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configuration after each of the steps. For each increment, the solver iterates through 

the calculation to attempt to find the equilibrium configuration. [18] 

The Newton-Raphson method in general is described by the iterative algorithm 

found in Equation (1). This method is used to solve a nonlinear equation through 

iterations. This method can be expanded into the solution of a nonlinear system of 

equations which is useful for FEA. The method provides a means of solving nonlinear 

equations through linear means at very small increments. [20] 

 𝑥𝑥𝑖𝑖+1 = 𝑥𝑥𝑖𝑖 − 𝑓𝑓(𝑥𝑥𝑖𝑖)/𝑓𝑓′(𝑥𝑥𝑖𝑖) ( 1 ) 

The first iteration in a load increment is shown in Figure II-6. The solver uses the 

structures original stiffness ,𝐾𝐾0, based off of the configuration at 𝑢𝑢0to find a 

correction value 𝑐𝑐𝑎𝑎 to update the new configuration of the structure 𝑢𝑢𝑎𝑎 [18]. Abaqus 

then forms a new stiffness for the new configuration, 𝐾𝐾𝑎𝑎. Based off of this new 

configuration, Abaqus updates the internal load, 𝐼𝐼𝑎𝑎, and the difference between the 

applied load, 𝑃𝑃, and the internal load is found as the residual force, 𝑅𝑅𝑎𝑎 [18]. If the 

residual force was 0, then the point 𝑎𝑎 on the figure would be on the nonlinear curve. 

Therefore, Abaqus utilizes this residual force as a convergence criteria for the 

equilibrium solution for this increment. If the residual force does not meet a tolerance 

value (default to 0.5% of force in the structure), the solver will continue to iterate 

until an equilibrium solution is found. The equilibrium configuration, once 

converged, is 𝑢𝑢𝑎𝑎 [18]. 
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Figure II-6. First Iteration in an Increment [18] 

In order to combat any issues of convergence due to instability within the 

analysis, the Abaqus solver allows for the use of a feature called automatic adaptive 

stabilization. Basically this feature within the nonlinear solver uses the aid of artificial 

damping. If the stabilization method is adaptive, the damping value can vary spatially 

or temporally as an analysis is run. For the case of this research the damping value is 

varied temporally. The variance of the artificial damping within the model is 

dependent on the convergence history of the solution. If convergence is an issue due 

to instabilities within the structure or rigid body modes, the analysis tool will increase 

the damping factor in order to try and combat these instabilities. [21] 

2.5 Aerodynamic Analysis 
The purpose of this thesis is to understand the relationship between the 

aerodynamic and structural analyses to determine whether aerodynamic effects must 

be taken into consideration in future structural analyses and designs for the VLTAV. 













41 

2.6 Summary 
In this chapter, the assumptions and methodology are addressed for the research 

associated with this thesis. The assumptions include negligible deformations to the 

model due to aerodynamic effects as compared to load due to the vacuum and this 

thesis assumes the availability and manufacturability of the materials used in analysis. 

The methodology section provides an introduction to the succeeding chapter in which 

the methodology is discussed more in depth.  

This chapter also presents the basic theory behind the methods used for this 

research. The structural analysis theory included high level theory associated with 

finite element analysis as well as an introduction into nonlinear analysis techniques. 

The theory sections also included aerodynamic analysis. The aerodynamic analysis 

section discusses the concept of the aerodynamics of a sphere, the data acquisition 

techniques used in the research, the CFD methods conducted by Wright State in 

collaboration with this thesis, and finally the concept behind Reynolds number 

scaling for wind tunnel analysis. 
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III. Research Methodology 

3.1 Chapter Overview 
The previous Air Force Institute of Technology (AFIT) research conducted for the 

celestial icosahedron design, as well as other geometric shapes, assumes there is a 

symmetric sea-level pressure evenly distributed over the vacuum lighter than air 

vehicle’s (VLTAV) membrane. The research conducted to date has not evaluated the 

interaction between the aerodynamic pressures and forces acting on the vehicle with 

the structural dynamics that have been thoroughly analyzed. In order to accurately 

characterize the aerodynamics of the celestial icosahedron VLTAV, a structural 

analysis must be run first in order to determine deformations expected due to 

atmospheric pressure.  

The model analyzed is a variation of the model that Moore analyzed in the 

Complete Abaqus Environment (CAE) for his thesis. While Moore’s model (Figure 

III-1) had a diameter of 0.7576 meters as the minimum diameter, the model for the 

wind tunnel tests will need to be smaller in diameter in order to fit in the test section 

[1].  

This chapter addresses the methodology behind the research conducted for this 

thesis. The aspects addressed include the finite element model, validation of wind 

tunnel test setup, stagnation pressure scenario, conversion of structural analysis mesh 

to solid body, additive manufacturing practices, and incorporation of aerodynamic 

effect to the structural analysis. 
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Figure III-1. Deformation contour plot for the feasible minimum diameter model 
(0.7576 meters) [1] 

3.2 Finite Element Model 
In order to produce the deformed geometry, which eventually is tested in the wind 

tunnel for aerodynamic effects, a structural analysis similar to that of past AFIT 

students’ research must be conducted. The Finite Element Analysis software Abaqus 

is used to conduct the structural analysis, just as past students have conducted their 

analysis. The analysis run was consistent with Kyle Moore’s analysis of his minimum 

diameter model. The geometry of the wire frame is 0.3788 m in radius for each of the 

9 circular frame elements with a membrane draped over. This model was considered 

because it is the worst case scenario model for existing factor-of-safety when 

analyzed with symmetric sea-level pressure acting on the surface. The elements of the 

frame and the membrane are constrained together using a tie constraint with a surface 

to surface discretization method. The frame structure was meshed with 552 B31 beam 
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elements and the skin was meshed with 1827 M3D4R membrane elements as shown 

in Figure III-2 and Figure III-3 respectively. [1] 

 

Figure III-2. B31 element mesh of the frame part  
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Figure III-3. M3D4R element mesh of the skin part  

The frame is modeled using thin walled pipes with a radius of 8𝑥𝑥10−3meters and 

a thickness of 2.00𝑥𝑥10−4 meters, and the skin is modeled by giving the membrane 

elements a thickness of 7.75𝑥𝑥10−7 meters [1]. The model also utilizes the same 

boundary conditions as Moore’s model which consisted of constraining both the top 

and bottom vertices laterally (U1=U3=0). The boundary conditions used can be seen 

in Figure III-4. 
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Figure III-4. Boundary conditions for structural analysis [1] 

The analysis for the finite element model employed the use of a quasi-static, 

nonlinear loading condition consistent with a pressure equal to sea-level (101,325 Pa) 

acting uniformly on the outer surface of the celestial icosahedron. The nonlinear step 

in the analysis utilized the Newton-Raphson technique for addressing nonlinear 

characteristics. The Newton-Raphson technique is discussed in greater detail in the 

structural analysis section of the theory chapter.  
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Also, the quasi-static, nonlinear step utilized the adaptive stabilization feature in 

the nonlinear analysis. The adaptive stabilization reduces the instabilities and 

eliminates rigid body modes in an analysis which employs membrane elements. The 

adaptive stabilization method used in the structural analysis is discussed in greater 

detail in the theory chapter as is the Newton-Raphson technique. The values used for 

automatic stabilization and incrementation in the nonlinear analysis step are provided 

in Table III-1. Also, a study was conducted varying the two parameters of the 

automatic stabilization tool (dissipated energy fraction and maximum ratio of 

stabilization to strain energy) to determine if the parameters effect the drastic change 

in displacement Moore was observing at approximately 10% of the load applied. This 

study along with the results are discussed in greater detail within the results chapter. 

Table III-1. Nonlinear analysis parameters 

Dissipated Energy Fraction 2𝑥𝑥10−4 

Maximum Ratio of Stabilization to Strain Energy 5𝑥𝑥10−2 

Maximum Number of Increments 1𝑥𝑥108 

Initial Increment Size 1𝑥𝑥10−6 𝑠𝑠𝑠𝑠𝑠𝑠 

Minimum Increment Size 1𝑥𝑥10−36 𝑠𝑠𝑠𝑠𝑠𝑠 

Maximum Increment Size 1 𝑠𝑠𝑠𝑠𝑠𝑠 

 

3.3 Stagnation Pressure Comparison 
The celestial icosahedron with a diameter of 0.7576m was used to run an analysis 

within Abaqus to determine the difference in the maximum displacement of a 
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hemisphere with a sea-level atmospheric pressure applied (101,325 Pa) and a 

hemisphere with a stagnation pressure uniformly applied consistent with the 

stagnation pressure at 17.8816 𝑚𝑚
𝑠𝑠

 (101,509 Pa). The purpose of this analysis is to 

determine the soundness of the underlying assumption made that the aerodynamics do 

not significantly affect the deformation of the structure. The analysis conducted used 

the exact same parameters as the analysis run for the symmetric sea level pressure 

analysis to include element profile, element type, number of elements, material 

properties, geometry, tie constraints, boundary conditions, and step conditions. The 

only option changed within the analysis was the load applied, which was as applied as 

described previously in this section. The reason a stagnation pressure is used over an 

entire hemisphere is because it shows the reaction of the structure to a worst case 

scenario which would not be seen operationally. This allows the aerodynamic 

analysis of the VLTAV to be conducted on a model which is deformed consistent 

with a sea-level atmospheric pressure on the outside with an internal vacuum.  

The stagnation pressure used assumes the flow over the VLTAV is 

incompressible which is approximately below 0.3 Mach. This is equivalent to 

103.266 𝑚𝑚
𝑠𝑠

 for an environment in which the speed of sound is 344.668 𝑚𝑚
𝑠𝑠

. The 

incompressible assumption is valid due to the fact that the velocities used for this 

research’s purposes are well below half of the compressible threshold. The equation 

for calculating the stagnation pressure for a given velocity, air density, and static 

pressure is shown below.  



49 

 
𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

1
2
𝜌𝜌𝑣𝑣2 + 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ( 5 ) 

In this equation, 𝑃𝑃 is the pressure whether stagnation or static, 𝜌𝜌 is the air density 

(for the purpose of this research, the air density of an elevation associated with AFIT 

was used), and 𝑣𝑣 is the airspeed velocity. For a velocity of 17.8816 𝑚𝑚
𝑠𝑠

, it was 

determined that a stagnation pressure of 101,509 Pa is endured. Figure III-5 and 

Figure III-6 show the loads applied to the celestial icosahedron with the stagnation 

pressure hemisphere and the sea-level pressure hemisphere respectively. The addition 

of the stagnation pressure on the left hemisphere is the difference between the loads 

highlighted in the figures.  
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Figure III-5. Stagnation pressure hemisphere 

Figure III-6. Sea-level atmospheric pressure hemisphere 

 


