount of movement of this point is used to obtain the amount of displacement undergone by the specimen surface. To obtain the amount of movement, the correlation of the light intensity value distribution, which defines the deformed position of the calculation region composed of a subset of pixels (see Figure 1), is expressed as Equation (1).


Δx1=(x1’−x1)C(x, y, x*, y*)=∑​F(x,y)G(x*, y*)∑​F(x, y)2G(x*, y*)2



(1)







F: Light intensity value before deformation G: Light intensity value after deformation



(x, y): Coordinates before deformation (x*, y*): Coordinates after deformation




2.2. The Simplified DIC and the Intersection Detection


SiDIC is a simple method to measure deformations. Instead of reading the light intensity values of the image, SiDIC recognizes the movement of the intersections to measure the deformation. Figure 2 shows how SiDIC measures the deformation. Basically, SiDIC reads the intersections of the net covering the balloon by using the intersection detection technology. SiDIC calculates the amount of deformation by reading the coordinates of the intersections. In this research, we detected the intersections by visual inspections. First, we read the coordinates of the intersections before and after deformation. Since actual intersections of net elements are represented by lines, there is no clear intersection in the image captured. In this experiment, the center of the line is defined as the intersection of the net. After reading the coordinates of the intersections, Equations (2) and (3) are used to calculate the amount of displacement. As a result, SiDIC measures the displacement from the amount of movement in the x and y directions before and after the deformation of each intersection.


 Δx1=(x1’−x1).



(2)






 Δy1=(y1’−y1)



(3)









3. DIC and SiDIC Experiments on a Rubber Balloon


3.1. Experimental Setups


To verify the measurement accuracy of SiDIC, first, the measurement accuracy of DIC was determined using a random spray patterned rubber balloon as shown in Figure 3a. We used a rubber balloon with a maximum diameter of 20 cm and the size of the particles covering the balloon surface was 1~5 [mm] (1.5~12 [pixel]). Next, to verify the measurement accuracy of SiDIC, a balloon which not only has random spray patterns but is also covered by a net was used as shown in Figure 3b. This makes it possible to use both methods. The thickness of the net is 1 mm. We took pictures after the balloon surface dug into the net holes. In the SPB, it is known that the net and film deforms together in this state. Therefore, we assume it will deform together as well. To test whether DIC and SiDIC could be applied to the actual SPB, a rubber balloon covered only by a net, as shown in Figure 3c, was used.



Generally, the shape of three-dimensionally deformed objects is measured using the three-dimensional DIC (3D-DIC). Since the planar limitation comes from the two-dimensional nature of the images shot by the camera, the solution is to use more than one camera. From images taken from two different angles of the same object, it is possible to estimate its 3D shape [13]. In this method, it is assumed that two-dimensional deformation measurement using DIC of each image taken from different angles is performed correctly. Therefore, in this research, we confirm whether the 2D deformation measurement of each image is done correctly. In this experiment, a digital camera is used to take an image of the balloon before and after deformation. Therefore, not the actual deformation of the surface of the balloon but the two-dimensional deformation amount on the image is measured. The unit deformation measured from the image corresponds to a pixel.




3.2. The Measurement Accuracy of DIC Applied to a Rubber Balloon


We liken the SPB to a rubber balloon. We sprayed a black pattern onto the rubber balloon and analyzed the deformation using DIC. Figure 4 shows the displacement distribution in the x-direction obtained from the DIC analysis. It shows how much control point coordinates moved after deformation using a color scale.



From Figure 4, the displacement is clearly readable. Next, we verified the measurement accuracy of DIC. In this study, it is assumed that the balloon expands uniformly in the circumferential direction. The balloon is assumed to behave as a sphere and strain values are determined from Equations (4)–(7) by comparing the maximum radius value of the balloon before and after the deformation. To calculate the rough theoretical value, we measured the maximum radius from the pictures taken before and after deformation. After measuring the radius, we used Equation (4) to calculate the theoretical value of the strain. The radius before deformation (R) was 321 pixels, and the radius after deformation (R’) was 327 pixels. The experimental value was obtained using Equations (5) through (7). Notations “x” and “x’” indicate the x-direction deformation results by DIC. Computed strains are shown in Figure 5. From Figure 5, the experimental value showed a similar value compared to the theoretical value. Therefore, we found that the displacement and strain could be measured using classical DIC. The reason why the error occurred was that the balloon was assumed to be a sphere and to inflate uniformly.


 εT=ΔR(pixel)R(pixel)



(4)






 α=R×sin−1xR



(5)






 β=R′×sin−1x+ΔxR′ 



(6)






 εE’=β−αα 



(7)








3.3. Comparison of DIC and SiDIC Measurements Accuracy


Next, the measurement accuracy of SiDIC was verified by using balloon (b) in Figure 3. Figure 6 shows the displacement distribution in the x-direction obtained from DIC. We analyzed the deformation at the dotted line control path using SiDIC and compared the corresponding results of DIC. Figure 7 shows the compared results. The continuous line represents DIC results while points denote SiDIC results. It can be seen that the two techniques give almost the same results, thus confirming the validity of SiDIC. In addition, similar results were obtained in the y-direction deformation. The reason for the measurement error of SIDIC is because the intersection is visually detected.




3.4. DIC and SiDIC Measurements of Net-Covered Balloon Displacements


Next, DIC was applied to a balloon covered just with a net, as shown in Figure 3c. The x-direction deformation map shown in Figure 8a was obtained. Also, SiDIC was applied, and Figure 8b shows the corresponding results. Figure 8a shows that most parts of the net were well read, though some were not measured properly such as the areas limited by the red circles in the figure. In addition, similar results were obtained in the y-direction deformation. Since DIC reads light intensity values, errors arise when this quantity cannot be read properly.



We measured the deformation field along the middle and upper dotted control lines and compared the results of DIC and SiDIC. Figure 9a presents results for the center dotted line. Figure 9a shows that DIC recovered fairly well on the deformation field although with some localized errors. SiDIC results were more stable yet overall consistent with those obtained by DIC. The same conclusion can be drawn from Figure 9b for the upper control path where stronger oscillations in displacement values are present. The observed behavior occurred because SiDIC works on a smaller amount of data than DIC. Furthermore, DIC may misrecognize displacements of net intersections and it is sensitive to light reflection on the balloon surface. Figure 10 shows an example of the misrecognition algorithm. From Figure 10, the intersection actually moved to point (2) after deformation. DIC errors occurred when it misrecognizes the intersections after the deformation as (1) or (3). On the other hand, the method read the coordinates of the intersections to prevent errors, thus measuring the deformation correctly.




3.5. Measurements of Undeformed Regions Using SiDIC


In addition, assuming stress concentration to be an important issue for the SPB design, the net was bonded to the balloon using a strong instant adhesive to restrict the deformation (Figure 11). In this experiment, a randomly sprayed rubber balloon covered with a plastic net was used and one part of the net was boned. Figure 12 shows the x-direction displacement map obtained by SiDIC. From Figure 12, the bonded area shows “0” deformation. This experiment confirmed that SiDIC could properly identify undeformed regions. Hence, SiDIC can detect anomalies and asymmetry of the deformation field.





4. Conclusions


In this research, we tested a new method called “Simplified Digital Image Correlation method (SiDIC)” for detecting non-uniform deformation of the super pressure balloon. In order to confirm the measurement accuracy of the developed SiDIC, first, we assessed the measurement accuracy of DIC using a rubber balloon covered with random spray patterns. Next, we used a rubber balloon covered with both spray patterns and a net to analyze it with DIC and SiDIC. Results of SiDIC and DIC were found to be in good agreement. Next, we applied both DIC and SiDIC to a rubber balloon covered just with a net supposing as an SPB. As a result, DIC recognized the net as a pattern, although it could not measure the whole deformation accurately. On the other hand, SiDIC measured the deformation clearly. Furthermore, SiDIC was able to identify undeformed regions when balloon deformation was restricted by bonding the net to the rubber shell. Therefore, it can be used as a simple deformation measurement method for the balloon. In this research, we used a two-dimensional DIC to find out whether SiDIC could successfully measure the deformation. However, 2D-DIC cannot measure the deformation in the depth direction, which means we have not measured the real deformation of the balloon. In addition, we used visual detection to detect the intersections and the experiment we used to identify the measurement accuracy was rough. From the results, we will continuously upgrade the measurement accuracy and develop an intersection detecting program at the same time; we are attempting to measure the balloon deformation more accurately by evolving SiDIC to “3D-SiDIC”. We are planning to discuss how to fuse SiDIC and 3D-DIC in the future.
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Figure 1. Process for calculation of deformation by DIC. (a) Reference image; (b) Deformed image. 
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Figure 2. Coordinates of net intersections. (a) Reference image; (b) Deformed image. 
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Figure 3. Experimental setups for the displacement measurement. (a) Random spray pattern; (b) Net + spray pattern; (c) Plastic net. 
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Figure 4. Black dotted balloon deformation. 
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Figure 5. X-direction deformation and deviation between the distribution map for the region of interest theoretical and experimentally measured values of strain. 
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Figure 6. Horizontal displacement determined by DIC superimposed onto the photograph of the balloon. 
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Figure 7. Comparison of horizontal displacement distributions obtained by DIC and SiDIC for the control path highlighted in Figure 6. 
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Figure 8. Horizontal displacement distribution by (a) DIC; (b) SiDIC, on the photograph of net covered balloon. 
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Figure 9. Comparison of horizontal displacement distributions obtained by DIC and SiDIC for the control paths highlighted in Figure 8: (a) Central dotted line; (b) Upper dotted line. 
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Figure 10. Misrecognition of the deformation of the net by DIC. 
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Figure 11. Measurement around no deformation. 
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Figure 12. Displacement distribution region performed by SiDIC in the x-direction. 
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