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Abstract

:

Lightning swept stroke creates multiple lightning attachments along an aircraft in flight. This introduces distinct structural damage compared to that from a single-point lightning current injection test in laboratory. This study presents both experimental and numerical studies on lightning damage in carbon fibre-reinforced polymer (CFRP) composites under swept stroke. Coupled electrical–thermal finite element (FE) models were proposed to predict lightning damage to CFRP composites under single-point current injection and swept stroke, respectively. A lightning swept stroke testing method was proposed by embedding a copper wire inside the composites to simulate multiple lightning attachments on the composites. The FE-predicted damage from single-point current injection and swept stroke were comparable to those obtained from the experiments with a deviation less than 23%, demonstrating the effectiveness of the proposed FE model. Finally, the FE model was further utilised to gain insights into the failure mechanism of CFRP composites under swept stroke associated with different skip distances and peak currents. This paper provides an experimental method and a FE model for obtaining the LS damage of CFRP composite by swept stroke.
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1. Introduction


Carbon fibre-reinforced polymer (CFRP) composites have been used extensively as structural components of modern aeroplanes due to their excellent specific strength and stiffness [1], as well as their high fatigue [2] and corrosion resistance [3]. The proportion of composite materials utilised in modern commercial aeroplanes, such as the Airbus A350 and Boeing B787 [4,5], have reached approximately 50%. Although CFRP composites are superior in mechanical performance, they are vulnerable to high-energy lightning strikes because of their low electrical conductivity compared to their metallic counterparts [6]. For example, the longitudinal electrical conductivity of CFRP composites was reported in the range of 2 × 104 S/m and the in-depth electrical conductivity is lower than 10−3 S/m as described in the literature [7,8,9,10]. LS can cause serious damage to non-conductive CFRP composites caused by intensive Joule heating [11].



Lightning strikes can produce serious damage to non-conductive CFRP composites (due to polymer matrix) caused by intensive Joule heating. To date, an in-flight statistical report shows that commercial aeroplanes have been struck by lightning every 2000–3000 flight hours per year [12,13]. A lightning strike on the aeroplane fuselage made of CFRP composites arises serious flight safety issues. Therefore, it is of great importance to investigate lightning-induced physical damage to aerospace CFRP composites.



When an in-flight aeroplane is struck by lightning, the lightning channel is formed with an initial attachment point on the fuselage. The lightning channel is relatively stationary in the air while the aeroplane is moving, inducing a local stretching of the channel [14,15,16,17]. The lightning channel may be displaced along an aircraft in flight in a discontinuing fashion, creating multiple lightning attachments on the fuselage. This phenomenon is called “swept stroke” [18,19,20]. The skip distance and dwell time of lightning channels are two important parameters to describe the displacement of a lightning current channel during a swept stroke. The skip distance is the distance between two successive lightning attachment points and the dwell time is the time interval between one lightning strike and the next strike. Larson et al. [14] conducted a theoretical analysis and numerical modelling of swept strokes, and they discovered that the skip distance and dwell time of the lightning were highly dependent on the flying speed of aeroplane and the applied voltage gradient. Dobbing et al. [21] experimentally examined the swept stroke behaviour by forcing a wing to move at a speed of 52 m/s under an electrical field. The results showed that the skip distance of the lightning channel is sensitive to the electrical breakdown voltage (potential) of air. The lightning swept stroke may introduce distinct physical damage and failure modes compared to those under a lab-scale single-point current injection test, because of the coupling effects of electrical potentials at the successive attachment points. To our knowledge, however, investigations on the failure behaviour of CFRP composites under swept stroke have not been addressed in the published literature, and associated damage mechanisms are not clearly characterised so far.



Several experimental studies [6,8,9] were proposed to investigate the lightning damage behaviour of CFRP composites using simulated lightning strike tests. The simulated lightning current was generated by either a high-current generator or a high-voltage generator. However, it is usually expensive to perform lab-scale lightning strike tests, in which strict safety measures must be taken. Numerical modelling is an effective approach to understand complex lightning interactions with CFRP composites, and extensive numerical models have been proposed to determine the lightning damage to CFRP composites [22,23,24]. Ogasawara et al. [25] developed a coupled electrical–thermal finite element (FE) model to obtain the damage to CFRP laminates under a single-point lightning current injection. In the FE model, the electrical properties of the CFRP laminated were assumed to be a constant during the analysis. Abdelal et al. [26] presented a coupled electrical-thermal FE model considering the temperature-dependent material properties of CFRP composites. Liu et al. [27] proposed a coupled electrical–thermal FE model to investigate the lightning damage to CFRP composites by introducing “birth and death” elements [28]. Recently, researchers found that the lightning arc root radius expanded with time based on experimental observations [29]. Correspondingly, some studies [30,31] considered the lightning arc root radius expansion in the FE model, and the results were in agreement with those from single-point current injection experiments. Lightning damages can be grouped into mechanical and thermal damage depending on associated damage sources. Most existing lightning damage models available in the open literature calculate temperature change due to current injection, thus predicting thermal damage. Lightning mechanical damage is minor, when compared to lightning thermal damage and involves with complex arc channel expansion behavior associated with thermodynamic properties of air and the arc channel [32]. Alternatively, Lee et al. [33] proposed relatively simple, but accurate, equivalent air blast models to predict lightning mechanical damage to CFRP composites. The model prediction agreed with previous complex plasma physics-based models and experimental results. The existing coupled electrical-thermal finite element (FE) models mainly focused on predicting LS responses and damage of CFRP composites with a single current injection point. However, the electrical potential distribution may be altered by swept stroke with multiple attachment points. To date, the numerical modelling of CFRP composite responses under swept stroke is rare and the corresponding damage to the mechanisms are not fully understood. Therefore, this study proposes a coupled electrical–thermal swept stroke FE model with multiple attachment points injected by successive current waveforms, aiming to understand the LS damage mechanism of CFRP composites under swept stroke.



To address the swept stroke behaviour of CFRP composites, this study developed a coupled electrical–thermal swept stroke FE model with multiple attachment points injected by successive current waveforms. The predicted lightning damage was validated by lab-scaled swept stroke experiments. For reference purposes, single-point current injection lightning strike tests and FE simulation were also performed as baseline. Finally, the validated FE model was used to understand the damage mechanism of CFRP composites under swept stroke with various skip distances and peak current amplitudes.




2. Experimental Setup


2.1. Materials Preparation


Unidirectional carbon fibre prepregs (USN20000) with a thickness of 0.2 mm were purchased from Guangwei Composite Materials Co., Ltd. (Weihai, China). The areal density of the prepregs was 200 g/m2. The mass fraction of the prepregs was approximately 70%, and the resin was EPW water epoxy resin. The CFRP laminated specimens were prepared using a hot-pressing method for single-point current injection lightning strike tests. The CFRP laminates were cured at a temperature of 90 °C for 0.5 h under a pressure of 5 MPa followed by a temperature of 120 °C for 1.5 h. The CFRP laminates had the dimensions of 200 mm × 200 mm × 3 mm with a stacking sequence of [45/0/−45/90]2s.



Unidirectional carbon fibre fabrics with an areal density of 200 g/m2 and a thickness of 0.2 mm were purchased from Shanghai Jinfei Carbon Fibre Technology Co., Ltd. (Shanghai, China). Bisphenol A epoxy resin and amine curing agent were purchased from Dawson Trinasolar Materials Technology (Shanghai) Co., Ltd. (Shanghai, China). The CFRP laminated specimens for lightning swept stroke tests were prepared as follows. First, the unidirectional carbon fibre fabrics were stacked in a layup sequence of [45/0/−45/90]2s. A copper wire (D = 0.8 mm) was weaved through the top four layers at three locations with a spacing of 100 mm to simulate the multiple lightning attachments during a swept stroke. Then, the laminated specimens were sealed using a vacuum bag, and were placed in a high temperature oven. After that, the laminated specimens were cured at a temperature of 90 °C for 4 h followed by a temperature of 110 °C for 2 h. Finally, the specimens were cut into a rectangular shape with a dimension of 400 mm × 200 mm × 3.2 mm. In this work, initial swept stroke tests were designed with two current jumps with a spacing of 100 mm in the lengthwise direction of the specimen. Lightning current flow s the shortest conduction path between each attachment through a copper wire. The lightning damage in CFRP specimens can be manipulated by the boundary conditions, i.e., a distance between initial lightning attachment and grounded boundaries. To avoid the boundary effect, the swept stroke CFRP specimens were fabricated twice longer than the single-point current injection CFRP specimens.




2.2. Experimental


Simulated lightning strike tests were conducted using a high-current generator (Avic Hefei Hangtai Electrophysics Co., Ltd., Hefei, China) in accordance with the Society of Automotive Engineers (SAE) Aerospace Recommended Practice (ARP) 5416 [34,35]. The single-point current injection CFRP specimens were subjected to impulse current waveforms with a 112 kA peak amplitude, as shown in Figure 1a. The action integral (AI) represents the total energy released during the test, represented as follows:


  A I =  ∫    i ( t )   2   d t    



(1)




where i represents the transient electric current. Typical action integral used in the test was presented in Figure 1a. Figure 1b shows the grounding connections on a CFRP specimen and electrode placement. The CFRP specimen was placed on an insulated cylinder table. Four lateral surfaces of the specimen were fixed by grounded aluminium plates. The simulated lighting current flew from an electrode rod to a thin ignition copper wire with a diameter of 0.01 mm. The ignition copper wire was attached on the centre of the CFRP laminate specimen to guide the lightning current to the designated location. A typical current discharge during the test is shown in Figure 1c.



For lightning swept stroke test, impulse current with a 36 kA peak current was applied at the initial point of the tested specimen as presented in Figure 1e. Unlike the single-point current injection lightning strike test, only one side of the laminated specimen was grounded and the initial striking point was located away from the grounded edge, to simulate the current skipping during a swept stroke process (Figure 1f). The parameters of lightning currents applied in the single-point current injection tests and the swept stroke tests were summarised in Table 1.



After the LS tests, the damaged area of the CFRP composites was examined by an air-coupled ultrasonic testing system (NAUT21) produced by Japan Probe Co., Ltd. (Hokkaido, Japan). The ultrasonic frequency was set as 400 kHz. The damage depth was detected by a non-destructive B-scan testing method with an OMNISCAN-X3 16:64 PR ultrasonic testing system produced by Olympus Co., Ltd., Richmond Hill, ON, Canada. The ultrasonic frequency was set to 10 MHz.





3. FE Model


A single-point current injection FE model of CFRP laminates was developed, as shown in Figure 2a. The CFRP laminates with a layup sequence of [45/0/−45/90]2s had a dimension of 200 mm × 200 mm × 3 mm, consistent with the test specimens. A surface current was applied at the centre of the laminates with a 5 mm radius arc channel attachment area, as reported in the literature [25,26,27,28]. Note that arc channel area was assumed to be constant during the simulation, indicating that the arc channel was stationary. In practice, lightning arc channel evolution is strongly influenced by the material used and its surface coating and electrical conductivity [30]. Four side surfaces of the CFRP laminate were set as zero potential to simulate the grounding condition. All free surfaces of the FE model were subject to thermal radiation conditions with a radiation coefficient of 0.85 and the ambient temperature was set as 25 °C. The theoretical modelling of the proposed coupled thermal-electrical FE model was detailed in our previous work [22]. In addition, the corresponding material properties were listed in Table 2. In addition, a latent heat of vaporisation was introduced in the FE model to ensure that the temperature of the CFRP composite lower than the sublimation temperature of 3316 °C [36]. The assumption was rational as the energy dissipated by the latent heat would be released in the form of mechanical damage in the test. The analysis time was set as 70 µs. The mesh density of 5 mm was selected to obtain an accurate result at a low computational cost after a mesh sensitivity analysis. The element type of FE models was 8-node linear coupled thermal-electrical continuum brick elements DC3D8E [22]. The electrical conductivity of materials increases rapidly when the electrical field exceeds the dielectric strength. Therefore, the status of dielectric breakdown of materials was monitored by a user subroutine in ABAQUS with a flow chart described in Figure 2c. In this case, the breakdown strength of CFRP ply was 33.4 kV/mm, aligned with the value from the literature [11,22]. In each step of the analysis, a comparison was made between the potential gradient (E) and the breakdown strength (DE). If the condition of |E| > DE was met, the electrical conductivity of the resin was raised by a factor of 1,000,000 [22].



The swept stroke FE model (Figure 2b) was developed in a similar manner to the single-point current injection FE model as shown in Figure 2a. The dimensions of the swept stroke FE model were 400 mm × 200 mm × 3.2 mm. Zero electrical potential was applied on one side surface of the laminate, consistent with the grounding condition of the swept stroke test. FE analyses were conducted with a current magnitude of 36 kA. The spacing of the three attachment points is 100 mm. The dwell time of the lightning channels was considered in the Section 4.3. The waveform of the experimental lightning current is an approximate double exponential curve with the parameter T1/T2 = 34.6/56.5 μs. The front time T1 is the time between the virtual origin and the point of intersection of a straight line through points at 30% and 90% of the peak amplitude. Decay time T2 is taken to be the time to decay 50% of the peak amplitude. The current waveforms applied in the FE models are consistent with the corresponding experimental results as listed in Table 1.



After the FE analysis, the lightning-damaged area of the composites was approximated by the matrix pyrolysis area where local temperature was greater than the matrix pyrolysis temperature (i.e., 510 °C), according to our previous thermogravimetric testing results [37].




4. Results and Discussion


4.1. Lightning Damage under Single-Point Current Injection


Lightning strike tests of each single-point injection and swept stroke were conducted once. Figure 3a shows the lightning damage on the CFRP laminate after a 112 kA single-point current injection. Intense fiber damage (elliptical in shape) was localized near the lightning attachment location and aligned along the top layer’s fiber direction (45°), i.e., the shortest conduction path. When a lightning current passes through the CFRP composite, a large amount of resistive heating is generated on the CFRP composites due to the low electrical conductivity of CFRP composites. Therefore, the area near the lightning attachment point is intensely damaged with the failure modes of fibre breakage and matrix decomposition. The lightning damage in the laminate is evaluated by ultrasonic C-scan image (Figure 3b) and is compared with that by the FE model (Figure 3c). It is found that the shape and area of the lightning damage predicted by the FE model is comparable to that by the experiment results. The experimental damage area was measured to be 7275 mm2, which is 10.0% smaller than the FE-predicted damaged area of 8085 mm2. Figure 4 compares the damage depths of the CFRP laminates obtained from the experiment and FE model. Yellow lines ‘A1-A2’ and ‘B1-B2’ in experimental and modelling tests indicate section lines along the horizontal and vertical directions at the lightning strike point. The largest experimental damage depth of the CFRP composite is 0.85 mm, which is 22% lower than that predicted by the FE model (1.09 mm). The FE results are slightly lower than those by the lightning strike experiments.




4.2. Lightning Damage under Swept Stroke


The lightning damage to CFRP laminates under a 36 kA swept stroke is shown in Figure 5a,b. It is worth noting that during the swept stroke experiment, the embedded copper wire remains intact after the test. This indicates that all applied current flows from the initial attachment to the last attachment. The results also show that the lightning damage in the CFRP composites decreases with an increase of the distance to the initial attachment point, i.e., the greatest damage in the 1st attachment point and the smallest damage in the 3rd attachment point. This infers that the injected electrical energy is mostly dissipated around the initial attachment region. The rough approximations of the lightning-damaged areas at each attachment location are 3689 mm2 (#1), 580 mm2 (#2) and 359 mm2 (#3). According to the electromagnetic field theory [38], high current can flow through a copper wire at 3 × 108 m/s during the test. The current applied to each striking points in FE model was determined based on the damaged area observed in the experimental results. A linear relationship between the damaged area of the CFRP composite and the action integral of the applied current is stated in reference [28]. Consequently, the magnitudes of the three currents can be determined based on the ratio of the action integrals with the same waveform. Figure 5c shows the corresponding lightning damage predicted by the swept stroke FE model. The FE-predicted damaged areas at three locations are 3418 mm2 (#1), 674 mm2 (#2) and 326 mm2 (#3). These results are comparable to the experimental one, with the largest deviation of 18.7%. Figure 6 compares the visual inspection and corresponding ultrasonic C-scan images showing lightning damage penetration from the experiment and the FE model. Yellow lines ‘A1-A2, B1-B2’, ‘A3-A4, B3-B4’, and ‘A5-A6, B5-B6’ represent section views at the first, second and third lightning strike points, respectively. The maximum damage depths of the experiments (Figure 6a) at three lightning attachment points are 1.00 mm (at 5th ply), 0.67 mm (at 4th ply) and 0.94 mm (at 5th ply). However, the predicted damage depths (Figure 6b) are lower than those by experiments. For the tested laminated specimens, the lightning current is guided by a copper wire embedded inside the laminates (at 4th ply with a depth of ~0.8 mm) at three points. The current was injected directly inside the laminate, which may have led to the difference in the damage depth between the FE model and the experiments.



The relationship between the total damaged area and the action integrals of the current waveforms used in the FE model were calculated and the results are shown in Figure 7. The varying action integrals are achieved by adjusting the peak current of the lightning current waveform, and the parameters used in the FE models are listed in Table 3. The total lightning-damaged area is linearly proportional to the action integrals of the current waveform during a single-point current injection, which is consistent with the literature [25]. As shown in the figure, the predicted damaged area from the swept stroke model is much larger than that of a single-point current injection, even though they have the same action integrals.




4.3. Parametric Analysis


The swept stroke FE model was further used to understand the damage to a CFRP composite panel in a moving aeroplane. The skip distance and dwell time of lightning channels are dependent on the moving speed of the aeroplane [15]. Table 4 contains the skip distances and dwell times from the literature [15]. Those for the cruise speed of a typical commercial aeroplane (i.e., 255 m/s) were approximated through the exponential extrapolation of the data defined over the flow speed range (25–75 m/s). As shown in Figure 8, the values of the skip distance and dwell time are obtained by fitting the curve to a value of 0.02 m and 5.0 × 10−3 ms when the moving speed is 255 m/s.



Additional swept stroke FE models were developed for the laminate with the dimensions of 400 mm × 200 mm × 3.2 mm. The skip distance of 0.02 m, and the dwell time of 0.005 ms. The 112 kA swept stroke FE model was considered herein to produce noticeable responses to a laminate. Figure 9a shows the evolution of electrical potential distributions in the outermost +45° ply of the laminate during a 112 kA swept stroke. ‘#1’ and ‘#2’ indicate the first and second lightning strike points in the FE model. A high electrical potential is noticeable with a narrow elliptical shape at an angle of 45°. At 6 μs, when the electrical current is injected to the second attachment point, the shape of the high electrical potential is altered to an oval shape. After that, the electrical potential coupling effect between the two attachment points are evident. At 34 μs, the electrical potential reaches to the peak (16 kV). Subsequently, the electrical potential decreases dramatically due to current dissipation and a decrease in the applied electrical current. Figure 9b presents the projected damaged area by single-point current injection and swept stroke. The damage at the surface is located along the 45° direction because of the high electrical conductivity in that direction. The lightning damaged area under swept stroke expands to the left grounded edge (i.e., zero electrical potential). The swept stroke FE model prediction suggests that the electrical potential distributions (Figure 9a) and corresponding lightning damage (Figure 9b) to a CFRP laminate are highly influenced by the coupling between two adjacent lightning attachments.



The electrical potential coupling effect is dependent on the skip distance and the applied current amplitude of lightning channels. A parametric study on the swept stroke FE model was performed to examine the effect of skipping distance and current magnitude on lightning damage in a CFRP laminate. Figure 10 shows the schematic of the swept stroke FE model developed with two different approaches: (1) the single swept stroke and (2) the superposition of two single-point current injection. The first approach (Figure 10a) is a swept stroke model with two attachment points (0.02 m skip distance and 0.005 ms dwell time from Table 4). The second approach (Figure 10b) is a superposed model that two single-point current injection FE models are performed with an attachment point at point 1 (from 0 ms) and point 2 (from 0.005 ms). In this case, local electrical potential and thus the temperature are calculated from each of two current injections, and they have coupled each other. Figure 11 shows the electrical potential at the initial attachment point of the laminate (point 1) in the thickness direction predicted from 11.2 and 112 kA swept strokes, respectively. At 11.2 kA swept stroke, the predicted electrical potentials by the swept stroke FE model (Figure 10a) are the same with those by the superposed FE model (Figure 10b), indicating that the coupling effect between two adjacent lightning attachment points is insignificant. In contrast, at 112 kA swept stroke, the results predicted by the swept stroke FE model are different from those by the superposed FE model up to the penetration depth of 1.2 mm. This indicates that the electrical potential coupling effect should be considered.



To quantify the skip distance and current magnitude on the coupling effect, the coefficient of determination (denoted R2) was calculated as follows:


    R   2   =      ∑  (     y   i    ^  −   y  ¯  )     2        ∑  (   y   i   −   y  ¯  )     2      



(2)




where       y   i    ^    is the value of the electrical potential by the superposed model as shown in Figure 10b at point 1 in the in-depth direction.     y   i     is the value of the electrical potential by the sweep stroke FE model as shown in Figure 10a along the same path.     y  ¯    is the average value of the     y   i    . As depicted in Figure 11a, the relationship between R2 and the peak current when the skip distance is set as 20 mm. The R2 is nearly equal to 1 up to 56 kA, indicating that the results obtained by the sweep stroke model (Figure 10a) are equivalent to those from the superposed single-point current injection FE model Figure 10b. However, once the magnitude of the applied current is greater than 56 kA, the R2 drops to 0.75 and remains at a stable range between 0.7 and 0.8 with the increase of peak current. This suggests that the coupling effects become significant at higher peak current (>56 kA) coupled with 20 mm skip distance, thus the swept stroke approach (Figure 10a) must be employed to predict electrical potentials and corresponding lightning damage. Figure 12b illustrates the relation between the R2 and the skip distance under a peak current of 112 kA. The R2 was equal to 1 when the skip distance is greater than 40 mm, which indicates that the coupling effect is insignificant. When the distance between strike points is smaller than 35 mm, the coupling effect is significant and swept stroke FE model should be considered in the lightning damage prediction.



This section examined the electrical potential evolution and the corresponding damage of a composite panel in a moving aeroplane under a swept stroke and the effect of skipping distance and current magnitude on lightning damage in a CFRP laminate. The results provide guidance for designing aircraft CFRP composite against swept stroke.





5. Conclusions


In this study, the lightning damage behaviour of CFRP composites under swept stroke has been studied through both experimental methods and FE modelling. The following conclusions can be drawn:




	(1)

	
The swept stroke FE model was developed to predict the lightning damage, and the model prediction was comparable to that by experiments with a deviation of less than 23%.




	(2)

	
The FE results showed that the swept stroke-induced lightning damage in a CFRP composite was linearly proportional to the action integral of the current waveform.




	(3)

	
Both the swept strike tests and corresponding FE models showed that total lightning damage to the CFRP composites decreases with an increase in the distance from the initial attachment point. The majority of the injected electrical energy is dissipated around the initial attachment region, thus causing the most severe damage to that location.




	(4)

	
The coupling effect of electrical potential and lightning damage between each attachment point was strongly dependent on the skip distance and the applied current magnitude. The coupling effect was insignificant when the skip distance is large and the current magnitude is low.
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Figure 1. Experimental tests: (a) current waveform and the corresponding action integral, (b) experimental setup, and (c) a discharge moment of the single-point injection test. (d) Schematic of the swept stroke CFRP specimen. (e) The current waveform and the corresponding action integral and (f) the experimental setup for swept stroke. 
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Figure 2. FE mesh and boundary conditions: (a) single-point current injection and (b) swept stroke FE models. (c) Flowchart of FE model with a user subroutine. 
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Figure 3. In-plane lightning damage in CFRP composites under 112 kA single-point current injection: (a) visual inspection, (b) ultrasonic C-scan results, and (c) FE model prediction. 
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Figure 4. Through-thickness lightning damage in CFRP composites under 112 kA single-point current injection: (a) visual inspection and ultrasonic C-scan results and (b) FE model prediction. 
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Figure 5. In-plane lightning damage in CFRP composites under 36 kA swept stroke: (a) visual inspection, (b) ultrasonic C-scan results and (c) FE model prediction. Note that all three lightning attachment points are connected through a thin copper wire in (a). 
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Figure 6. Through-thickness LS damage in CFRP composites under swept stroke: (a) Visual inspection and ultrasonic C-scan results and (b) FE model prediction. 






Figure 6. Through-thickness LS damage in CFRP composites under swept stroke: (a) Visual inspection and ultrasonic C-scan results and (b) FE model prediction.



[image: Coatings 13 02048 g006]







[image: Coatings 13 02048 g007] 





Figure 7. Relationship between lightning damage and action integral from a single-point current injection and swept stroke FE models. 
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Figure 8. (a) Skip distance and (b) dwell time as a function of a cruising speed. The values for 255 m/s (typical airliner cruise speed) were approximated by the exponential extrapolation of the data defined over the flow speed range. 
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Figure 9. (a) Electrical potential distribution contours in the CFRP’s top ply under 112 kA swept stroke with two lightning attachment points. (b) Projected lightning-damaged areas of CFRP composite under single-point current injection stroke and swept stroke. 
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Figure 10. Schematic of swept stroke FE models: (a) the swept stroke model and (b) the superposition model. 
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Figure 11. Through-thickness electrical potential variation at the initial point during a swept stroke with a peak current of (a) 11.2 kA and (b) 112 kA. 
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Figure 12. Relationship between R2 and: (a) peak current magnitude and (b) skip distance defined in the swept stroke model. 
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Table 1. Parameters of lightning current.
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Type

	
T1/T2 (µs)

	
Peak Current (kA)

	
Action Integral (A2s)






	
Single point current injection

	
34.6/56.5

	
112

	
5 × 105




	
Swept stroke

	
36

	
6.4 × 104











 





Table 2. Material properties of CFRP composites [22].
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Material

	
Density (kg/m3)

	
Specific Heat (J/kg)

	
Thermal Conductivity (W/m/K)

	
Electrical Conductivity

(S/m)

	
Breakdown Strength (kV/mm)




	
Trans.

	
Longi.

	
Trans.

	
Longi.

	
In-Depth






	
CFRP

	
1520

	
1065

	
8

	
0.67

	
34,633 a

34,633 b

	
1.218 a

3000 b

	
0.0032386 a

3000 b

	
33.4








a Electrical conductivity of materials without dielectric breakdown. b Electrical conductivity of materials after dielectric breakdown.













 





Table 3. Lightning current parameters.
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Type

	
Attachment Location

	
Lightning Current Parameters




	
T1/T2

	
Peak Current

	
Action Integral






	
Single-point current injection

	
Centre point

	
34.6/56.5 μs

	
Ipeak

	
Ipeak2t




	
Swept stroke

	
#1

	
Ipeak/  √ 3  

	
Ipeak2t/3




	
#2

	
Ipeak/  √ 3  

	
Ipeak2t/3




	
#3

	
Ipeak/  √ 3  

	
Ipeak2t/3











 





Table 4. Skip distances and dwell times at different flying speeds.
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	Flow Speed (m/s)
	Skip Distance (m)
	Dwell Time (ms)





	25
	0.62
	25



	52
	0.39
	7.4



	75
	0.30
	4.0



	255 *
	0.02
	0.005







* Approximated by an exponential extrapolation of the data defined over the flow speed range (25–75 m/s).
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