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Figure 2.3 Components of the inner mold line PRSEUS structure [15] 

The PRSEUS concept is characterized by the use of resin infused oven-cured dry 

fabric preform rather than the autoclaved prepregs.  The preforms are then placed on a 

single-sided metal tool inside a vacuum bag and infused with HexFlow VRM 34 resin via 

vacuum-assisted resin transfer molding based on a controlled atmospheric resin infusion 

process developed by Boeing company [16]. This process uses a gas-permeable 

membrane in order to maintain uniform vacuum distribution and continuing degassing of 

the preform during infusion, which increases the fiber volume fraction in the cured 
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structure [16, 17]. The preform is cured in an oven at 93°C for five hours. Then it is post 

cured at 177°C for two hours [18]. 

2.4 PRSEUS Stitching Pattern 

A PRSEUS panel is constructed using state-of-the-art stitching techniques. The 

stringers, frames, and skins are all placed in a stitching tool and sewn together prior to 

resin infusion and cure. The skin is formed from two stacks and serves as a base for the 

PRSEUS components. The frame cap acts as the foundation for the frame and is stitched 

to the skin. Tear straps are stitched to the stringer flanges, which is then stitched to the 

PRSEUS skin (Figure 2.3). The stitching is performed with VectranTM liquid crystal 

polymer spun-fiber thread. This thread was made of multiple strands of twisted 400 

denier yarn that were coated with a nylon resin and cured. 

Both double-sided stitching and single-sided stitching are used to assemble a 

PRSEUS panel. A double-sided sewing machine is used to stitch the stringer web; two 

seams of VectranTM 1200 denier thread with eight stitch penetrations per inch were 

inserted at the top and bottom of the stringer web. Single-sided stitching is used to stitch 

the frame and stringer flanges to the tear straps and skin using a 1600 denier VectranTM 

thread with five stitch penetrations per inch. This technique uses a single-side robot 

sewing machine with two needles: one enters the fabric at 90° to insert the thread, and the 

other enters the dry pre-knitted carbon fabric at a 45° angle to catch the loop of the thread 

formed by the first needle (Figure 2.4). Both needles enter the fabric from the external 

surface of the part. 

17 



 

 

 

  
 

 

   

  

   

  

  

  

 

  

Figure 2.4 Sewing technique used for single-sided stitching of the PRSEUS panel 
components [15] 

Figure 2.5 shows the (OML) skin stitching patterns used to assemble the PRSEUS 

stringers and frames. The first stitch row (represented by dashed blue lines in Figure 2.5) 

enters perpendicular to the skin and near the edge of a given stringer/frame/flange. The 

second stitch row (represented by dashed black lines in Figure 2.5) enters at 45° angles 

relative to the skin surface and forms a “V” shape under the stringer web and the frame as 

shown in the Figure. The stitch rows are all oriented parallel to the axis of stringers and 

frames. The resulting structure is a unitized and self-supporting preform, with VectranTM 

stitch rows that go all the way through the thickness of the structure (Figure 2.5). 
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Figure 2.5 Stitched row pattern of the PRSEUS panel 

2.5 Nondestructive Evaluation Techniques 

There are several types of non-destructive evaluation (NDE) techniques such as 

visual inspection, dye penetrant testing, magnetic particle crack detection, eddy current, 

through-transmission ultrasonic (TTU) C-scan and radiography [19]. These techniques 

are employed to detect defects, material discontinuities, and damage that result from the 

manufacturing process or in-service loadings. Ultrasonic testing induces high-frequency 
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acoustic waves that propagate through the material and get reflected from the surface of 

any discontinuity. The reflected acoustic pulse result in a reduced electrical signal sensed 

by a receiving transducer. Ultrasound testing can be performed with pulse echo or TTU 

C-scan techniques. This study will focus on using a combination of visual inspection and 

TTU C-scan testing to assess the lightning damage resistance of the PRSEUS panel. The 

through-transmission ultrasonic technique uses two transducers in which the ultrasonic 

vibrations are emitted by one and received by the other, usually on the opposite side of 

the part. Locating the defect accurately requires alignment of the transmitter and receiver. 

A typical C-scan image shows a two-dimensional characterization of the test article. The 

color contours contained in the C-scan image represent the ultrasonic signal amplitude. 

Spatial changes in the C-scan image reflect the loss of the acoustic signal amplitude 

which suggests the presence of damage or change in structure. 
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2.6 Experimental Setup of the Lightning Strike Testing 

Figure 2.6 Structure of the current impulse generator 

Lightning strike experiments were performed using a high capacity state-of-the-

art impulse current generator in the Mississippi State University (MSU) High Voltage 

Laboratory. This generator is configured to produce up to a 200 kA lightning peak 

current. The current impulse generator consists of one stage of eight high voltage 

capacitors that are placed inside a metallic structure as shown in Figure 2.6. Each 

capacitor is capable of storing 50 kJ of electrical energy. The capacitors are connected in 

parallel which results in a total circuit capacitance of 400 μF, thus a maximum energy of 

400 kJ. The capacitors are charged using stacks of 1 kΩ resistors. The amplitude of the 
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peak current is controlled by varying the charging voltage of the capacitors. Assuming 

that all electrical parameters of the generator (such as resistivity and inductance) are 

constant, the time to reach the peak current and the decay time of the discharge remains 

constant. Therefore, the standard current waveform is maintained during multiple impulse 

testing. The electrical current impulse generator is configured to simulate component A 

of the test current waveform as specified by SAE ARP 5412 [20]. Figure 2.7 shows a 

typical 200 kA impulse current waveform. A double exponential function characterizes 

this waveform with a nominal rising time of 6.4 μs (the time required for the electrical 

current to rise from 10% to 90% of the peak amplitude), a decay time of 69 μs  ( the time 

necessary for the electrical current to decrease to half the peak amplitude), and an action 

integral (i.e., the time integral of the joule heating power) of 2 × 105𝐴2 · 𝑠. Figure 2.8 

shows an electrical wiring schematic diagram that displays the components of the 

electrical current impulse generator. 
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Figure 2.7 A double exponential current waveform of a 200 kA peak current 

Figure 2.8 A schematic diagram of the electrical wiring elements of the electrical 
current impulse generator 
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When the capacitors charging is complete, the capacitor bank is switched on. 

Triggering the Trigatron results in a discharge of the capacitors, which leads to an air 

breakdown between the spark gap electrode and the test article. In essence, leaving ⁓3 cm 

gap between the spark gap electrode and the test article results in a discharge arc similar 

to the subsequent and the first return stroke current components A and D of the standard 

current waveform (Figure1.2). A cylindrical Poly(vinyl chloride) (PVC) pipe located at 

the center of impulse current generator, encloses the spark gap electrode and help support 

the test article.  

A Tigatron switch was implemented to initiate the electrical current discharge 

flow. This switch is made of two semi-spherical brass electrodes mounted one under the 

other (Figure 2.9) with an adjustable gap between them to produce a high electrical 

current discharge path. The upper electrode is wired to high voltage capacitors, and the 

lower electrode is connected to ground. The gap spacing should be sufficiently larger 

than a critical gap in order to break down the air between the Trigatron electrodes. 
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Figure 2.9 Trigatron switch used for generating lightning current 

Before subjecting the PRSEUS panel to lightning strike testing, two inches of the 

panel surface edges were sanded in order to expose the carbon fibers and ensure a good 

electrical contact interface between the panel and grounding copper braid. Four copper 

braids were used to ground the panel to the cubic structure in order to dissipate the 

lightning electrical current flow. These wires were clamped on top of the sanded area 

along the perimeter of the entire panel. The panel was then placed on top of the PVC 

pipes and connected with copper strips to the steel frame structure as shown in 

Figure 2.10. During each lightning strike test, the electrical current propagates through 

the panel towards the edges, where the copper braid returns the electrical current through 

the electrical current impulse generator steel frame back to the ground. 
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Figure 2.10 PRSEUS panel grounding and testing setup 

This research investigates the lightning damage resistance of the PRSEUS panel. 

Three different nominal current impulse magnitudes (50, 125, and 200 kA) were injected 

at various locations in the PRSEUS panel in order to investigate the damage resistance at 

and in the vicinity of the arc attachment points. The panel is a 4 ft × 3.6 ft and is 

composed of eight stringers that pass through slots in the frame at the center of the panel 

with a 3.5 in spacing.  Four different general locations on the OML surface were selected 

for lightning strike testing: mid bay, stringer, frame, and stringer-frame intersection 

(Table 2.1). A map of strike locations is shown in Figure 2.11. 
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Figure 2.11 Strike locations on the PRSEUS panel at various nominal peak currents 
(50, 125, and 200 kA) 

 Note: the blue and black dashed lines represent through thickness stitches. 

Table 2.1  Lightning strike locations and their symbols   
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2.7 Results of Simulated Lightning Strike Testing on PRSEUS Panel 

2.7.1 Fiber Damage Description Due to Direct Lightning Effects 

Characterizing the physical damage to the PRSEUS panel due to the direct 

lightning effects was a primary concern in this study. These effects produce a 

combination of thermal and mechanical damage. The thermal effects are the most 

dominant in damage formation, including energy dissipation by resistive heating (also 

referred to as Joule or ohmic heating; i.e., the electric energy is converted to heat through 

resistive losses in the material), direct heat from lightning arc channel, in addition to 

radiative flux. The mechanical damage is derived from the overpressure due to the rapid 

increase of the temperature in the arc channel leading to a propagation of a shock wave in 

the radial direction perpendicular to the lightning arc. Also, lightning currents can 

produce considerable mechanical forces mainly due to electromagnetic interactions. For 

example, the flow of electrical current through parallel conductors (i.e., carbon fibers) 

induces a magnetic force which contributes to the mechanical stress. Another important 

factor is that these forces act in a relatively short duration in comparison to the thermal 

effects. Thus, it has been assumed that the mechanical damage is less significant than the 

thermal damage [4]. 

Typically, the lightning arc channel takes the form of a cylinder. However, once it 

encounters the hard surface of a carbon/epoxy composite panel, the arc root geometry 

becomes more complex resulting in a roughly diamond shape profile. At the lightning 

attachment point to a carbon/epoxy composite laminate, the arc root is concentrated in a 

smaller area [21] in comparison to an aluminum panel, which increases the current 

density and result in severe fiber damage at the arc attachment location. There are four 
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lightning current parameters that influence the induced damage: a) the peak current, b) 

the maximum rate of change of current, c) the integral of the current over time (i.e., 

amount of delivered charges), and d) the action integral (i.e., measure of the ability of the 

lightning current to generate heat) [22]. 

Lightning strike tests were performed at multiple locations on the NASA LaRC 

PRSEUS panel at different nominal peak currents (50, 125, and 200 kA), in order to 

characterize the effect of stitching on damage development. A total of 16 strikes at 

different current levels and locations were performed on the PRSEUS panel. At least one 

strike for each given nominal peak current was conducted at the following locations: mid-

bay, stringer, frame and frame-stringer intersection. These locations were chosen in a 

manner that prevented damage overlap between two consecutive strikes. Table 2.2 lists 

the number of performed strikes in each location. 

Table 2.2 The number of performed lightning strikes at each location on the PRSEUS 
panel. 

Peak Current        
Location 50 kA 125 kA 200 kA 

Mid-bay 3 2 1 

Stringer 2 2 1 

Frame 1 1 -

Frame/stringer 
intersection 1 2 -
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The strikes produced an acoustic emission with an intensity greater than 130 dB 

as well as a strong odor due to surface burning. The lightning arc induced sparking and 

burning at the attachment point for several microseconds. Each lightning strike caused a 

highly localized explosive damage at and in the vicinity of the arc attachment point 

including matrix decomposition, possible fiber sublimation, fiber rupture, fiber-matrix 

interfacial debonding, burning marks, puncture, and delamination. Matrix decomposition 

likely results from the combined effects of resistive (joule) heating and the high arc-

channel temperature due to the air breakdown induced by the delivery of a significant 

amount of energy to the lightning channel. Typically, matrix decomposition occurs 

between 330-380°C. Epoxy thermal degradation involves progressive evolution of 

volatile compounds, break down and depolymerization of the molecular chains, and char 

and residue formation. Also, as the local composite temperature rapidly rises from the 

epoxy decomposition temperature (330-380°C) to the carbon sublimation temperature 

(3316°C, [7]), the carbon fibers will rapidly contract due to their negative coefficient of 

thermal expansion. This contributes to large scale fiber ruptures and tow splitting in the 

vicinity of the lightning attachment point. 

Figure 2.12 shows a plan view and a side view of a 200 kA strike performed at a 

typical mid-bay location, where, the blue lines represent through-thickness VectranTM 

stitches. By visually inspecting the surface damage area of the PRSEUS, two types of 

surface damage regions can be distinguished: (1) an intense local damage at and in the 

vicinity of the attachment point, and (2) a surrounding widespread damage. The damage 

typically consisted of a region with intense localized severe fiber rupture accompanied by 

large-scale matrix decomposition, delamination, etc. (outlined in red, Figure 2.12), 

30 


