
  

ABSTRACT 

 
 

ANGELL, BRANDON JAMES.  Stress Analysis of the nEDM Central Volume Container.  

(Under the direction of Dr. Jeffrey W. Eischen). 

This thesis entails the design progression and finite element analysis (FEA) of one 

component in a complex system designed to conduct an experiment that improves the 

measurement technique and accuracy of the neutron electric dipole moment (nEDM).  Numerous 

organizations have been in collaboration on this project since 2002. 

In detail, the component being analyzed is the helium insulation volume or central 

volume container.  The central volume is a pressurized cylindrical container designed to operate 

at an internal pressure of approximately 1.5 atmospheres and a temperature range of 0.30 - 0.45 

Kelvin.  Liquid Helium (LHe) will be used as the cooling medium for the experiment.  It is vital 

that the container be constructed exclusively from a non-magnetic, non-metallic, and non-

conducting material that is not activated by neutrons.  The Eddy current and magnetic fields 

surrounding the experimental apparatus would be disrupted with the use of metallic components 

producing invalid experimental results. 

As the design of the central volume progressed, numerous finite element analyses were 

completed with ANSYS.  The design recommendations and an outline of the design progression 

are detailed in the following document.  From the FEA analyses completed on the central volume 

container, it was concluded that a material combination using G10-CR for the downstream end 

flange, light-guide feed-through collars, and upstream flange, S2/5216 for the cylinder, retaining 

rings, and support strips, and sapphire for the light-guide windows produced the most favorable 

stress results.  The design of the upstream flange assembly has not been finalized; therefore, the 

stress values obtained in this area with the FEA are high and inaccurate. 



  

The margin of safety (MOS) was calculated using allowable stress equations provided by 

the safety engineers with Oak Ridge National Laboratories.  A MOS value greater than 0 is 

considered a favorable result.  The resulting MOS values for the material combination listed 

above ranged from -0.40 to 1.57.  The results were also tabulated for the maximum principal 

strains for each component of the central volume container.  The resulting MOS values based on 

the allowable strain values for the same material combination mentioned above ranged from 0.38 

to 2.44.  
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M
HT
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[��] ........................................................... combined hygrothermal and mechanical force loading 

Nθ ............................................................ normal force per unit length in tangential direction, lb/in 
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Ny ............................................................ normal force per unit length in y-direction, lb/in 

N
HT

 .......................................................... hygrothermal forces 
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k
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respectively 

ηxs ............................................................ shear coupling coefficient (first subscript denotes normal 

loading in the x-direction; second subscript denotes shear 

strain) 
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3
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1 Introduction and Problem Definition 

 

1.1 Overview & History of the nEDM Project 

The Neutron Electric Dipole Moment (nEDM) project was initiated in 2002.  However, 

the finite element analysis (FEA) of the central volume container did not begin until August of 

2007.  The measurement of the nEDM originated with an experiment Dr. Norman Ramsay and 

collaborators conducted at Oak Ridge National Laboratory (ORNL) during the 1950's.  For a 

detailed discussion of the experimentation, the reader is directed to the original proposal written 

by Golub and Lamoreaux [1] and the nEDM collaboration web page found by the following link, 

http://p25ext.lanl.gov/edm/edm.html, where the pre-proposal can be viewed in its entirety.  The 

two sources listed above contain comprehensive discussions of all aspects of the proposed nEDM 

experiment. 

Numerous organizations
1
 are in collaboration to research and design an experimental 

apparatus to improve the current techniques for measuring the electric dipole moment of the 

neutron.  The goal of the nEDM project is to develop an innovative experimental technique to 

search for the electric dipole moment (EDM) of the neutron that offers a factor of at least 100 in 

                                                      

 

1
 Department of Energy, Arizona State University, California Institute of Technology, Duke University, 

Hahn-Meitner Institute (HMI), Harvard, Indiana University, Los Alamos National Laboratory, 

Massachusetts Institute of Technology (MIT), North Carolina State University, Oak Ridge National 

Laboratory, Simon Fraser University, University of California: Berkeley, University of Illinois: Urbana 

Champaign, University of Kentucky, University of Tennessee, Yale University 
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improved sensitivity over existing measurements.  The stimulus for this project comes from the 

fact that the search for electric dipole moment of the neutron has potential of revealing new 

sources of time reversal (T) and charge conjugation and parity (CP) violation.  It will also 

challenge calculations that propose extensions to the standard model.  This experiment has 

potential to either measure the magnitude of the neutron EDM or lower the current experimental 

limit by one to two orders of magnitude.  If these objectives are achieved, they will have a major 

impact on the understanding of the physics of both weak and strong interactions. 

After completion of the project, the designed nEDM apparatus will reside in the 

Spallation Neutron Source (SNS) facility located at the Oak Ridge National Laboratory in Oak 

Ridge, TN.  SNS is an accelerator-based neutron source that will provide the most intense pulsed 

neutron beams in the world for scientific research.  Additional information on the SNS can be 

obtained from http://neutrons.ornl.gov/.  Figure 1.1 illustrates an overview of the Oak Ridge 

National Lab facility. 

 

Figure 1.1 Oak Ridge �ational Laboratory (OR�L) in Oak Ridge, T� 
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The proposed experimental apparatus to measure the nEDM will be enclosed in a large 

cryovessel and cooled by a high flow-rate dilution refrigerator.  A helium liquefier will support 

the cryogenic cooling system for the central volume container.  The target volume will be 

enclosed in a composite insulation volume (central volume container) that will hold 

approximately 1,200 liters of liquid helium (LHe).  The helium liquefier cools the cryovessel to 

4.2 K, and the dilution refrigerator cools the helium insulation volume or central volume to a 

temperature within the range of 0.20 – 0.50 K.  The performance requirements for the system are 

as follows: the system should be capable of cooling to operating temperature in approximately 

two to three weeks, warm to room temperature within 7–10 days, endure continuous operation for 

at least 90 days, have low magnetic fields, and contain materials that have low neutron activation.  

Figure 1.2 – Figure 1.4, provided by Mr. Jan Boissevain of Los Alamos National Laboratories 

(LANL) illustrate the overall nEDM experiment and the numerous components of the system.  

The focus of this document is the finite element analysis of the helium insulation volume or 

central volume container. 

 

Figure 1.2 nEDM experimental set-up with labeled components 
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Figure 1.3 Overview of nEDM setup 

 

 

Figure 1.4 Section view of nEDM experiment as of December 2, 2008 

Helium Insulation Volume  

(Central Volume Container) 



5 

 

 

1.2 Problem Definition: Central Volume Container 

This document focuses on the design progression, stress analysis, and recommendations 

based on the finite element analysis (FEA) results of the central volume container for the nEDM 

experiment.  Figure 1.5 illustrates the model used for the final FEA analysis presented in this 

document. 

 
Figure 1.5 Central volume container geometry as of Oct. 20, 2008 

 

The people directly involved in the central volume container subsystem were: 

• Boissevain, Jan ...................................... nEDM chief engineer, LANL 

• Eischen, Jeffrey W., Ph.D ..................... engineering professor, NCSU 

• Haase, David G., Ph.D .......................... subsystem manager, NCSU 

• Huffman, Paul, Ph.D ............................. technical coordinator for the nEDM project,      

     NCSU 

• Ito, Takeyasu ......................................... subsystem manager for the target insert and  

      the volume end cap with feed-throughs 

• Ramsey, John ........................................ engineer, LANL 

• Smeltzer III, Stanley S., Ph.D ............... engineering consultant 

 

 

The dimensions of the central volume container are determined from the surrounding components 

of the entire experimental set-up.  As seen previously in Figure 1.4, the nEDM experiment 

contains numerous components that are dependent upon each other.   
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Table 1.1 lists the nominal dimensions used as an initial guideline for the central volume 

container. 

Table 1.1 �ominal dimensions used for initial central volume container 

Variable Value Units Variable name 

R 16 inches radius of cylinder 

tc 0.50 inches cylinder sidewall thickness 

th 0.50 inches end flange thickness 

L 90 inches length of cylinder 

 

 

The design of the central volume container is based upon the following three pressures: 

1. Normal operating pressure – pressure at which the vessel will be used during the 

experimentation 

2. Maximum allowable working pressure – the point where the overpressure 

devices are set to open  

3. Design pressure – the central volume container is designed to handle this 

maximum pressure and beyond this pressure, the vessel is expected to fail 

 

 

The pressure for the central volume container under normal operating conditions is 1.5 atm; the 

maximum allowable working pressure was set to 2.0 atm.  The system will include a cryogenic 

burst disk set to fail at two atmospheres absolute in the case of a pressure spike or other 

hazardous condition.  The FEA analyses were calculated using a design pressure of 3.0 atm (≈ 45 

psi).  Therefore, it is assumed that if the pressure of the vessel exceeds 3.0 atm, failure is 

anticipated.  The nEDM experimental apparatus is a complex system of numerous components.  

Consequently, when one component is altered, the surrounding components are affected. 



7 

 

 

For the FEA analyses of the central volume container, static mechanical and thermal 

stress analyses were performed.  A static analysis calculates the effects of steady loading 

conditions applied to a structure, while ignoring inertia and damping effects, such as those carried 

by time-varying loads.  This type of analysis determines displacements, stresses, and strains in 

structures caused by a given loading and constraint scenario that does not induce significant 

inertia and damping effects.  However, a static analysis can include steady inertial loading such as 

gravity.  The available types of loading in a static analysis include externally applied forces, 

moments, pressure, steady state inertial forces such as gravity, temperature change, and imposed 

non-zero displacements.  The results of a static analysis allow one to examine the displacements, 

stresses, and strains in a structure to determine how they compare with the allowable stress values 

of the material and design accordingly to prevent structural failure. 

 

1.3 #eutron Electric Dipole Moment (nEDM) 

The neutron electric dipole moment (nEDM) is a measurement for the distribution of the 

positive and negative charges that exist within a neutron.  An electric dipole moment only exists 

if the centers of the negative and positive charge distributions inside the particle do not coincide 

with one another.  Over the years, the measured limit for the dipole moment of the neutron has 

steadily decreased.  The current best upper limit is approximately ��� < 2.9 � 10��� �cm  [2].   

 

1.4 Introduction to Composite Materials 

Composite materials have been capturing interest in worldwide industry for decades.  A 

heightened interest began with the introduction of polymeric-based composites.  The term 
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“polymer” comes from the Greek words poly (meaning “many”) and mers (meaning “units”).  

The molecules of a polymer consist of thousands of repeating chemical units.   

There are three main levels of analysis for composite structures.  The first level consists 

of micromechanics, which studies the interaction of the constituent materials on a microscopic 

level.  The next level is the macromechanics or lamina level analysis.  This approach studies the 

overall behavior of the composite laminate.  The final level is structural based.  This level is 

where the use of finite element analysis can be coupled with lamination theory in order to predict 

the overall behavior of a structure, the state of stress experienced by the overall laminate, or the 

results from each individual lamina or ply.  Figure 1.6 illustrates the various levels of composite 

material analysis. 

 
Figure 1.6 Levels of analysis for a composite structure [3] 

 

Figure 1.7 illustrates the characteristics of various materials and their rankings.  As can 

be seen, composites lie in the mid-range of volume weight; however, they have a wide range of 
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tensile strengths and tensile moduli depending on the type of composite material considered.  One 

of the most advantageous characteristics of a composite material is the ability to arrange the 

fibers during the manufacturing process in order to meet specific mechanical requirements.  This 

in turn makes composites more versatile and preferable over conventional materials such as 

aluminum, iron, or steel for certain applications.  A few popular composite applications include 

aircraft components, piping, compressed gas bottles, and pressure vessels [4].   

 

Figure 1.7 Characteristics of various material types [5] 

 

A composite material is an engineered material that is constructed of two or more 

constituent materials that generally exhibit noticeably different physical or chemical properties 

when examined independently.  These constituent materials remain separate and distinct in the 

overall composite material when examined on the macroscopic level.  There are several types of 

composites constructed with fiber materials such as graphite, carbon, Kevlar, or fiberglass and a 

suitable resin material.  These materials are becoming more broadly used because of their high 

specific strength (strength/density) and their high specific modulus (modulus/density).  However, 

since the structural make-up of a composite material is much more complex than that of a 
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conventional material such as steel or aluminum, the computational modeling of composites is 

more complicated due to numerous orthotropic layers that may or may not be oriented in different 

directions.  Figure 1.8 illustrates two of the most popular composite lay-ups, including the quasi-

isotropic and the unidirectional ply arrangements. 

 

Figure 1.8 Quasi-isotropic lay-up (left), unidirectional lay-up (right) [5] 

 

The two main components of a composite material are the matrix and the fiber materials.  

The fiber and matrix combine to produce a material that has superior properties to those of the 

individual constituents.  In general, a composite laminate consists of multiple layers with fibers 

oriented at various angles.  The advantage to having the composite layer fibers at various 

orientations is that one can tailor the material to have a higher strength in the desired direction.  

This in turn allows the tailoring of a composite towards a specific application.  A laminate is 

obtained by stacking a number of thin layers or lamina to the preferred thickness.  An individual 

lamina can vary from 0.003 in. – 0.05 in. or thicker depending on the tow used to make the tape 

or fabric.  The fiber orientation in each layer can be controlled in order to generate a wide variety 

of physical and mechanical properties for the composite laminate.    An example of a composite 

laminate is shown in Figure 1.9 below.   
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Figure 1.9 Un-bonded view of laminate construction with continuous fibers [6] 

 

Fiber length has a great effect on the mechanical characteristics of a material.  Composite 

materials can be manufactured with continuous, long, or short fibers.  The distribution of short 

fibers cannot fully be controlled in the manufacturing process, while long fibers are easier to 

orient and process.  Long fibers provide many benefits over short fibers including improved 

impact resistance, improved surface finish, and lower shrinkage.  However, short fibers provide 

lower manufacturing costs and are easier to work with.  Figure 1.10 categorizes the various 

composite material systems. 
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Figure 1.10 Composite material system classifications [3] 

 

Composite materials have numerous advantages over conventional materials.  Many of 

the applicable advantages can be found in composite related textbooks [7] [8].  The high strength 

to weight ratio allows implementation of composite materials into designs that were previously 

designed with a metallic material such as steel or aluminum.  With the replacement of steel 

components, composites can save approximately 60% to 80% in component weight, and 

approximately 20% to 50% weight when replacing aluminum parts.  Some of the other 

characteristics of composite materials include longer lifespan and improved corrosion resistance, 

which results in savings on maintenance costs [4].  On the other hand, there are limitations due to 

higher complexity in structural composition.  Some of these limitations include high fabrication 

costs and a higher order of difficulty in design and repairing [7] [8]. 
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1.4.1 Functions of the Fiber and Matrix Materials of a Composite 

As mentioned previously, a composite material consists of two constituent materials, the 

fiber and the matrix.  In order to have a good understanding of a composite material, one should 

have a good knowledge of the roles of the fiber and matrix materials.  The following section 

outlines the separate roles in detail. 

The main function of the fiber material is to carry approximately 70% to 90% of the 

loading.  The reinforcement or fiber material provides the overall material with enhanced 

mechanical performance including high stiffness and strength, thermal stability, electric, and 

chemical properties, and reduced weight.  The matrix material fulfills several functions.  The 

fibers remain useless without the presence of the matrix material.  The matrix binds the fibers 

together to provide rigidity and shape to the structure while conveying the load to the fibers and 

isolating the fibers so that each fiber can act individually.  This in turn can stop or slow the 

propagation of a crack or failure within a composite laminate.  The matrix material also provides 

a good surface finish quality for the structure and provides protection against chemical attack and 

mechanical damage while also establishing the maximum service temperature of the structure.  

Characteristics such as ductility and impact strength are linked to the selected matrix material.  

For example, a ductile matrix material will increase the toughness of the composite.  The failure 

mode is also often linked to the matrix material and the compatibility between the matrix and 

fiber materials. 
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1.4.2 Prepreg Composite Technology 

Prepreg composites comprise one of the most popular forms of composite materials used 

today.  With this type of composite, the fibers are pre-impregnated with a resin material, but have 

not been fully cured.  A prepreg composite can be either manufactured in a unidirectional form 

(all fibers oriented in the same direction), fabric form (fibers oriented in several directions), slit 

tape, or tow-preg.  The fabric and unidirectional tape forms are shown in more detail in Figure 

1.11.  As illustrated in Figure 1.11, if using the same fiber in both directions, the fabric material 

has equal properties in opposing directions, while the unidirectional lamina is stronger in the 

direction of the fiber.  Tow-preg and slit tape are the most common material forms when 

fabricating composite structures with the filament winding and tow placement process [9]. 

 

Figure 1.11 Comparison between fabric and unidirectional fabric forms 

 

 

1.4.2.1 Plain Weave Woven Fabric 

The woven fabric is one of the most popular types of prepreg composites.  A fabric 

material consists of fibers extending in perpendicular directions.  One direction is referred to as 
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the warp direction, while the other is the fill (weft) direction.  The fibers are woven together in a 

fixed pattern.  A few of the popular weave patterns are shown in Figure 1.12 below. 

 

Figure 1.12 Example weave patterns for a fabric material 

 

The G10-CR candidate material chosen for the downstream end flange of the central volume 

container is manufactured as a plain weave fabric prepreg.  Fabric materials such as G10 have a 

higher compression after impact strength.  Therefore, there is less delamination when a 

component constructed from this material type experiences an impact load [10].  Another 

advantage of the fabric type material is that it drapes very well, making it easier to layup over 

complicated geometries.  However, one drawback to fabric materials is that there is not as much 

variation in achievable laminates due to limitations.  For example, a [0 +15 -15] layup cannot be 

achieved since the plies are woven together in a fabric material and are perpendicular to one 

another.  Another disadvantage to using a fabric material is the micro buckling caused from the 

bending of the individual fibers after woven together.  This micro buckling effect is difficult to 

capture with finite element modeling. 
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When constructing cylindrical pressure vessels, it is often preferred that the axial 

direction or hoop direction be stronger depending on the application at hand.  A composite 

material with a layup of [0 30 0] has more axial stiffness than a [0 90] laminate.  This cannot be 

done as easily with a fabric material.  Therefore, in some applications it may be more beneficial 

to have a custom lay-up constructed where the material properties can be tailored to each 

direction as desired.   

 

1.4.3 Filament Winding Process 

The filament winding process is oftentimes used in manufacturing composite pressure 

vessels.  The fiber volume fraction can be as high as 85% when using this process.  The method 

of filament winding is a popular fabrication technique for manufacturing components designed 

for high internal pressure.  Figure 1.13 illustrates the filament winding process in detail. 

 

Figure 1.13 Schematic of filament winding process for cylindrical vessel [11] 

 

As can be seen in Figure 1.13 above, the resin-impregnated fibers are wound over a rotating 

mandrel at the desired angle, which is created by the mandrel and carriage speed.  To create the 

winding, the mandrel is rotated as the carriage moves back and forth.  Filament winding is the 
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only technique suitable for manufacturing specialized structures such as pressure vessels.  

Contemporary filament winding machines are computer numerically controlled with higher 

degrees of freedom for laying an exact number of layers.  The S2/5216 and IM7/8552 candidate 

materials proposed by Dr. Stanley Smeltzer in Chapter 3 can be used for the filament winding 

process.  An example of a filament-winding machine and a partially completed vessel are shown 

in Figure 1.14. 

 

Figure 1.14 Filament winding machine (left), example of filament winding (right) [12] 
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SP1 was used for the analysis of 

ANSYS Workbench were used for various 

primarily for the following 
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more commonly used in several industries.  It is difficult to predict the failure characteristics of a 

homogenous material; however, the level of complexity heightens when composite layering with 

various fiber orientations is introduced into the design of a structure.  The advancement of 

composite modeling using finite element codes such as ANSYS has improved drastically over the 

past few years. 

  

2.1 Thin-Walled Pressure Vessel Theory 

Pressure vessels are structures enclosed to contain either a pressurized liquid or gas.  By 

definition, a thin-walled cylindrical pressure vessel has a wall thickness that is less than 1/10 of 

the inner radius of the cylinder [14].  When applying the thin-walled assumption to a structure, it 

is assumed that the stress across the vessel wall is uniform.  The following section outlines the 

equations and procedures used for the analysis of a thin-walled pressure vessel.  

The in-plane stresses that act on pressure vessels are referred to as membrane stresses.  If 

a cylindrical vessel has an applied internal pressure p, the axial (longitudinal) and tangential 

(circumferential) stresses away from the vessel ends or any penetrations are given by the 

following equations. 

����� !"# �$� = �� = &'2( 

 
 

(4.1) 

 

�!$��)�! $� = �* = 2(��) = &'(   (4.2) 

�-$# $� = �- = 0  (4.3) 
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The above equations are resolved by the following means.  To determine the axial (longitudinal) 

stress, the cylinder is cut on the vertical diametrical plane as shown in Figure 2.1.  The figure 

exemplifies the state of equilibrium experienced by the body.  Due to the equilibrium condition, 

the stress around the wall must have a resultant to balance the internal pressure across the 

cylinder’s cross-section. 

 
Figure 2.1 Force balance between longitudinal stress and internal pressure force 

 

The equation for the longitudinal stress is derived from the application of Newton’s first law of 

motion to the above case. 

��  ( 2.' = p πr� 
 

 

 
(4.4) 

 

�� = &'2( 
 (4.5) 

 

 

Similarly, to resolve the hoop stress component, a cut is made along the longitudinal axis of the 

cylinder as shown in Figure 2.2. 

σlongitudinal 
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Figure 2.2 Force balance between hoop stress and internal pressure force 

 

As before with the longitudinal stress, the free body in this case also experiences static 

equilibrium.  Implementing Newton’s first law of motion once again yields the following for the 

hoop stress component: 

2 �� ( � = p 2 r dx 
 

 

 
(4.6) 

 

�� = &'(  
 (4.7) 

 

 

2.1.1 Cylindrical Vessel with Flat Heads 

For the comparison of the computational results and the closed form (theoretical) results, 

a cylindrical vessel with flat heads was used for simplification purposes.  The geometry of a flat-

headed vessel is detailed in Figure 2.3.  For this case, each head of the cylinder is assumed a thin, 

flat circular plate. 

 

σhoop 
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Figure 2.3 Geometry for cylindrical vessel with flat heads 

 

To obtain a solution for the flat head cylinder, the heads are assumed to bend into spherical 

surfaces when a distributed load p is applied [14].  When an internal pressure is applied to this 

geometry, extensions in the cylinder and its heads will result.  Consequently, a shearing force Q1 

and a bending moment M1 must act to ensure compatibility with the displacements.  The 

equations for these two quantities are as follows: 

45 = − 7898 + 2(2 − ;)789 + 2(2 −  ;)(1 + ;)2789� + <(1 − ;)7= + (1 + ;)>9 + (1 − ;�)7 ?&@4 B 
 

(4.8)

  �5 = − 27898 + (1 − ;)7=9� + 2(2 −  ;)(1 + ;)2789� + <(1 − ;)7= + (1 + ;)>9 + (1 − ;�)7 C&@�89 E (4.9)

 

where 

7 = (F(�

 

 

(4.10) 

9 = �� = G3(1 − ;�)@�(F�I
 (4.11) 

 

p a 

tc 

th 
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In reality, the cylinder and the heads tend to expand by unequal amounts.  Membrane theory 

produces accurate results away from the interface between the cylinder and head.  The following 

equations were derived in Section 2.1 for the axial and tangential forces acting on a given element 

in the sidewall of a thin-walled cylindrical vessel. 

�� = pa2  
(4.12) 

 

 

 
 �* = pa (4.13) 

 

 

2.1.2 Pipes Subjected to Edge Forces and Moments 

Given an infinite cylinder where the length is very large compared to the diameter, the 

deflection is given by the following equation [14]. 

K = ��L�(M5NOP�� + M�PQR��) (4.14) 

 

  

  

A circular cylinder or pipe is classified as short or long, depending on the length.  If a load is 

applied to the center of a long cylinder, the load does not greatly influence the ends, making it an 

infinite cylinder.  However, the ends of a short cylinder are affected to a higher degree.  The 

illustration below in Figure 2.4 expresses the differences in detail. 
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                      Figure 2.4 Edge loading on semi-infinite cylinder (left); short cylinder (right) 

 

When a long pipe of length L is loaded by uniformly distributed forces Q1 and moments M1 along 

edges x=0, the constants C1 and C2 from Eq. (2.14) can be determined by applying the following 

conditions at the left end of the shell. 

�� = −S �K�� = �5                                   (� = 0) (4.15)

 4� = ��� = −S 8K�8 = 45                      (� = 0) 
(4.16)

 

The constants C1 and C2 are derived as: 

 M5 = − 12�8S (45 + ��5) 
(4.17) 

 M� = �52��S 

 

 

(4.18) 
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The deflection is now found from the substitution of C1 and C2 into Eq. (2.14). 

K = − 12β8D <��5f8(��) + 45W=(��)> (4.19) 

 

where the flexural rigidity (D) is: 

S = Et812(1 − υ�) (4.20) 

 

The following equations compute the deflection and stress resultants used in Eq. (2.19) above. 

W5(��) = ��L�(NOP�� + PQR��) 

 W�(��) = ��L�PQR�� = − 12� W5′ 

 W8(��) = ��L�(NOP�� − PQR��) = 1� W�′ =  − 12�� W5′′ 

 W=(��) = ��L�NOP�� =  − 12� W8′ =  − 12�� W�′′ =  14�8 W5′′′  
(4.21) 

 

The bending moment is derived as: 

�� = −S �K�� = − Q5β W�(��) = − @(&8\3(1 − ;�) W�(��) 
(4.22) 

 

Now the compound stress values in the shell produced by the forces and moments are calculated 

using the following expression.  The first term relates to the membrane stress, and the second 

term, the bending stress. 

σ� = N_(   +  12M_zt8  
(4.23) 
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The hoop stress is composed of the membrane solution component (pa/t), a circumferential stress 

produced by the deflection (w), and a bending stress that results from the moment Mθ = -υMx.  To 

calculate the hoop stress at any point along the cylinder wall, the following equation is used.   

σ* = @&(  − EK@  − 6υt� M_ 
(4.24) 

 

 

2.1.3 Uniformly Loaded Circular Plates 

As mentioned previously, the heads of a flat-ended pressure vessel are assumed thin, flat 

circular plates.  There are two cases for the analysis of uniformly loaded circular plates; clamped 

edges and simply supported edges.  The two cases are illustrated in Figure 2.5 [14]. 

 

Figure 2.5 Uniformly loaded circular plate: clamped edges (left); simply supported edges (right) 

 

Clamped Edge Condition 

In the first case (a) shown in Figure 2.5, a clamped edge condition for the circular plate is 

assumed.  The following expressions are used in order to calculate the radial and tangential 

bending moments in the plate. 

r 

z 

p0 
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z 
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Mc = &d16 <(1 + υ)a� − (3 + υ)r�> 
 

(4.25) 

Me = &d16 <(1 + υ)a� − (1 + 3υ)r�> 
 

 

(4.26) 

The radial and tangential stresses in the plate are calculated using the following equations. 

σc = 3&d�4(8 <(1 + υ)a� − (3 + υ)r�> 
 

(4.27) 

σe = 3&d�4(8 <(1 + υ)a� − (1 + 3υ)r�> 
 

(4.28) 

 

Simply Supported Edge Condition 

For the second case, (b) shown in Figure 2.5, the edges of the plate are assumed to be 

simply supported.  The following expressions are used to calculate the radial and tangential 

bending moments for the plate in this case. 

Mc = &d16 <(3 + υ)(a� − r�)> 
 

(4.29) 

Me = &d16 <(3 + υ)a� − (1 + 3υ)r�> 
 

 

(4.30) 

The radial and tangential stresses in the plate are given as follows: 

σc = 3&d�4(8 <(3 + υ)(a� − r�)> 
 

 

(4.31) 

σe = 3&d�4(8 <(3 + υ)a� − (1 + 3υ)r�> 
 

(4.32) 
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2.1.4 Von Mises Stress Criterion 

When an elastic body is subjected to a system of three-dimensional loads, a complex 

three-dimensional system of stresses develops.  At any arbitrary point in the body, stresses act in 

various directions, with the direction and magnitude of the stress changing from point to point.  

The von Mises criterion allows one to assess whether or not the combination of stresses at a given 

point in a body will cause structural failure.  At any given point in a body, three principal stresses 

can be calculated.  These stresses act in the x, y, and z-directions respectively.  Even though none 

of the individual principal stresses exceed the yield stress of the material, and therefore will not 

independently cause failure, the combination of the stresses at a given point in a structure may 

result in failure. 

For the ANSYS Workbench analyses completed for the nEDM project, the results were 

evaluated and compared using the maximum von Mises stress.  The von Mises criterion combines 

the three principal stresses by the use of the following equation into an equivalent stress value.  

This equivalent stress value is then compared to the ultimate or yield strength of the material. 

�f�� g h)h = 1i2 j(�� − �
)� + (�
 − �k)� + (�k − ��)� + 6l
k� + 6lk�� + 6l�
� 

          (4.33) 

 

2.1.5 Example Calculation of Membrane Stresses in Shell Wall 

The following section entails the calculations of the shell wall (membrane) stresses in a 

circular cylinder example using the initial parameters for the project.  Originally, the geometry for 

the nEDM central volume configuration was defined with the following parameters: 
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Table 2.1 Initial parameters for nEDM central volume container 

Variable name Value 

Radius (r) 16.0 - 17.0 inches 

Internal Pressure (p) 150 lbf/in2 

Cylinder Wall Thickness (tc) 0.50 inches 

 

To calculate the stress in the cylinder wall created from the applied internal pressure, thin-walled 

pressure vessel theory was applied.  Figure 2.6 illustrates the various parameters used in the 

subsequent calculations. 

 

                                      

Figure 2.6 Circular cylinder geometry for membrane stress calculations 

 

If one considers a single element near the center of the sidewall (red cube shown in Figure 2.6) of 

the cylindrical vessel, the biaxial forces experienced by the elements edges are given below in 

Figure 2.7.   
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Figure 2.7 Single stress element in state of biaxial tension 

 

 

The tangential/circumferential (σθθ) and longitudinal/axial (σxx) stresses in the wall element of the 

vessel are found by substituting the given values from Table 2.1 into the following equations. 

�** = m'
�

= n150 pqWQR�r (17.0 QR. )0.5 QR. = 5.10 9PQ = 5,100 pqWQR� 

 

(4.34) 

 

��� = m'2�
= n150 pqWQR�r (17.0 QR. )2(0.5 QR. ) = 2.55 9PQ = 2,550 pqWQR� 

(4.35) 

 

 

Therefore, the membrane stress resultants in the wall element due to the pressure loading only are 

calculated and detailed in Figure 2.8.  These values are used in Section 2.4 for the ANSYS 

verification model that was compared to the results in Dr. Stanley Smeltzer’s Preliminary Design 

Report [9] for the simple composite laminate model. 
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Figure 2.8 Single-element in cylinder sidewall illustrating membrane stresses 

 
 

2.2 Validation of A#SYS Modeling 

The following section summarizes the methods used to validate the results from the FEA 

modeling with ANSYS.  The FEA results for various modeling techniques were compared to the 

closed form solutions (theory) for stress components at known locations on the cylinder and head 

of the pressure vessel. 

Finite element analysis is a practical tool for analyzing pressure vessels and has proven to 

be an extremely powerful tool if it is implemented correctly.  Many calculations can be completed 

analytically in closed form; however, intricate geometries and areas around penetrations are too 

complex for closed form solutions.  Depending on the complexity of the geometry and desired 

solution, there are different methods that offer faster run times and reduced error.  Finite element 

analysis requires an understanding of the software and the structure studied.  If the analyst does 

not use an appropriate modeling procedure and set of assumptions, time is wasted, and the data is 

useless.  The difficulty of an analysis is directly related to the complexity of the analyzed 

structure.  As the structure becomes more complex, subsequently, the analysis does also.   

N_ = (2.55 9PQ)(0.5 QR. ) = 1,275 pqWQR.  

  

Ne = (5.1 9PQ)(0.5 QR. ) = 2,550 pqWQR.  
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In finite element analysis, a structure is divided into smaller pieces or elements that make 

up the mesh.  Theoretically, as the number of elements increases, and the size of the elements are 

decreased, the accuracy of the solution will increase.  For example, one can take a curved line on 

a graph and calculate the area encompassed by the curve by breaking the area into small 

rectangles.  The area under the curve is approximated from the summation of the rectangular 

areas.  This method does not give the exact solution, but is oftentimes easier than integration of 

the curve.  As in element sizing, in order to increase the accuracy of this solution, the size of the 

rectangles can be decreased to better approximate the curve.   

During the initial stages of the nEDM project, simple models were constructed with 

ANSYS to compare the computational results with the calculated values obtained with closed 

form equations given in previous sections.  For the validation models created in ANSYS, average 

values for the material properties of low-carbon steel were used.  The initial geometric, material, 

and loading parameter values were as follows: 

Table 2.2 Parameters and values for A�SYS validation models 

Variable Value Units Variable name 

r 16 inches radius of cylinder 

tc 0.50 inches sidewall thickness 

th 0.50 inches end flange thickness 

L 90 inches length of cylinder 

p 30 psi internal pressure 

υ 0.30 unitless Poisson’s ratio [15] 

E 1.5e7 psi modulus of elasticity, Young’s Modulus (steel) [15] 

 

For validation of the computational results using ANSYS, three separate analyses were 

considered.  The first analysis entailed a two-dimensional, axisymmetric model of a flat head 
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cylindrical vessel.  The second and third analyses were both run with three dimensional shell and 

solid elements respectively.  A description of each of the element types is given in Section 2.2.2. 

Details of each of the three analyses are given in more detail in the following sections. 

 

2.2.1 Two-Dimensional Axisymmetric Model of Flat-Headed Cylinder 

As mentioned previously, the first model created for validation was an axisymmetric 

model of a cylindrical vessel with flat heads.  This model is illustrated in Figure 2.9.  The y-axis 

for the ANSYS model refers to the x-axis (shown below) in the closed form calculations. 

 

Figure 2.9 Axisymmetric model with applied loads and boundary conditions 

 

An axisymmetric model is relevant when the geometry, loading, materials, and boundary 

conditions are symmetric with respect to a common axis.  In the above case, the model is in 

theory rotated about the y-axis, creating a flat-headed cylindrical vessel.  This method of 

modeling can significantly reduce the time required to set up the model and the computational 

time required to solve the problem.  The model remains two-dimensional with the axisymmetric 

condition chosen with respect to an axis (y-axis in the above case).  Plane elements (PLANE42) 

x-axis for closed 

form equations 
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were used for this particular model.  The ANSYS PLANE42 element is defined by four nodes 

having two degrees of freedom at each node: translations in the nodal x and y directions [16].  

The resulting contour stress plots are shown in Appendix A.  The results were also tabulated in 

Section 2.2.3 and compared with the results from the other modeling techniques. 

 

2.2.2 Three-dimensional Modeling Using Shell & Solid Elements 

The next step in the numerical result comparison included modeling the simplified 

geometry with solid and shell elements.  Illustrations of both models are shown in detail in Figure 

2.10 and Figure 2.11.  The figures show the geometry and meshing that were used for each case.  

The x-axis used for the closed form calculations corresponds to the global z-axis in the two FEA 

models. 



 

 

Figure 2.10 A�SYS modeling

Figure 2.11 A�SYS modeling

 

2.2.2.1 Flat-Headed Cylinder Modeled With Shell Elements

Shell elements are 

pressure vessels.  Shell elements are treated as two

element is input into the FEA software but

on the mid-plane of the structure with one element through the thickness.

integration points through the t

 

A�SYS modeling of flat-headed cylinder using shell elements

 

A�SYS modeling of flat-headed cylinder using solid elements

Headed Cylinder Modeled With Shell Elements 

 most beneficial when used to model rather thin geometries

ell elements are treated as two-dimensional, and the thic

nto the FEA software but not shown on the model.  Shell elements have nodes 

plane of the structure with one element through the thickness.

integration points through the thickness of the shell element can be chosen within the software

x-axis for closed 

form equations 
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shell elements 

elements 

rather thin geometries such as 

thickness for each 

Shell elements have nodes 

plane of the structure with one element through the thickness.  The number of 

within the software.  
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The stress results are viewed at the top surface, mid-surface, or bottom surface of a shell element 

by changing the output parameters within the FEA software. 

ANSYS SHELL181 elements were used for this verification model.  The SHELL181 

element is a 4-node three-dimensional shell element with 6 degrees of freedom at each node: 

translations in the nodal x, y, and z directions and rotations about the nodal x, y, and z-axes [16].  

This particular element allows entry of up to 250 layers when defining a composite laminate.  The 

geometry and stress output for the SHELL181 element are shown in Figure 2.12 below.  More 

information on this particular element can be found in the “Elements Reference” section of the 

ANSYS Release 11.0 Documentation [16]. 

 

  

Figure 2.12 SHELL181 geometry and stress output in A�SYS [16] 

 

Contour plots of the various stress components using the shell element model are shown in 

Appendix A.  The results have also been tabulated in Section 2.2.3.   
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2.2.2.2 Flat-Headed Cylinder Modeled With Solid Elements 

There are many instances when the geometry may be too complex to utilize shell 

elements.  When this is the case, three-dimensional solid elements can be used.  When using solid 

elements, the element size has to be reduced drastically, which in turn increases the number of 

total elements and computation time.  Using larger elements can deteriorate the quality of the 

mesh and lead to inaccurate results. 

For the solid element validation model, ANSYS SOLID186 elements were chosen.  This 

particular element has 20 nodes as shown in Figure 2.13.  The nodes are located on the top plane, 

mid-plane, and bottom plane of each element.  The stress results are output on an elemental or 

nodal basis.  The SOLID186 geometry and stress output details can also be seen in the right 

image of Figure 2.13.  More information on this particular element can also be found in 

“Elements Reference” section of the ANSYS Release 11.0 Documentation [16]. 

 

 

Figure 2.13 SOLID186 geometry and stress output in A�SYS [16] 

 

Contour plots of the various stress components for the solid element model are shown in detail in 

Appendix A.  The tabulated results are shown in Section 2.2.3.   
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2.2.3 Comparison of A#SYS Validation Models 

The following section includes the tabulated results for each model type and a 

comparison of all models with the closed form results.  A mesh convergence study was done to 

determine the appropriate element size to use for the final central volume container design in 

order to achieve accurate results.  As can be seen in the following tables, the stress magnitudes 

were probed at the x-positions of 0, 1, 10, and 45 inches respectively along the exterior wall of 

the vessel. 

Table 2.3 Summary of A�SYS validation models vs. closed form equations (theory) 

Location 

along 

cylinder wall   

(Figure 2.10) 

 

Closed Form 

(Theory) 

Calculation 

Axisymmetric 

Model 

Shell 

elements 

Solid 

elements 

      

x = 0 inches 

Longitudinal Stress 20705.6 6398.8 20724.0 19825.0 

% difference from theoretical value -69.1 0.1 -4.3 

Hoop Stress 5638.4 1403.5 6772.3 5890.0 

% difference from theoretical value -75.1 20.1 4.5 
      

x = 1 inch 

Longitudinal Stress 11480.6 11504.0 12551.5 11051.0 

% difference from theoretical value 0.2 9.3 -3.7 

Hoop Stress 6018.0 6059.0 6116.0 6388.0 

% difference from theoretical value 0.7 1.6 6.1 
      

x = 10 inches 

Longitudinal Stress 513.0 501.9 502.4 527.5 

% difference from theoretical value -2.2 -2.1 2.8 

Hoop Stress 1092.5 1059.7 1098.7 1086.4 

% difference from theoretical value -3.0 0.6 -0.6 
      

x = 45 inches 

Longitudinal Stress 480.0 465.1 479.8 465.3 

% difference from theoretical value -3.1 0.0 -3.1 

Hoop Stress 960.0 930.3 958.7 930.8 

% difference from theoretical value -3.1 -0.1 -3.0 

 

*  Mesh sizing for each model is given in Appendix B plots; all axisymmetric models used 0.025 

inch elements 
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As can be seen from the data in Table 2.3 above, the variation of the results for each of the 

ANSYS models when compared to closed form (theoretical) solution depended on the modeling 

technique used, the mesh sizing, and the location along the side wall of the cylindrical vessel 

where the data was taken from.  The axisymmetric and shell element models did not agree very 

closely with the closed form calculations at a position where x is equal to zero inches.  In the 

closed form results, x is measured from the centerline of the head (end plate).  As one approaches 

the outside surface of the end plate, the longitudinal stress approaches zero in order to satisfy the 

zero normal stress condition at that location.  All results have been compared in the plots 

illustrated in Appendix B.  The closed form solution does not account for the through-thickness 

stress in the end cap.  Therefore, an accurate comparison cannot be made between the FEA results 

and theoretical solution while approaching the end flange along the cylinder wall.  When 

approaching the center of the vessel sidewall (x=45 in.), all of the models more closely agreed 

with the thin-walled pressure vessel closed form solution.  

As mentioned previously in Section 2.1.3, there are two cases given in theory to compute 

the stress in the head or end cap of the vessel.  The first case uses an end cap with a simply 

supported edge condition and the second, an end cap with a clamped edge condition.  Relative 

equations for both cases were given in Section 2.1.3.  The cylindrical vessel designed for the 

nEDM experiment does not fall completely into either of these categories.  The end flange of the 

central volume is designed to be fastened to the cylinder using composite fasteners, which allow 

infinitesimal movement on the interface.  Therefore, the solution for the head is bounded by the 

closed form solutions of the clamped edge (upper bound) condition and the simply supported 

(lower bound) head condition. 
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closed form (theoretical) equations do not account for the change in stress through the thickness 

of the vessel wall. 

The validation ANSYS modeling analyses presented in this section were done to 

determine appropriate element sizing and a suitable modeling technique to use for obtaining the 

most accurate results for the analysis of the central volume container.  As can be seen from the 

results in Table 2.3, the accuracy of the results is dependent on the modeling technique and mesh 

sizing used.  Due to the complexity of the central volume geometry, solid element modeling was 

used.  A mesh size equal to or less than the mesh size used for the verifications models in this 

section was used for the final FEA model to assure accurate results.   

 

2.3 Elastic Behavior of Composite Materials – Macromechanics  

The following section outlines the Classical Laminate Theory (CLT) and the equations 

developed for a general continuum using the Macromechanics approach.  CLT predicts the 

behavior of a laminate within the framework of the following restrictions and assumptions [3].   

1. Each layer of the laminate is quasi-homogenous and orthotropic. 

 

2. The laminate is thin with lateral dimensions much larger than its thickness and is loaded 

in its plane only.  The laminate and its layers, except for the edges, are in a state of plane 

stress where σz = τxz = τyz = 0. 

 

3. All displacements are small compared with the thickness of the laminate (�u�, �v�, �K� ≪
�). 

 

4. Displacements are continuous throughout the laminate. 

 

5. The in-plane displacements vary linearly through the thickness of the laminate.  The u 

and v displacements in the x- and y-directions are linear functions of z. 
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6. Straight lines normal to the middle surface remain straight and normal to that surface 

after deformation of the laminate.  Transverse shear strains γxz and γyz are equal to zero. 

 

7. Strain-displacement and stress-strain relations are linear. 

 

8. Normal distances from the middle surface remain constant.  The transverse normal strain 

εz is equal to zero.  The transverse displacement w is independent of the thickness 

coordinate z. 

 

 

The equations in the following section were implemented into a MATLAB code to calculate the 

stress magnitudes in the individual plies of a laminate and the overall effective properties of a 

composite laminate given the details of the laminate.  Details of the code and analysis are 

available in Appendix C. 

The state of stress at a given point can be characterized by nine stress components, σij (i,j 

= 1,2,3), while the state of deformation can be characterized by nine strain components, εij (i,j = 

1,2,3).  The stress components for a general continuum are illustrated in Figure 2.15.  

 

Figure 2.15 Stress components in a general continuum 
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2.3.1 Generalized Hooke’s Law 

The generalized form of Hooke’s Law for general linear elastic solids that relate the 

stress tensor to the strain tensor is given in indicial notation below. 

σz{  =  Cz{}~ε}~             (i, j, k, l = 1,2,3) 

 εz{  =  Sz{}~σ}~ (4.36) 

 

where  

σz{ , εz{ = stress tensor and strain tensor respectively 

 Cz{}~     = stiffness components 

 Sz{}~     = compliance components 

 

 

By definition, the compliance matrix is the inverse of the stiffness matrix.  To characterize a 

material fully, 81 elastic constants are required.  However, since the stress tensor and strain tensor 

are symmetric, the following relationships reduce the number of necessary terms to 36. 

σz{  =  σ{z 
 εz{  =  ε{z (4.37) 

 

Using the above convention, Eq. (2.36) is rewritten as: 

σz  =  Cz{ε{             (i, j = 1,2,3, … ,6) (4.38) 
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2.3.2 Stress-Strain Relations for a Thin Unidirectional Lamina (two-dimensional) 

When considering a thin, unidirectional lamina, one can assume the lamina is under a 

state of plane stress making the following stress-strain equations valid.  The following equations 

relate the in-plane stress components with the in-plane strain components along the principal axes 

of the material [3]. 

�σ5σ�τ� �  =  �Q55 Q5� 0Q5� Q�� 00 0 Q��� �ε5ε�γ��  (4.39) 

 

The relations in the equation above can be expressed in terms of the engineering constants as 

follows: 

Q55 =  E5 1 − ν5�ν�5 

 

(4.40) 

Q�� =  E� 1 − ν5�ν�5 

 

(4.41) 

Q5� = Q�5 =  ν�5E51 − ν5�ν�5 = ν5�E� 1 − ν5�ν�5 

 

(4.42) 

Q�� =  G5� (4.43) 

 

A single orthotropic laminate can be fully characterized by the four reduced stiffness constants 

given above, Q11, Q12, Q22, and Q66, or the four engineering constants E1, E2, G12, and ν12.  

Poisson’s ratio ν21 is not an independent engineering constant [3].  It can be calculated given the 

other engineering constants using the following relationships: 

νz{Ez  = ν{zE{      or      νz{ν{z  = EzE{          (i, j = 1,2,3) (4.44) 
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2.3.3 Transformation of Stress and Strain (two-dimensional) 

The principal axes of a lamina (1, 2) and the loading axes (x, y) generally do not coincide 

with one another.  Figure 2.16 exemplifies the two sets of coordinate axes as they relate to a 

composite lamina. 

 

Figure 2.16 Stress components in a unidirectional lamina referred to loading and material axes 

 

 

The stress and strain components for the principal material axes (1, 2) can be expressed in terms 

of the loading axes (x, y) by implementing the following transformation relations: 

�σ5σ�τ� �  =  <T> �σ_σ�τ� �                        (τs = τxy) 

 

(4.45) 

� ε5ε�5� γ��  =  <T> � ε_ε�5� γ��                                       (4.46) 
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The transformation matrix [T] is given by 

 <T> = � m� n� 2mnn� m� −2mn−mn mn m� − n��  (4.47) 

 

where 

m = cos(θ)  
 (4.48) n = sin(θ)  

 

 

The angle θ is measured positive counterclockwise from the x-axis to the 1-axis as illustrated in 

the left portion of Figure 2.16.  The following relations can be used to obtain the stress and strain 

components. 

�σ_σ�τ� �  =  <T�5> �σ5σ�τ��  
 

(4.49) 

� ε_ε�12 γ��  =  <T�5> � ε5ε�12 γ��  (4.50) 

 
 

2.3.4 Transformation of Elastic Parameters (two-dimensional) 

The following section outlines the procedure for the transformation of the elastic 

parameters of a two-dimensional lamina.  The stress-strain relationship is given as follows: 
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�σ_σ�τ� �  =  �Q__ Q_� Q_�Q�_ Q�� Q��Q�_ Q�� Q��� �ε_ε�γ��  (4.51) 

 

The following relation is obtained for the transformation relation for the stiffness matrix, Q.  The 

left portion of Eq. (2.52) is referred to as 4�, the transformed stiffness matrix. 

 �Q__ Q_� 2Q_�Q�_ Q�� 2Q��Q�_ Q�� 2Q��� = <T�5> �Q55 Q5� 0Q�5 Q�� 00 0 2Q��� <T>  (4.52) 

 

 

2.3.5 Elastic Behavior of Multidirectional Laminates 

The following section outlines the method used to calculate the A, B, and D stiffness matrices for 

a given laminate configuration.  To begin with, the force-deformation and moment-deformation 

relations are given as follows: 

�N_N�N�� = �A__ A_� A_�A�_ A�� A��A�_ A�� A��� �ε_dε�dγ�d
� + �B__ B_� B_�B�_ B�� B��B�_ B�� B��� �κ_κ�κ�� 

 

(4.53) 

�M_M�M�� = �B__ B_� B_�B�_ B�� B��B�_ B�� B��� �ε_dε�dγ�d
� + �D__ D_� D_�D�_ D�� D��D�_ D�� D��� �κ_κ�κ��   (4.54) 

 

where the following equations are used to obtain the components of the [A], [B], and [D] matrices 

(i, j = 1,2,6). 

Az{ =    � Qz{}�
}�5 (z} − z}�5) 

 

(4.55) 
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Bz{ = 12 � Qz{}�
}�5 (z}� − z}�5�) 

 

Dz{ = 13 � Qz{}�
}�5 (z}8 − z}�58) 

 

The [A], [B], and [D] matrices are the extensional stiffness, coupling stiffness, and bending 

stiffness matrices respectively.  All are symmetric matrices meaning that Xij = Xji (X = A, B, C 

and i, j = x, y, s).  Eq. (2.53) and Eq. (2.54) are combined to obtain a general expression relating 

the in-plane forces and moments to reference plane strains and curvatures. 

 ¡
¡¡
¡¢N_N�N�M_M�M�£¤

¤¤
¤¥ =

 ¡¡
¡¡¡
¢A__ A_� A_�A�_ A�� A��A�_ A�� A��

B__ B_� B_�B�_ B�� B��B�_ B�� B��B__ B_� B_�B�_ B�� B��B�_ B�� B��
D__ D_� D_�D�_ D�� D��D�_ D�� D��£¤¤

¤¤¤
¥

 ¡¡
¡¡¡
¢ε_dε�dγ�dκ_κ�κ�£¤¤

¤¤¤
¥
 

 

(4.56) 

 

The [A], [B], and [D] matrices are functions of the geometry, material properties, and stacking 

sequence of the laminate plies as defined in Eq. (2.55). 

 

2.3.8 Inversion of Load-Deformation Relations 

Multidirectional laminates have stress discontinuity from ply to ply as can be seen from 

the example MATLAB plots in Appendix C.  Therefore, it is preferable to work with strains 

because the strain is continuous through the thickness of the lamina.  In order to express the 

strains and curvatures as a function of the applied loading and moments, the following relation is 

needed: 
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?@ qN B = ?¦ §§ SB�5
 (4.57) 

 

After the above inversion of the combined matrix including the [A], [B], and [D] matrices, the 

following equation is obtained for the reference plane strains and curvatures. 

 ¡¡
¡¡¡
¢ε_dε�dγ�dκ_κ�κ�£¤¤

¤¤¤
¥

=
 ¡¡
¡¡¡
¢a__ a_� a_�a�_ a�� a��a�_ a�� a��

b__ b_� b_�b�_ b�� b��b�_ b�� b��c__ c_� c_�c�_ c�� c��c�_ c�� c��
d__ d_� d_�d�_ d�� d��d�_ d�� d��£¤¤

¤¤¤
¥

 ¡
¡¡
¡¢N_N�N�M_M�M�£¤

¤¤
¤¥
 (4.58) 

 

 
 

2.3.6 Strain-Displacement Relations 

The strains at any point through a laminate can be related to the reference plane strains 

and the laminate curvatures by the following equation, where z is the distance from the laminate 

reference plane. 

�ε_ε�γ�� = �ε_dε�dγ�d
� + z �κ_κ�κ�� (4.59) 

 

2.3.7 Stress-Strain Relations of a Layer Within a Laminate 

When considering a layer k within a multidirectional laminate, the stress-strain relations 

for the specific layer are given by Eq. (2.39).  The lamina mid-plane is located at a distance ��© 

from the laminate reference plane as shown in Figure 2.17 below.  
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Figure 2.17 Details of layer k within a composite laminate 

 

After transformation to the laminate coordinate system, the stress-strain relations are given as 

follows: 

�σ_σ�τ� �}  =  �Q__ Q_� Q_�Q�_ Q�� Q��Q�_ Q�� Q���
}

 �ε_ε�γ��}  (4.60) 

 

 

After substitution of Eq. (2.59), the following is obtained: 

�σ_σ�τ� �}  =  �Q__ Q_� Q_�Q�_ Q�� Q��Q�_ Q�� Q���
}

 �ε_dε�dγ�d
� + z �Q__ Q_� Q_�Q�_ Q�� Q��Q�_ Q�� Q���

}
�κ_κ�κ�� (4.61) 

 

 

Alternatively, the reduced form is: 

<σ>_,�}  =  <Q>_,�}  <εd>_,� + �<4>�,
© <ª>�,
 
(4.62) 
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As is evident in Eq. (2.59), the strains vary linearly through the thickness of the lamina, but the 

stresses may be discontinuous due to the transformed <4>�,
 from layer to layer.  The average 

stresses in each layer of a laminate can be determined from knowing the reference plane strains, 

<εd>_,�, the curvatures, <ª>�,
, the location of the mid-plane of the layer, ��©, and its transformed 

stiffness matrix, <4>�,
.  Figure 2.18 illustrates the geometry and coordinate notation used for an 

individual ply of a multidirectional laminate (z0 shown in the figure corresponds to the z1 in the 

MATLAB code detailed in Appendix C).  

 

Figure 2.18 Example of multidirectional laminate with coordinate notation of individual plies [3] 

 

 

2.3.9 Computational Procedure for Hygrothermoelastic Analysis of Multidirectional 

Laminates 

A composite material is constructed by stacking layers on top of one another with the 

fibers oriented at the desired angles to reach the overall desired thickness.  An example layered 

composite can be seen in Figure 1.9.  Since the fibers are oriented at various angles with respect 

to a common reference axis, residual stresses exist.  Residual stresses are created when a 
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composite material is heated to an elevated temperature during the curing process and then cooled 

to room temperature.  Figure 2.19 shows the change in the residual stress values as the angle θ 

changes for a carbon/epoxy AS4/3501-6 laminate. 

 

Figure 2.19 Residual stresses at room temperature in layer of [±θ]s carbon/epoxy laminate 

(AS4/3501-6; ∆T=-100 °C assumed) [3] 

 

To calculate the stress values in the individual plies of a laminate, Classic Laminate Theory 

(CLT) was used.  The stress in each lamina due to a temperature change was calculated using the 

hygrothermoelastic analysis of multidirectional laminates and implementation of the following 

procedure [3]. 

1. Enter the lamina coefficients of thermal and moisture expansion α1, α2, β1, and β2 

 

2. Enter the temperature and moisture concentration differences, ∆T and ∆c 

 

3. Calculate the free lamina hygrothermal strains e1 and e2 referred to their principal 

material axes (1,2) 
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4. Enter the ply (or principal axis) orientation, θk, of lamina k 

 

5. Calculate the transformed free lamina hygrothermal strains (ex, ey, es)k referred to 

laminate reference axes (x, y) 
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6. Enter the transformed lamina stiffnesses, [Q]x,y
k
, of lamina k 

 

7. Enter the through-the-thickness coordinates zk and zk-1 of lamina k surfaces and total 

number of plies n 

 

8. Calculate the hygrothermal forces and moments N
HT

 and M
HT
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9. Enter the mechanical loading [N] and [M] 

 

10. Combine the hygrothermal and mechanical loading [ ];  and [ ]M  

 

11. Enter the laminate compliances [a], [b], [c], and [d] 
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12. Calculate the laminate coefficients of thermal and moisture expansion 
xα , yα , xβ , and 

yβ  
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13. Calculate the reference plane strains, [ε
0
], and curvatures, [κ]  
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14. Calculate the warpage, w 

 

motionbodyrigidxyyxw syx +++−= )(
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(4.72) 

 

15. Enter the through-the-thickness coordinate, z, of the point of interest in lamina k.  For a 

laminate consisting of many thin (compared with the laminate thickness) layers or for any 

symmetric laminate under in-plane loading, the coordinate of the lamina midplane z = zk 

is used.  Then, the computed strains and stresses are the average through-the-thickness 

strains and stresses in the layer. 

 

16. Calculate the total (net) strains (εx, εy, γs)k in lamina k 
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17. Transform the total lamina strains [ε]x,y
k
 to lamina coordinate axes (1,2) 
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18. Enter free lamina hygrothermal strains e1 and e2 referred to lamina axes (1,2) from step 3 

 

19. Calculate the stress-induced (elastic) strains [εe]1,2
k
 referred to lamina axes (1,2) 
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20. Enter the lamina stiffnesses referred to lamina axes (1,2) 

 

21. Calculate the stresses [σ]1,2
k
 of lamina k referred to lamina axes (1,2) 
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As mentioned previously, the equations from this section and the previous section were 

incorporated into a MATLAB code to calculate the stresses prevalent in a multidirectional 

laminate due to mechanical and thermal loading on a single-element.  The input for the code 

includes the lamina thickness, the number of layers in the laminate, the ply orientation for each 

lamina, the material properties for individual lamina (E1, E2, G12, υ12), the coefficients of thermal 

expansion (α1, α2, α3), the mechanical loading, and the temperature change (∆T).  The MATLAB 

code, MATLAB stress plots, and the program output are shown in detail in Appendix C.  The 

example in Appendix C utilizes the 40-ply S2/5216 laminate from Dr. Stanley Smeltzer’s 

Preliminary Design Report [9].  The output of the code includes a breakdown of the individual 

plies showing the mechanical, thermal, and total stress values in each ply along with the [Q] 

matrix for the laminate, the mechanical loading, the thermal loading, [A], [B], and [D] matrices, 

the laminate strains and curvatures, and the average overall laminate properties.  Refer to 

previous sections for additional calculation procedures and equations incorporated into the 
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MATLAB program.  The CLT MATLAB program was used to calculate the overall effective 

laminate properties for various composite materials considered for the design of the central 

volume container.   

 

2.4 Verification of Single-element Composite Laminate Model in A#SYS 

To compare the results produced by Dr. Stanley Smeltzer in his “Preliminary Design for 

the EDM Central Volume” report (Appendix D), a basic single-element model with dimensions 1 

inch by 1 inch was constructed and modeled using ANSYS Classic 11.0 and ANSYS Workbench 

11.0.  The method of input for Classic vs. Workbench varies; therefore, both models were run for 

comparison.  The 40-layer composite lay-up was input along with the material properties for an 

individual fiberglass-epoxy layer of S2/5216 given in Table 1 of Dr. Smeltzer’s Preliminary 

Design Report [9].  The ANSYS batch code for the model is detailed in Appendix E.  Figure 2.20 

below illustrates the geometry and mechanical loads for the single shell element model, showing 

the state of biaxial stress. 

 

Figure 2.20 Geometry of single-element model showing bi-axial tension loading condition 
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In addition to the mechanical edge-loading, thermal loading was applied to the model as a 

temperature gradient (∆T) of -700 ˚F.  The following process produces the temperature gradient; 

a composite material is elevated to a relatively high temperature during the curing process (250 

˚F), cooled to room temperature to “set” the materials, and then cooled to the cryogenic operating 

temperature of approximately 0.3 K.   Table 2.4 below contains the temperature values for the 

three stages of the composite manufacturing process. 

Table 2.4 Temperature values for stages of composite material manufacturing  

 Celsius Fahrenheit Kelvin 

Composite cure temperature 121.11 250.00 394.26 

Room temperature 25.00 77.00 298.15 

Cryogenic temperature -272.85 -459.13 0.30 

Temperature Gradient (∆T) -393.96 -709.13 -393.96 

 

 

The following contour plots (Figure 2.21 – Figure 2.26) show the x (σx) and y (σy) normal 

stresses and the xy shear stress (τxy) in the first layer of the composite laminate.  The results 

match the stress values obtained by Dr. Smeltzer in his preliminary design report. 



58 

 

 

 

Figure 2.21 σx for layer 1 (Classic) 

 

Figure 2.22 σx for layer 1 (Workbench) 

 

 

Figure 2.23 σy for layer 1 (Classic) 

 

Figure 2.24 σy for layer 1 (Workbench) 

 

 

Figure 2.25 τxy for layer 1 (Classic) 

 

Figure 2.26 τxy for layer 1 (Workbench) 

 

Partial results were also tabulated in Appendix F showing a comparison of various layers 

throughout the composite laminate.  As can be seen, there are three separate values given for each 

lamina, the stress from the mechanical loading, the thermal loading, and the combined loading.  
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All of the values obtained with ANSYS Classic and ANSYS Workbench agree with Dr. 

Smeltzer’s results.  Therefore, the method used for the layered analysis in ANSYS is correct and 

produces accurate results.   

 

2.5 A#SYS Workbench Layered Analysis Verification 

The following section outlines the procedure used for the verification of an FEA model of 

the downstream end flange that included composite layering.  A study was done to demonstrate 

that ANSYS produces similar results when comparing a solid element model without layering to 

a shell element model including composite layering.  There are two separate analyses outlined.  

The first section includes an analysis of a 1.50 in. thick flat circular plate with no penetrations and 

the second, an analysis of the final downstream end flange design including all applicable 

penetrations. 

 

2.5.1 Flat Circular Plate Model 

As mentioned previously, the first step in the verification process was to compare the 

results obtained using a 1.50 in. thick flat circular plate with no penetrations and no composite 

material or layering effects.  Table 2.5 contains the material properties for each of the models.  

The average properties of steel were used for simplification.  
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Table 2.5 Material properties and parameters used for layered analysis verification [15] 

MODEL TYPE VARIABLE VALUE U�ITS 

Solid Element Model 

E 30e6 psi 

ν 0.3 unitless 

G 11.5e6 psi 

ρ 0.3 lbm/in
3
 

α 6.67e-6 1/°F 

    

Shell Element Model 

Ex 30e6 psi 

Ey 30e6 psi 

Ez 30e6 psi 

νxy 0.3 unitless 

νyz 0.3 unitless 

νxz 0.3 unitless 

Gxy 11.5e6 psi 

Gyz 11.5e6 psi 

Gxz 11.5e6 psi 

ρ 0.3 lbm/in
3
 

αx 6.67e-6 1/°F 

αy 6.67e-6 1/°F 

αxy 6.67e-6 1/°F 

 

 

The shell element model was constructed with twenty 0.075 in. isotropic layers, each having a ply 

orientation of 0 degrees.  This in turn gave the shell model overall isotropic properties.  For both 

FEA models, the outer perimeter of the circular plate was set as a “fixed” support (displacement 

equal to zero in all directions), and a pressure of 45 psi was applied to the front face.  Figure 2.27  

shows the von Mises (equivalent) stress in the solid element circular plate model where the stress 

gradient through the thickness is evident. 
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Figure 2.27 Von Mises stress for flat circular plate with no penetrations 

 

The contour plots of the equivalent stress at the mid-plane for each lamina of the layered shell 

model are shown in Appendix G.  As can be seen from the plots, the stress magnitude is higher on 

the outer surfaces of the circular plate, but lower in the interior of the plate, indicating a bending 

stress distribution.   

In order to compare the results obtained for each of the models, both models were run 

with identical loading conditions, boundary conditions, and meshing.  For an accurate comparison 

of the solid element model with no layering and the layered shell element model, the stress results 

were extracted from known nodal coordinates.  The table below has the maximum von Mises 

stress values for various nodes probed in both the shell element and solid element models. 
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Table 2.6 Comparison of von Mises stresses for flat circular plate verification model 

 
�odal 

Coordinates 
 

 X Y Z 
Shell Element Model 

(von Mises stress) 

Solid Element Model  

(von Mises stress) 
% Difference 

Front 

face 

0 5 0.75 2228.8 2315.2 3.88 

0 10 0.75 1196.0 1239.1 3.60 

0 15 0.75 2455.2 2594.8 5.69 

Center 

of plate 

0 5 0.00 227.5 195.43 14.10 

0 10 0.00 391.9 381.04 2.77 

Rear 

face 

0 5 -0.75 2228.8 2340.8 5.03 

0 10 -0.75 1196.0 1256.9 5.09 

 

As can be seen from the results produced by both the layered shell element model and the solid 

element model, the layering does not have an effect on the stress values if isotropic layers are 

used and all of the plies are oriented at 0 degrees.  The von Mises stress results for both models 

agree with little variability as shown in Table 2.6. 

 

2.5.2 Final Downstream Flange Geometry 

The next step in the verification process was to analyze the final downstream flange 

geometry using the same method as the previous section.  This analysis was done to establish the 

effect the penetrations through the end flange have on the stress magnitudes.  The following 

contour plot (Figure 2.28) shows the von Mises stress distribution in the downstream flange using 

solid elements with the isotropic properties of steel listed in Section 2.5.1.   
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Figure 2.28 Von Mises stress for downstream flange verification model 

 

 

The layered model using shell elements was set up using the same boundary conditions, loading 

conditions, and meshing as the flat plate model in the previous section.  The same trend is evident 

with this model as with the flat circular plate model with no penetrations.  The contour plots of 

the von Mises stress for each layer are shown in detail in Appendix G.  The results were also 

tabulated in the following table.   
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Table 2.7 Comparison of von Mises stresses for downstream flange verification models 

  Coordinates   Solid Model Shell Model   

�ode #                    

(from 

shell 

model) 

X Y Z 

Layer #                   

(from  

shell 

model) 

von Mises 

Stress (psi) 

von Mises 

Stress (psi) 

% 

difference 

4727 0.009 1.840 0.743 

1 

3487.3 3473.8 0.39% 

7340 0.104 6.990 0.743 3449.1 3395.6 1.55% 

9999 0.113 15.023 0.743 1970.2 1949.5 1.05% 

4727 0.009 1.840 0.068 

10 

196.22 197.96 0.89% 

7340 0.10 6.990 0.068 256.65 252.31 1.69% 

9999 0.113 15.023 0.068 655.18 632.18 3.51% 

4727 0.009 1.840 -0.683 

20 

3485.6 3473.8 0.34% 

7340 0.104 6.990 -0.683 3461.6 3395.8 1.90% 

9999 0.113 15.023 -0.683 1959.4 1953.2 0.32% 

   

 

As can be seen from the results in Table 2.7 above, the solid element model and the layered shell 

element model agree closely with one another.  Therefore, the input of the layering has been done 

correctly within the ANSYS software and there is no effect on the von Mises stress magnitudes 

when isotropic properties are used for the individual layers for the composite layered analysis.  

As can be seen, the von Mises (equivalent) stress values in final downstream flange geometry 

increased from the case of the flat circular plate model with no penetrations.  This is due to the 

stress concentration effect that occurs around the penetrations through the downstream flange. 



65 

 

 

3 System Description, Design Progression, and A�SYS Results 
 

Numerous simulations were processed with ANSYS Workbench throughout the duration 

of the FEA on the central volume container.  As the design and associated geometry of the central 

volume container progressed, Mr. John Ramsey, an engineer with Los Alamos National 

Laboratories (LANL) provided updated Solidworks models and stress analyses were completed.  

The following chapter outlines the system description, the design progression and 

recommendations, and the ANSYS results for the initial and final designs of the nEDM helium 

insulation volume or central volume container. 

 

3.1 System Description: Central Volume Container 

The central volume container is one component of the complex nEDM experimental 

system.  The following section describes the system and labels each component of the central 

volume and support system accordingly.  Figure 3.1 and Figure 3.2 have each component of the 

system labeled as they are referred to in the subsequent sections of the document. 
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Figure 3.1 Central Volume system description with component labels 

 
 

 

 

 
 

 

 

 

 

Figure 3.2 Detailed view of downstream end flange and components 
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3.2 Design Progression Timeline 

The following section outlines the progression of the FEA modeling between January and 

September of 2008.  Throughout this phase of the project, the design of the nEDM central volume 

container was continuously changing.  These changes resulted from the FEA analyses and 

alterations made to the overall nEDM system that had an effect on the design of the central 

volume container. 

 

3.2.1 Downstream End Flange Design Progression 

The downstream end flange was the most critical component of concern in the design of 

the central volume container.  The downstream flange design includes numerous penetrations for 

various purposes.  The penetrations serve as an entrance to fill the 1,200-liter container and the 

target volumes with liquid helium (LHe), windows for light to transfer from the photomultiplier 

tubes to the internal light-guides, an emergency vent pipe, the operators for the two valves on the 

target volumes, and the operator for the high voltage capacitor.  Mr. John Ramsey of Los Alamos 

National Laboratories supplied the image below (Figure 3.3) at a nEDM collaboration meeting in 

October 2008. 
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Figure 3.3 Functions of various penetrations through downstream end flange 

 

As FEA analyses were completed, the downstream flange design was altered accordingly.  

The goal was to decrease the maximum von Mises stress value and reduce areas of high stress 

concentration.  The downstream flange progression is given in detail in Figure 3.4. 
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                        (a)                                             (b)                                           (c) 

                          
                        (d)                                              (e)                                          (f) 

Figure 3.4 Downstream end flange geometry progression 

 

As can be seen, the design of the downstream flange changed considerably as the nEDM project 

progressed.  The first end flange design as seen in Figure 3.4.a included eighteen three-inch 

diameter penetrations around the perimeter that were symmetrically positioned with respect to the 

vertical centerline.  These penetrations represent the positions where transparent windows would 

be placed to transmit light from the photomultiplier tubes (PMTs) to the two-inch diameter light-

guides on the interior of the vessel.  The placement of these light-guide windows and other 

penetrations was one of the major concerns when designing the flange.  With the eighteen three-

inch penetrations near the perimeter of the end flange, regions of high stress concentration 

developed.  The downstream flange was designed flat to avoid misalignment between the PMTs 

and the interior light-guides as the internal pressure and temperature change bend the downstream 

flange outward. 
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To eliminate the high stress concentrations between each set of the three-inch 

penetrations, two large slots that encompassed the same surface area were created (Figure 3.4.b).  

This design allowed excessive deflection in the axial direction of the cylinder.  In order to lessen 

the deflection, the surface area required for the light-guides was considerably reduced.  As 

illustrated in Figure 3.4.c, a change from two “smiley” shaped slots to four smaller slots was 

implemented into the design.  Only small alterations were made to the end flange as it progressed 

between Figure 3.4.c, Figure 3.4.d, and Figure 3.4.e.  The light-guide slots were changed from 

having filleted to rounded corners to decrease the stress intensity.  Some of the smaller 

penetrations changed location, and bolt holes were added to the flange perimeter.  Light-guide 

feed-through collars were added, and the light-guide collars and other various flanges were 

changed from being bolted to the end flange to having a glued connection.  For the final 

downstream flange design shown in Figure 3.4.f, three of the penetrations through the end flange 

were removed to simplify the geometry even further.  The two penetrations along the horizontal 

axis of the end flange were enlarged to three inches to accommodate for the loss of the other two 

penetrations. 

 

3.2.1 Central Volume Container Analysis Progression (Feb. 2008 – Sept. 2008) 

Outlined below are the details of the finite element analyses as they progressed on a 

monthly basis.  The applied loading and boundary conditions are given as they progressed 

throughout the duration of the project, along with certain features that were omitted to simplify 

the FEA models and suggestions that were made based on the FEA results. 
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Month Details of Analysis Set-up 

 

February 

 

Applied loading:  

     Internal pressure = FoS·(operating pressure)  

                                 = 5· (2 atm) = 5· (30 psi) = 150 psi 

Boundary conditions: 

     Upstream end clamped (no realistic supporting feature present in  

     model) 

Suggestions: 

     Round the ends of the light-guide slots on the downstream end flange,    

     filleted corners produce higher stress concentration 

 

 

 

 

March Applied loading: 

     Internal pressure = FoS· (operating pressure) 

                                 = 5· (2atm) = 5· (30psi) = 150 psi 

Boundary conditions: 

     Upstream end clamped (no realistic supporting feature present in  

     model) 

Omitted features 

• No flange bolt details 

• No light-guide window details on downstream end flange 

• No Kerr effect window on cylinder 

• No gravitational effects 

• No thermal loading 

Suggestions: 

     Change downstream flange thickness from 1.0 in. to 1.5 in 

 

 

 

 

April / May Applied loading:  

     Internal pressure = FoS· (operating pressure) 

                                 = 5· (2atm) = 5· (30psi) = 150 psi 

Boundary conditions: 

     Upstream end clamped (no realistic supporting feature present in 

     model) 

Omitted features: 

• No flange bolt details/no bolt clamping loads 

• No thermal loading 

Added features: 

• Bolt holes included 

• Gravitational effects added 

• Effective pressure loading applied to perimeter of blank 

penetrations on end flange to replace pressure loading 

• Altered “strong” direction for composite materials for downstream 
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end flange and compared results 

• Compared 1.0 in. end flange to 1.5 in. 

 

 

 

 

June 

 

Applied loading:  

     Internal pressure = maximum pressure under hazard condition 

                                 = 3atm = 45 psi 

Boundary conditions: 

     Changed method of supporting vessel to 360 degree “ring” support 

Omitted features: 

     No thermal loading 

Added features: 

• Added features to geometry to represent bolt heads 

• Added features to geometry to represent Gore-Tex seals around 

downstream end flange penetrations 

• Started exploring various options in ANSYS meshing tool (sizing, 

smoothing, mapped face) 

• Began working on CLT MATLAB code for laminate ply analysis 

 

 

 

 

July / August 

 

Applied loading:  

     Internal pressure = maximum pressure under hazard condition 

                                 = 3atm = 45 psi 

Boundary conditions: 

     360 degree“Ring” support method 

Omitted features: 

• No Gore-Tex seal around four light-guide slots on downstream 

flange.  No “Kerr effect” window detail on cylinder 

Added features: 

• Temperature change (∆T) of -700 °F (composite cure temperature 

down to cryogenic temperature) 

• Bolt clamping loads included, assumed 4,000 psi clamping pressure 

under the bolt heads, bolt shank diameter = ¼ in., bolt head 

diameter = ½ in. 

• Gore-Tex seal pressure loading included, assumed 4,000 psi 

pressure to flatten Gore-Tex seal, seal width = ¼ in. 

• Total weight for internal equipment (600 lbs) distributed evenly 

over each end of the vessel.  300 lbs. applied to six pins on end 

flange and 300 lbs. applied to two pins on horizontal axis on 

upstream support. 

• Experimented with 360 degree ring support, fixed one retaining ring 

in all directions and the other free to move in axial direction 

• “Bonded” (rigid) connections were used in ANSYS Workbench 

where the end flange and upstream flange are bolted to the cylinder.  
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“Frictionless” connections that allow movement between the 

connected surfaces would produce results that are more realistic.  

(computer memory issues prevented running the analysis with 

“frictionless” contact regions) 

• Only ¼ of the end flange contains all of the bolt holes.  The other ¾ 

has every other bolt hole removed. (bolt holes were removed to 

overcome computer memory issues also) 

• Need sealing details for light-guide slots in order to incorporate 

needed loading into existing FEA model. 

 

 

 

 

September 

 

Applied loading:  

Internal pressure = maximum pressure under hazard condition 

                            = 3atm = 45 psi 

Boundary conditions: 

     Changed from 360 degree “ring” support to cylindrical 90 degree  

     “cradle” support to lessen stress intensity in support area 

Added features: 

• 90 degree “cradle” support where upstream end was fixed in all 

directions and downstream end was fixed in radial direction, but 

free to move in axial and tangential directions 

• Piping and light-guide window collars were changed from having 

bolted connections to having glued connections 

• Compared stress values for acrylic light-guide windows to stresses 

using sapphire windows 

Suggestions: 

     Acrylic will not withstand the high stress values produced from the   

     pressure loading and cryogenic operating temperature.  Need a material  

     with a coefficient of thermal expansion closer to that of the   

     downstream end flange material.  Suggested using sapphire. 

 

 

 

 

3.2.2 Design Recommendations for Central Volume 

Throughout the duration of the FEA analysis of the nEDM central volume container, 

recommendations were made to improve the operation and reliability of the central volume 

container.  The recommendations are outlined in more detail in the following sections. 
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3.2.2.1 Increased Downstream End Flange Thickness 

The preliminary calculations completed by Dr. Stanley Smeltzer included a vessel head 

with a thickness of 0.50 in.  The initial FEA analysis included a downstream end flange with a 

1.00 in. thickness.  In the early FEA results, it was evident that the von Mises stress values 

exceeded the allowable stress values for the candidate composite materials.  In order to reduce the 

stress values in the downstream flange, the thickness was increased to 1.50 in.  The maximum 

von Mises stress in the end flange reduced by approximately 45%, while the stress in the cylinder 

was reduced by approximately 30%.  A more detailed analysis and results are given in Section 

3.5.2. 

 

3.2.2.2 Rounded Light-guide Slots 

Near the beginning of the FEA analysis of the central volume container, it was suggested 

that the light-guide slots have rounded ends instead of filleted ends.  As can be seen from Figure 

3.5 and Figure 3.6, there are four slotted penetrations through the downstream flange of the 

vessel specified for the transfer of light from the PMTs to the internal light-guides.  Initially, the 

slots had filleted corners that produced areas of high stress concentration.  In order to reduce the 

magnitude of the stress in these areas, the ends of the slots were rounded as illustrated in Figure 

3.6. 
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Figure 3.5 Von Mises stress for 1.5 in. end flange with filleted light-guide slots 

 

 

 

 

Figure 3.6 Von Mises stress for 1.5 in. end flange with rounded light-guide slots 
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The composite material, S2/5216 was chosen for all of the central volume components in the 

above analysis to compare the filleted slot design to the rounded slot design.  As can be seen from 

the previous figures, the magnitude of the von Mises stress was reduced approximately 15% from 

26,409 psi to 22,366 psi.  The maximum value of the von Mises stress moved from the corner of 

one of the light-guide slots in the filleted design to the center of the end flange for the rounded 

slot design.  Therefore, the rounded design is more beneficial for alleviating the stress 

concentration around the light-guide slotting. 

 

3.2.2.3 #inety-degree Cradle-type Support Method 

A realistic supporting feature was not present in the model at the beginning of the nEDM 

project.  The details of the supporting method used for the initial FEA analyses are outlined in 

Section 3.5.2.  As the design progressed, the cylindrical retaining or support rings shown in 

Figure 3.7 were added to the outer surface of the vessel.  At first, the support rings were used to 

support the vessel in a 360° manner.  Several FEA analyses were run to test various supporting 

methods.  Many of the analyses included areas of high stress concentration due to the thermal 

contraction caused from the high temperature change in conjunction with the over-restrictive 

boundary conditions.  It was determined that a 90° “cradle” type support provided reduced stress 

magnitudes.  The FEA model was constrained using the surfaces highlighted in blue in Figure 

3.7.  These surfaces were constrained to move in the radial direction, but free to move in the axial 

and tangential directions.  This method of support drastically reduced the thermal stress created 

from the constraint. 
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Figure 3.7 Central volume geometry showing “cradle” support method 

 

 

3.2.2.4 Light-guide Window Material Selection 

During the initial stages of the nEDM FEA, the windows that transmit the light from the 

exterior PMTs to the interior light-guides were to be constructed from acrylic.  The following 

section demonstrates the analysis that was done with the light-guide feed-through collar and the 

light-guide window to compare two window materials.  The geometry and meshing used for the 

analysis is shown in Figure 3.8. 

Retaining/Support 

Rings 
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Figure 3.8 Geometry and meshing for thermal analysis of light-guide window 

 

The two materials used in the following section for the comparison were acrylic and sapphire.  

The only loading applied to the model was an environment temperature of -540 °F with a 

reference temperature of 0 °F.  This temperature represents the approximate temperature change 

from room temperature to the service temperature of 0.3 Kelvin.  The window is designed to have 

a glued connection between itself and the light-guide feed-through collar.  Therefore, in the FEA 

analyses, a “bonded” connection was assumed.  The properties used for the acrylic and sapphire 

are listed in Table 3.1 below.   

Table 3.1 Material properties for acrylic and sapphire  

 Acrylic [17] [18] Sapphire [19] [20] 

E         (psi) 4.25e5 5.00e7 

ν 0.35 0.29 

α       (in/in-°F) 7.50e-05 4.67e-06 

ρ       (lb/in
3
) 0.043 0.043 

Yield strength (psi)  13,993  N/A [21] 

Ultimate strength (psi)  13,993 275,572 [21] 

 

        * Partial data for testing on PMMA performed at LA;L is given in Appendix H. 
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Mr. John Ramsey of LANL provided experimental data from tests engineers completed 

on PMMA (acrylic).  Numerous tests were done using dumbbell gauges.  The tests were run at 

the two strain rates of 10
-1

/sec and 10
-3

/sec.  For the first test using the strain rate of 10
-1

/sec, two 

experimental runs were completed at temperatures of 22, -40, -90, and -130 degrees Celsius with 

5 samples in each run.  At 22 °C, the lowest average tensile yield stress was 11,922 psi, while at   

-130 °C; the lowest average tensile yield stress was 13,993 psi.  As is shown from the test results, 

the tensile stress of PMMA increases as temperature decreases.  A second set of similar tests were 

completed using a strain rate of 10
-3

/sec and temperatures of 22, -40, -90, -130, and -196 degrees 

Celsius.  Once again, two experimental runs were made at each temperature with five samples in 

each run.  At 22 °C, the lowest average tensile yield stress was 9,932 psi, while at -130 °C; the 

lowest average tensile yield stress was 15,433 psi.  The chosen value in Table 3.1 was 13,993 psi, 

the tensile yield stress for the strain rate of 10-1/sec and a temperature of -130 °C.  Additional 

information on the strength values for PMMA and other polymeric materials can be found in 

Polymer Properties at Room and Cryogenic Temperatures by Hartwig [22].  

The figures on the following pages (Figure 3.9 – Figure 3.20) illustrate the various 

stresses in the light-guide feed-through collar and light-guide window based on the FEA analyses 

performed. 
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Figure 3.9 Von Mises stress in feed-through collar (acrylic window) 

 

 

Figure 3.10 Von Mises stress in feed-through collar (sapphire window) 
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Figure 3.11 �ormal stress on joint surface of feed-through collar (acrylic window) 

 

 

Figure 3.12 �ormal stress on joint surface of feed-through collar (sapphire window) 
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Figure 3.13 Shear stress on joint surface of feed-through collar (acrylic window) 

 

 

 

Figure 3.14 Shear stress on joint surface of feed-through collar (sapphire window) 
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Figure 3.15 Von Mises stress in acrylic window 

 

 

 

Figure 3.16 Von Mises stress in sapphire window 
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Figure 3.17 �ormal stress on joint surface of acrylic window 

 

 

 

Figure 3.18 �ormal stress on joint surface of sapphire window 
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Figure 3.19 Shear stress on joint surface of acrylic window 

 

 

Figure 3.20 Shear stress on joint surface of sapphire window 
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The following table outlines the results from the analyses conducted on the light-guide window 

material.  As can be seen from the results, acrylic is a less suitable candidate for the window 

material due to the large variation in the coefficients of thermal expansion (CTE) of acrylic and 

the proposed downstream flange material, G10-CR.  Sapphire has a CTE that more closely 

resembles the CTE of G10-CR. 

Table 3.2 Comparison of acrylic vs. sapphire window FEA models 

  COLLAR WI;DOW 

Window 

Material 

Max.  

EQV 

stress 

(psi) 

Max. normal 

stress on joint 

surface (psi) 

Max. shear 

stress on joint 

surface (psi) 

Max.  

EQV 

stress 

(psi) 

Max. normal 

stress on joint 

surface (psi) 

Max. shear 

stress on joint 

surface (psi)  

Acrylic 80759 41006 34561 56534 50144 7064 

Sapphire 13137 3778 5020 31501 12254 6100 

 

 

3.3 Candidate Composite Materials 

During the early stages of the nEDM project, research was done to establish candidate 

composite materials appropriate for the FEA analyses of the central volume container.  

Consultant Dr. Stanley Smeltzer [10] suggested that analyses be run using S2/5216 (fiberglass-

epoxy) and IM7/8552 (carbon-epoxy).  The four lay-up configurations Dr. Smeltzer suggested 

included two orthotropic laminates that were tailored to be stronger in one direction, and two 

quasi-isotropic laminates (isotropic in-plane).  As the project developed, G10-CR 

(fiberglass/epoxy) became another prospective candidate for the construction of the downstream 

end flange.  Physical material data for the three materials is provided in Table 3.3.  An engineer 
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with Norplex-Micarta provided the density and ply thickness of the G10-CR (NP500CR) 

material. 

Table 3.3 Density and ply thickness for candidate composite materials 

Property S2/5216 [9] IM7/8552 [9] G10-CR (#P500CR) 

Density (ρ) 0.065 lbm/in
3
 0.059 lbm/in

3
 0.065 lbm/in

3
 

Ply thickness 0.012 in. 0.012 in. 0.0065 in. 

 

In January of 2008, Mr. Jan Boissevain of Los Alamos National Laboratories met with 

Mr. Kaushik Mallick and Mr. Paul Fabian of Composite Technology Development, Inc. (CTD) in 

Lafayette, CO.  Mr. Mallick is the senior manager of the composite tank programs at CTD.  He 

agreed with Dr. Smeltzer’s idea of using a glass resin system (S2/5216) for the construction of the 

tank and a carbon composite for the downstream end flange because of the elevated stresses.  He 

also suggested that a pre-preg form might perform better than a wind on technology (filament 

winding) for the tank.  Mr. Mallick also confirmed that the size of the central volume cylinder 

was within their capabilities at CTD and that they could supply the properties for the materials 

that they would use to construct the central volume container if they are chosen to manufacture 

the central volume container.  CTD’s tanks are typically rated for 5000 psi. 

The in-plane material properties for the candidate materials are given in Table 3.4 along 

with the coefficients of thermal expansion in Table 3.5.  The values for the overall laminate 

properties were calculated using the individual ply properties provided in Dr. Smeltzer’s 

preliminary design report and the Classical Laminate Theory MATLAB code discussed in the 

previous sections.  An engineer with Norplex-Micarta also provided the CTEs for the G10-CR 

(NP500CR) material. 
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Table 3.4 In-plane material properties for composite candidates  

 S2/5216 [9] IM7/8552 [9] G10-CR[23] 

Ex       (psi) 3.00e6 8.96e6 5.16e6 

Ey       (psi) 3.00e6 8.96e6 4.78e6 

νxy 0.268 0.319 0.210 

Gxy    (psi) 1.18e6 3.40e6 1.50e6 

 

Table 3.5 Coefficients of thermal expansion for composite candidates  

 S2/5216 [9] IM7/8552 [9] G10-CR (#P500CR) 

αx    (in/in-°F) 7.60e-6 0.95e-6 10.00e-6 

αy    (in/in-°F) 7.60e-6 0.95e-6 12.00e-6 

αxy    (in/in-°F) 0.00e-6 0.00e-6 0.00e-6 

 

The out-of-plane properties for the S2/5216 material were not publically available; therefore, the 

properties for S2/8552 were provided by Dr. Smeltzer [10] and used for the analyses.  The out-of-

plane properties are given below in Table 3.6.   

 

Table 3.6 Out-of-plane material properties for composite candidates 

 
S2/5216   
(S2/8552) [9] [24] 

IM7/8552 [9] [24] G10-CR[23] 

Ez     (psi) 1.78e6 1.65e6 3.654e6 

νxz 0.278 0.320 0.24 

νyz 0.403 0.436 0.36 

Gxz     (psi) 0.70e6 0.75e6 1.469e6 

Gyz     (psi) 0.65e6 0.58e6 1.474e6 

 

 

The yield and ultimate stress values for the candidate materials were taken from various sources.  

Data for IM7/8552 is available in MIL-HDBK-17-2F Annex A [25], which is not publically 

available and inaccessible by NC State University.  Therefore, a comparable material, AS4/3501-
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6 was used to obtain the strength values for the IM7 material used for the FEA analyses.  Page   

4-118 of MIL-HDBK-17-2F gives a minimum strength (Fx
tu
) of 90.6 ksi [25].  The AS4/3501-6 

has a stronger fiber than IM7/8552 but a lower stiffness.  According to Dr. Smeltzer, there may be 

approximately a 10% reduction in the failure strength between the AS4 and IM7 materials [10].  

Based on engineering judgment, an ultimate strength value of 80 ksi was used for IM7/8552.  The 

material data for S2/5216 is also not available to the public for a quasi-isotropic lay-up.  MIL-

HDBK-17-2F pages 6-27 and 6-28 contain material data for S2-449 17k/SP 381 unidirectional 

tape.  The minimum failure strength in the x-direction (Fx
tu
) is 69.8 ksi, while the minimum 

failure strength in the y-direction (Fy
tu
) is 35.8 ksi [25].  For a quasi-isotropic lay-up, an average 

failure strength of 50 ksi was assumed [10] (Note: the strength values for the S2 and IM7 

materials are room-temperature properties).  According to Dr. Smeltzer, the difference between 

the value of important material properties (i.e. modulus, strength) between room temperature and 

the service temperature of 0.3 Kelvin (-459 °F) is relatively minor.  The value of certain material 

properties will increase at lower temperatures [10].  Therefore, the material properties used for 

the analyses of the central volume container are not expected to result in an unconservative 

design.  Material data for the final chosen materials should be obtained from the chosen 

manufacturer for the central volume. 

Table 3.7 Strength values for composite candidate materials 

 S2/8552  IM7/8552  G10-CR [26] 

Ultimate Strength (ksi) 50.0 80.0 109.9 

Yield Strength (ksi) 50.0 80.0 109.9  

              

              * G10-CR data given in the above tables can also be found in Appendix I 
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Generally, a composite material is tested in a laboratory to obtain material properties.  To 

obtain a value for each material property, a material may be tested ten times, and the lowest 

obtained value for each material property is recorded.  In Chapter 3, the maximum von Mises 

stress found with the FEA analyses of the central volume container was compared with the 

allowable stress of the corresponding material.  Material allowables are statistically determined 

values that generally represent a type of lower bound for the property being quoted.  While a 

stress allowable is not the absolute lower bound for a given material, the stress allowable usually 

represents a minimum value based on a set of test data [10].   

For the analyses of the central volume container, the allowable stress for each candidate 

composite material was calculated from equations given by safety engineers at Oak Ridge 

National Laboratories (ORNL).  The equations incorporate the use of the ultimate and yield 

strengths provided in Table 3.7.  Generally, composite materials do not exhibit yielding.  To 

account for this, the yield stress was set equal to the ultimate stress for each material.  The 

following two equations represent the safety factors the engineers at ORNL provided to calculate 

the allowable stress for each composite material.  

σ«~~¬«®~¯ = °23± ∗ (yield strength) 

 

 

 
(5.1) 

 

σ«~~¬«®~¯ = °Ultimate Strength3.5 ±  
(5.2) 
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The lower of the two calculated values above was used to obtain a margin of safety (MOS) for the 

current design of the central volume container.  The MOS based on strain was calculated using 

the following equation: 

MOS =  °με«~~¬«®~¯με¸«~¸¹~«º¯» ± − 1 (5.3)

 

The MOS using the von Mises stress was calculated using the allowable properties given in Table 

3.7 and the following equation: 

MOS =  °σ«~~¬«®~¯σ¸«~¸¹~«º¯» ± − 1 (5.4)

 

A MOS value that is greater than zero indicates a favorable design with positive margin.    

 

3.3.1 S2/5216 

One of the candidate materials suggested by Dr. Stanley Smeltzer was a fiberglass-epoxy 

material, S2/5216.  The S2 refers to a structures-grade fiberglass fiber material, while 5216 

corresponds to a 250 °F curing toughened epoxy resin.  Generally, this material is fabricated in 

three-inch wide strips of unidirectional tape or cross woven fabric [10].  During the 

manufacturing process, the tape is pre-impregnated with the epoxy resin.  In a cross woven fabric 

laminate, the fibers of the lamina have to be perpendicular.  For example, if one has a [0 90 +45   

-45] laminate, the [0 90] makes up one ply, while the [+45 -45] makes up another with each pair 

having 90 degrees between the fiber orientations.  If a [45 0 -45 90] lay-up is needed, it can only 
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be manufactured with unidirectional tape.  Oftentimes, the plies can be stitched together with 

nylon and after they are heated during the curing process, the nylon stitching melts away. 

 

3.3.2 IM7/8552 

Another candidate material suggested by Dr. Smeltzer was the carbon-epoxy material, 

IM7/8552.  The IM7/8552 material is in the form of tow-preg.  IM7 is a continuous, intermediate 

modulus carbon fiber made from polyacrylonitrile (PAN) pre-cursor, and 8552 is a 350 °F curing 

toughened epoxy resin [9].  This composite material is much more flexible with respect to the 

particular lay-ups achievable, and unidirectional plies are more readily available to consumers.  

The material is manufactured from tow, which can be easily converted to a woven or braided 

fabric.  These fabric structures are more flexible than the prepreg tape and can be used for three-

dimensional lay-ups.  The towpregs are generally manufactured in wide, flat bundles that range 

from 1/8 in. to 6 in. in width [10].  These characteristics make this type of material more feasible 

for tailoring around penetrations.   

The drawback of using a carbon composite (IM7/8552) downstream end flange for the 

central volume is the diffusion of helium.  The leak specification for IM7/8552 is approximately 

10
-4

 scc/sec, and the needs for the nEDM project require an approximate leak rate of 10
-9

 scc/sec.  

However, previous studies have indicated that the leak rate for a composite material is a nonlinear 

function of the strain in the material.  For example, a unit increase in the material strain would 

result in a much larger increase in the leak rate.  Thus, a carbon/epoxy bulkhead should be 

capable of sustaining a lower leak rate than a fiberglass/epoxy bulkhead of similar thickness 
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subjected to identical loading conditions.  A possible solution would be to use a thicker IM7/8552 

downstream flange to avoid the micro cracking that causes the poor diffusion performance. 

 

3.3.3 G10-CR 

The cryogenic grade of G10, G10-CR, is an electrical and mechanical grade of glass cloth 

laminate that is impregnated and cured with a non-brominated epoxy resin.  It conforms to Mil 

Spec Mil-I-24768/2 Type GEE and has been tested in accordance with NIST G10CR.  The 

cryogenic rated (CR) version of the G10 material is suitable for applications where flame 

retardency is not an issue.  G10-CR is suitable when working with liquid nitrogen and other 

cryogenic lab applications.  According to the G10 literature, the panels are available in two 

grades, electrical (E-glass fiber) and mechanical (S-glass fiber) [27].  G10 is a completely cured 

fiberglass/epoxy panel that is typically machined to the desired form.  Pricing information for 

sheets of the G10-CR material is provided in Appendix J.  G10 can also be purchased through 

McMaster Carr in 2-inch thick sheets with dimensions of 3 ft. x 4 ft. 

Additional information for a G10-CR equivalent was found through the company 

Norplex-Micarta at http://norplex-micarta.com.  NP500CR is their grade designation for the 

NEMA G10-CR material.  It is available in B-stage or pre-preg form.  This is a [0, 90] plain 

weave, woven glass fabric that yields about 0.0065 in. to 0.0075 in. per ply. 

 

 3.4 Downstream Flange Fastener Analysis 

Composite fasteners are necessary to attach the downstream end flange to the cylindrical 

container of the central volume.  To make the vessel leak proof, a seal between the end flange and 
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cylindrical vessel is needed.  Gore-Tex was mentioned as a possible solution to create a seal and 

prevent seepage.  Testing is currently being done to determine if Gore-Tex is sufficient to seal the 

central volume and provide the leak requirements.  

3.4.1 Composite Fasteners 

The downstream flange of the central volume container is designed where it can be easily 

removed from the cylindrical vessel.  Dr. Stanley Smeltzer provided preliminary calculations that 

required 91 fasteners around the perimeter of downstream flange [9].  The fasteners cannot be 

metallic because they would interfere with the magnetic field for the nEDM experiment.  

Therefore, composite fasteners are a great candidate for this application.  One company that 

manufactures composite fasteners is Tiodize [28].  Dr. Stanley Smeltzer emphasized the 

importance of representative testing on various composite fasteners since they are a relatively 

new form of technology.  It is important to understand their failure modes under tensile loading 

and a combined case for both ambient and cryogenic temperatures.  Dr. Smeltzer also believed 

stress relaxation of the fasteners might be an issue for maintaining a good seal on the central 

volume container due to long run times that are planned for the nEDM facility.  Figure 3.21 

shows examples of composite fasteners manufactured by Tiodize. 
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Figure 3.21 Example of composite fasteners manufactured by Tiodize [28] 

 

 

3.4.2 Fastener Calculations 

The following section details the calculations to compute the stress in each fastener and 

the comparison with the strength of composite fastener candidates.  An illustration of the stresses 

acting on each fastener is given below in Figure 3.22 along with the calculation to predict 

whether the fastener will fail or not.   

 

Figure 3.22 Illustration of loading on downstream flange fastener 

  

 

σcompression 

σbolt 
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To calculate the stress in the bolt (σbolt), the compressive stress (σcompression) was calculated.  The 

following equation demonstrates the balance of forces on the fastener. 

σ¸¬¼½c¯��z¬�A¾¯«» =  σ®¬~ºA®¬~º (5.5) 

 

In this case, the total compressive force is composed of two components.  The first component is 

the bolt pre-load that is required to tighten the bolts, and the second resulting from the internal 

pressure loading applied to the downstream flange.  To prevent failure, the stress in the bolt (σbolt) 

has to be less than the allowable stress provided by the manufacturer of the chosen composite 

fastener.  The Gore-Tex seal requires a compressive pressure equivalent to 4000 psi to flatten and 

create a seal.  The assumed location of the Gore-Tex seal around the perimeter of the downstream 

flange is illustrated in Figure 3.23.  A similar technique of sealing is also required for the 

upstream end flange. 

 

Figure 3.23 Quarter-section of downstream end flange showing Gore-Tex seal 

  

 

 

Gore-Tex seal 

r = 16 in. 
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The Gore-Tex seal illustrated in Figure 3.23 was assumed to be approximately 0.25 inches in 

width when completely compressed.  Therefore, the surface area of the seal was assumed to be:  

A�¯«~ = π(16.25 in. )� −  π(16 in. )� = 25.329 in� (5.6) 

 

 

After calculating the surface area of the flattened Gore-Tex seal, the total force required to crush 

the seal is calculated.   

Fº¬º«~ = A�¯«~(required pressure to Âlatten Gore − Tex seal) 
 Fº¬º«~ = 25.329 in�  °4000 lbin�± = 101,316 lb  
 

(5.7)

 

To calculate the force experienced by an individual fastener, the total number of fasteners divided 

the total force, Ftotal as follows: 

FÃ«�º¯�¯c = Fº¬º«~# of fasteners = ° 101,316 lb 96 fasteners± = 1055.375 lbfastener (5.8)

 

The cross-sectional area of the fastener shank and the area under the bolt head are given by the 

following equations: 

A�¾«�} =  π n0.25 in2 r� = 0.049 in�  (5.9) 

 

A¾¯«» =  π n0.5 in2 r� − π n0.25 in2 r� = 0.147 in�  (5.10) 

 

Thus, the stress in the shank of each fastener due to the pre-load is 
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�Å��!,Æ-)���$# = �1055.375 lbfastener0.049 in� �  = 21,500 &PQW@P(�R�'  (5.11) 

 

The pressure required by each fastener to crush the Gore-Tex seal is found using Eq. (3.12).  The 

following value was input into the ANSYS analyses of the central volume detailed in Section 

3.5.4. 

PÃ«�º¯�¯c = FÃ«�º¯�¯cA¾¯«» = �1055.375 lbfastener0.147in� � = 7166.64 psi (5.12) 

 

The compressive strength of G10-CR is 60,000 psi [29].  Therefore, the G10-CR material can 

withstand the localized clamping force from the composite fasteners.  The stress in each fastener 

due to the internal 45-psi pressure applied to the downstream end flange is: 

 

�Å��!,Æ-)hh"-) = (@&&pQ� QR(�'R@p &'�PPu'�)(Pu'W@N� @'�@)(@'�@ OW W@P(�R�' P�@R9)(RuÈq�' OW W@P(�R�'P) 

 

(5.13)

 

 
 

�Å��!,Æ-)hh"-) = (45 &PQ)<.(16 QR. )�>
. ?0.25 QR2 B� (96 W@P(�R�'P) = 7,680 &PQW@P(�R�' 

 

(5.14)

 

To calculate the total stress in the shank of the fastener, the stress from the fastener pre-load and 

the live pressure loading on the end flange were summed.  Therefore, the total stress experienced 

by each fastener is: 
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�ÉÊÉËÌ =  �Å��!,Æ-)���$# +  �Å��!,Æ-)hh"-) = 29,180 &PQW@P(�R�'  (5.15)

 
To prevent failure in the fasteners, allowable stress of the composite fastener used in the final 

design needs to exceed the total stress value equated in Eq. (3.15).  As mentioned previously, 

Tiodize is a well-known company for manufacturing composite fasteners.  Tiodize offers three 

different materials for the composite fasteners they manufacture including ECFG, TDF-3, and 

PLFC.  The tensile strength of each of these fastener materials at 75 °F is 33, 40, and 50 ksi 

respectively.  If the PLFC fastener is chosen for the design, the resulting MOS is: 

MOSÃ«�º¯�¯c =  °σ«~~¬«®~¯σ¸«~¸¹~«º¯» ± − 1 =  °50,000psi29,180psi ± − 1 = 0.71 (5.16)

 

More information on composite fasteners from Tiodize, Inc. can be found at the following 

website:  http://www.tiodize.com/compositefasteners.html. 

 

3.5 A#SYS Stress Analysis of Central Volume Container 

Throughout the duration of the nEDM project, several finite element analyses on the 

central volume container were processed.  During the initial stages of the design, the geometry 

was too complex to be manufactured with composite materials.  As the geometry of the central 

volume container and the knowledge of ANSYS progressed, new analyses were completed and 

the geometry was simplified accordingly.  The first analysis was rather simple, while the final 

analysis was quite complex.  An overview of the initial and final finite element models of the 

nEDM central volume are given in detail in the following section. 
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After consultation with Dr. Stanley Smeltzer, it was decided that it was sufficient to use 

quasi-isotropic properties for the candidate composite materials.  The following two quasi-

isotropic materials were selected for the FEA analyses [9]. 

1. S2/5216  with a [45, 0, -45, 90]5s    quasi-isotropic layup 

 

2. IM7/8552  with a [45, 0, -45, 90]5s    quasi-isotropic layup 

 

A structure’s behavior is more easily predicted when assuming quasi-isotropic properties.  When 

using the quasi-isotropic assumption for a composite material, a macro analysis is done, and the 

micromechanics of the laminate are not considered.  The material properties for the materials are 

referred to as “smeared” properties [10].  In areas of high stress concentration, the quasi-isotropic 

assumption could present a problem.  For example, when there is a compressive stress in a [0 90] 

laminate, the 0 degree ply does not want to shrink in the direction of the fiber, while the 90 

degree ply is allowed to deform more.  This creates a high stress gradient between the two plies 

and may cause a type of composite failure such as delamination. 

As mentioned previously, the candidate materials for the construction of the central 

volume are the two quasi-isotropic materials S2/5216 and IM7/8552 proposed by Dr. Smeltzer, 

and the orthotropic material G10-CR. 

   

3.5.1 A#SYS Workbench Coordinate Systems 

For the ANSYS modeling, the preferred “strong” material direction for the downstream 

end flange is in a different direction than that of the cylindrical portion of the central volume 

container.  The coordinate system for the downstream flange is set to the global Cartesian 
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coordinate system for the FEA model.  A cylindrical coordinate system was set up for the 

cylinder in order to specify the strong material direction as the hoop direction of the cylinder.  An 

explanation of how the provided material data was converted to fit the cylindrical coordinate 

system in ANSYS is given in detail in Table 3.8. 
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Table 3.9 gives example ANSYS Workbench input for the downstream flange and 

cylinder to exemplify the differences. 

 

Table 3.8 Coordinate system transformations for A�SYS 

Provided Data 

for Material 

FEA Cylindrical 

Coordinate 

System 

Action needed to 

convert to A�SYS 

cylindrical format 

Relationship 

Ex Ey   

Ey Ez   

Ez Ex   

υxy υyz   

υxz υyx convert to υxy ;�
 = CÍ�Í
E ;
� 

υyz υzx convert to υxz ;�k = °Í�Ík± ;k� 

Gxy Gyz   

Gxz Gyx  Î
� = Î�
 

Gyz Gzx  Îk� = Î�k 
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Table 3.9 Example A�SYS input for downstream flange and cylinder 

Downstream Flange  Cylinder 

Ex 3.00e6 psi  Ex 1.78e6 psi 

Ey 3.00e6 psi  Ey 3.00e6 psi 

Ez 1.78e6 psi  Ez 3.00e6 psi 

υxy 0.268  υxy 0.165 

υyz 0.403  υyz 0.268 

υxz 0.278  υxz 0.239 

Gxy 1.18e6 psi  Gxy 7.00e5 psi 

Gyz 6.50e5 psi  Gyz 1.18e6 psi 

Gxz 7.00e5 psi  Gxz 6.50e5 psi 

 

3.5.2 A#SYS Workbench Analysis: January, 2008 

During the initial stages of the nEDM project, many aspects of the central volume design 

were not fully developed, and many assumptions were applied.  The following table lists all of the 

geometric and loading parameters considered for the earliest finite element model of the central 

volume.   

Table 3.10 Dimensional values used for initial A�SYS analysis of the nEDM central volume 

Variable Value Units Variable name 

R 16 inches radius of cylinder 

tc 0.5 inches cylinder sidewall thickness 

th 0.5 inches end flange thickness 

L 90 inches length of cylinder 

 

Many features were omitted from the initial model to lessen the complexity of the model and 

reduce computation time.  The omitted features included flange bolt details, window details on 

the downstream end flange, the Kerr Effect window on the cylindrical vessel, gravitational 

effects, and thermal loading.   
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3.5.2.1 Geometry, Meshing, & Material Selection 

The initial geometry and meshing of the central volume container are shown below.  The 

FEA mesh shown in Figure 3.24.b was created with the meshing tool incorporated in the ANSYS 

Workbench software package. 

 

                                   (a) 

 

                                    (b) 

 
Figure 3.24: Central volume geometry (a) and meshing (b) (1.00 in. end flange thickness) 

 

Four separate material configurations using the S2/5216 and IM7/8552 materials suggested by 

Dr. Smeltzer were run to compare the maximum von Mises stress values.  Each material 

configuration was analyzed with a downstream end flange thickness of 1.00 in. and 1.50 in.  The 

following material configurations were considered and analyzed with ANSYS. 

  Table 3.11 Material combinations for initial A�SYS Workbench analyses 

Model # 

End Flange 

thickness 

(inches) 

End Flange 

Material 

Cylinder 

Material 

1 1.00 IM7/8552 IM7/8552 

2 1.00 S2/5216 S2/5216 

3 1.00 S2/5216 IM7/8552 

4 1.00 IM7/8552 S2/5216 

5 1.50 IM7/8552 IM7/8552 

6 1.50 S2/5216 S2/5216 

7 1.50 S2/5216 IM7/8552 

8 1.50 IM7/8552 S2/5216 
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3.5.2.2 Boundary Conditions 

The supporting method of the container had not been finalized at the time of this analysis.  

In order to obtain accurate results in FEA modeling, the input of realistic boundary conditions are 

necessary.  The boundary conditions constrain the vessel and prevent it from experiencing rigid 

body motion and unrealistic movement.  As illustrated in Figure 3.25, to keep the model 

stationary, one of the small faces on the upstream end was constrained from movement in all 

directions.  As mentioned previously, this method of support was chosen because a realistic 

boundary condition did not exist at the time this model was created.   

 

Figure 3.25: Central volume container boundary condition for initial FEA model 

 

3.5.2.3 Applied Loading 

The central volume container is internally pressurized.  For the early analyses, a pressure 

load of 150 psi was chosen.  The following procedure was used to calculate the internal pressure 

to be applied to the central volume for this initial case.    

¦&&pQ� m'�PPu'� = (O&�'@(QRÏ &'�PPu'�)(W@N(O' OW P@W�(Ð) 
 ¦&&pQ� m'�PPu'� = (2 @(ÈOP&��'�P)(5) = 10 @(È ≈ 150 &PQ (5.17) 

FIXED SUPPORT 
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The surfaces in Figure 3.26 highlighted in red illustrate where the 150-psi pressure loading was 

applied to the model. 

 

Figure 3.26 Internal pressure loading of 150 psi applied to central volume 

    

For an accurate representation of the effective pressure loads created from the open penetrations 

on the downstream flange, the surface area of each penetration was calculated, and an effective 

pressure load was applied to the perimeter of each penetration.  The forces applied to the 

penetration perimeters are shown in Figure 3.27 below. 
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Figure 3.27 Effective pressure loading applied to downstream flange penetrations 

 

A sample calculation for computing the effective pressure loading on one of the penetrations is 

given in detail below.  The calculation corresponds to the large 5.75 in. diameter penetration 

located towards the top-center of the downstream flange as illustrated in Figure 3.27. 

1. The first step was to calculate the surface area of the penetration as shown below. 

 Area = πr� = π n5.75 in.2 r� = 25.97 in� (5.18) 

 
 

2. Next, the effective force to apply to the perimeter of the penetration is calculated 

Force = (Area)(Internal Pressure) (5.19)

 

Force = (25.97 in�)(150 psi) =  3895 lbs 
(5.20)
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3.5.2.4 Results 

The following section contains contour plots of the von Mises stresses produced from the 

January 2008 ANSYS Workbench model using the S2/5216 material for all components.  The 

tabulated results for all the material combinations and end flange thicknesses that were used are 

given in detail.  On the following pages, the stress plots (Figure 3.28 – Figure 3.39) are presented 

in the following manner.  The top image on each page corresponds to model #2 in Table 3.11 

with a 1.00-inch thick downstream end flange, while the bottom image corresponds to model #6 

from Table 3.11 that used the same material combination but a 1.50-inch thickness for the 

downstream end flange. 

  



109 

 

 

 

Figure 3.28 Total deformation (1.00 in. end flange) 

 

Figure 3.29 Total deformation (1.50 in. end flange) 
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Figure 3.30 Longitudinal stress, z-direction (1.00 in. end flange) 

 

Figure 3.31 Longitudinal stress, z-direction (1.50 in. end flange) 
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Figure 3.32 Hoop stress, y-direction (1.00 in. end flange) 

 

 

Figure 3.33 Hoop stress, y-direction (1.50 in. end flange) 
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Figure 3.34 Von Mises stress in cylinder (1.00 in. end flange) 

 

Figure 3.35 Von Mises stress in cylinder (1.50 in. end flange) 
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Figure 3.36 Radial stress in downstream flange (1.00 in. end flange) 

 

Figure 3.37 Radial stress in downstream flange (1.50 in. end flange) 
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Figure 3.38 Von Mises stress in downstream flange (1.00 in. end flange) 

 

Figure 3.39 Von Mises stress in downstream flange (1.50 in. end flange) 
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Comparisons of all of the material combinations are detailed in the following tables.   

Table 3.12 Maximum total deflection and nominal stress survey 

          ;ominal Stress 

Model 

# 

End 

Flange 

Thickness 

(in.) 

End 

Flange 

Material 

Cylinder 

Material 

Maximum 

Total 

Deflection 

(in.) 

σlong (psi) 

 ÓÔÕÖ = Õ, ×ØØ ÓÙÚ 
σhoop (psi) 

 ÓÔÖ = ×, ÛØØ ÓÙÚ 
       

1 1.00 IM7/8552 IM7/8552 0.59 2399.2 4802.1 

2 1.00 S2/5216 S2/5216 1.41 2401.9 4800.9 

3 1.00 S2/5216 IM7/8552 1.21 2403.7 4801.2 

4 1.00 IM7/8552 S2/5216 0.77 2400.3 4800.1 

       

5 1.50 IM7/8552 IM7/8552 0.24 2401.1 4804.0 

6 1.50 S2/5216 S2/5216 0.52 2400.7 4800.6 

7 1.50 S2/5216 IM7/8552 0.44 2399.9 4799.6 

8 1.50 IM7/8552 S2/5216 0.31 2404.9 4799.5 

           

       * NOTE: nominal stress values were probed at points on the cylinder located away from the  

              cylinder to end flange transition 

 

 
Table 3.13 Peak stress survey for initial FEA of central volume 

Model 

# 

σlong,max 

(psi) 

σhoop,max 

(psi) 

σradial,max 

End 

Flange 

(psi) 

σvon Mises,max 

Cylinder 

(psi)  

σvon Mises,max 

End Flange 

(psi) 

Maximum 

Principal 

Stress (psi) 

Maximum 

Principal 

Elastic 

Strain 

        

1 36993 10755 60846 33269 62138 62945 0.01396 

2 33610 10902 54716 30080 57667 58046 0.02276 

3 48614 18078 53343 41406 57201 59893 0.02145 

4 25149 7391 63647 23418 65008 64622 0.01491 

        

5 27871 8000 34552 24762 31573 36616 0.00879 

6 23206 6609 29465 21148 27482 34914 0.01310 

7 34917 12115 32117 29760 27992 36300 0.01346 

8 18114 5551 30050 16169 33185 33258 0.00878 

 

 * NOTE: Refer to Table 3.12 for materials used for the components of each model 
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The allowable stress values chosen for S2/5216 and IM7/8552 were 50 and 80 ksi respectively 

[9].  Therefore, from the data in Table 3.12 and Table 3.13, it is evident that certain material 

combinations with a 1.0 in. downstream flange did not provide any margin of safety when 

comparing the maximum von Mises stress values to the allowable stress of the corresponding 

material.  However, when the thickness of the downstream flange was increased to 1.5 in., the 

von Mises stresses dropped below the allowable stress values, creating a positive margin of 

safety.  
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3.5.3 Analysis of Final Central Volume Geometry 

The following section includes a meticulous analysis of the provided geometry as of 

October 20, 2008.  There were still a few components of the nEDM system that remained in the 

design phase.  Figure 3.40 below illustrates the overall nEDM central volume with the support 

system present.  Figure 3.41 shows the internal components housed inside the central volume 

container.   

 

Figure 3.40 Overall central volume container with support system and external piping 

 

Figure 3.41 Overall central volume container showing internal components 
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3.5.3.1 Geometry, Meshing, & Material Selection 

As mentioned in the previous section, the geometry of the central volume container has 

changed drastically from the January 2008 design illustrated in Section 3.5.2.  The configuration, 

sizing, and number of penetrations through the downstream flange changed along with the 

method of supporting the vessel.  The new geometry design is shown in Figure 3.42 and Figure 

3.43 below. 

 

Figure 3.42 Final geometry of central volume container for FEA 
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Figure 3.43 Final geometry of central volume container, section cut showing inside of vessel 

 

There are numerous options available in the ANSYS meshing tool that helps regularize the finite 

element mesh.  Theoretically, a more regular mesh will produce results that are more realistic 

with higher accuracy.  The meshing of the central volume container is detailed in Figure 3.44 – 

Figure 3.48.  A list of the meshing options and element sizing used is detailed in Table 3.14. 
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Figure 3.44 A�SYS Workbench meshing of central volume container 

 

 

Figure 3.45 Close-up view of downstream flange meshing 
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Figure 3.46 Meshing of upstream end of vessel 

 

 

Figure 3.47 Close-up view of upstream end flange meshing 
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Figure 3.48 Meshing of downstream end flange 

 

 

Table 3.14 Meshing options used for FEA of central volume container 

Component  Meshing option used Value or chosen entities 

Cylinder 

Body Sizing 0.50 in. 

Method Hex Dominant 

Mapped Face Inside and outside faces of cylinder 

Downstream end flange 
Body Sizing 0.25 in. 

Method Hex Dominant (flange and all bolt features) 

Upstream end flange 

Body Sizing 0.25 in. 

Method Hex Dominant 

Mapped Face Upstream flange and bolt features 

Upstream internal support 
Body Sizing 0.50 in. 

Method Hex Dominant 

Cylinder Retaining Rings Body Sizing 0.50 in. 

Light-guide windows Body Sizing 0.25 in. 

Light-guide feed-through collars 

Body Sizing 0.25 in. 

Method Hex Dominant 

Mapped Face Faces of window collars 
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For the final analysis of the central volume container, the three material combinations outlined in 

Table 3.15 were considered. 

Table 3.15 Material combinations for final analysis of central volume 

Model # 

Downstream flange, light-

guide feed-through collar, and 

upstream flange material 

Cylinder, retaining rings, 

and support strips 

material 

1 G10-CR S2/5216 

2 S2/5216 S2/5216 

3 IM7/8552 S2/5216 

 

 

3.5.3.2 Boundary Conditions 

The following section outlines the method used to support the vessel.  The support 

features were included in the final FEA analysis of the central volume container.  The parts in 

Figure 3.49 highlighted in green represent the strips located on the bottom of the cylindrical 

vessel.  According to Mr. John Ramsey of LANL, each one of these strips will contain 

approximately thirty ceramic spheres that will act as ball bearings that roll on the internal surface 

of the support cylinder as shown previously in Figure 3.1. 
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Figure 3.49 Support strips on underneath side of cylindrical vessel 

 

The main reason for choosing this type of supporting method was to improve the insertion and 

extraction of the vessel within the experiment assembly.  This also allows assembly and leak 

checking operations on the central volume outside of the experiment assembly, which will 

decrease the cycle time for changes and will improve the chances of success.  The mounting 

design using the ceramic spheres is also helpful from a thermal standpoint since the only contact 

between the central volume container and the outer cylindrical support cylinder will be a series of 

points along two lines, which have very small contact areas.  Ceramic has poor thermal 

conduction, which is also helpful in this case.  The installation scenario for the central volume 

container needs a fixture designed that can push or pull the central volume along its axis and 

support it with a cradle.  This allows one to work on the central volume container while it is 

sitting on the cradle or on an auxiliary table.  After the vessel is leak checked, the central volume 

can be re-inserted using the same fixture, and will need to interface with the docking feature at 

the upstream end of the vessel to ensure that its position is repeatable.   
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Figure 3.50 illustrates the cylindrical boundary conditions applied to the external faces of 

the support strips.  The faces highlighted in blue were constrained to move in the radial or x-

direction, but free to move in the axial/z-direction and the tangential/y-direction.   

 

Figure 3.50 Cylindrical boundary conditions applied to vessel support strips 

 

With the application of the above boundary conditions to the support strips, the model was still 

experiencing rigid body motion.  To prevent rigid body motion and fully constrain the model, a 

single vertex on the upstream end was constrained from movement in all directions as shown in 

Figure 3.51. 
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Figure 3.51 Fixed vertex boundary condition on upstream end of vessel 

 

3.5.3.3 Applied Loading 

The following section outlines the loading applied to the various components of the 

central volume container in order to make the FEA model as realistic as possible.  To account for 

the weight of all the central volume components, gravitational effects were applied in the 

negative y-direction as shown below in Figure 3.52. 

fixed vertex 
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Figure 3.52 Gravitational load applied to FEA model 

 

For the final FEA analysis of the central volume, a temperature change of -700 degrees 

was assumed.  The ∆T was determined by taking the difference between a potential cure 

temperature of 250 °F for the candidate materials and the service temperature of approximately    

-450 °F.  The preferred cure temperature for IM7/8552 is 350 °F, but a modified cure cycle at a 

cure temperature of 250 °F can be used to obtain similar material properties.  The plan is to 

minimize the effects of the temperature change by allowing the central volume container to reach 

the service temperature at a very slow and gradual rate.  This method will minimize thermal 

shock to the vessel [9].  A ∆T of -700 °F is the most conservative case.  The matrix material in a 

composite experiences small micro cracking, which relieves some of the internal stress.  

Therefore, there is a state of “free” stress where the composite “locks” up.  This occurs at a 

temperature between the cure temperature and room temperature . 
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The normal operating pressure of the vessel is approximately 1.5 atm; however, a 

uniform internal pressure of 45 psi (3 atm) was applied to the entire internal surface of the central 

volume container to account for the case where the vessel may encounter a hazardous condition.  

Figure 3.53 – Figure 3.55 illustrate the surfaces on the FEA model where the 45 psi pressure was 

applied (loaded surfaces are highlighted in red).   

 

Figure 3.53 Internal pressure loading applied to cylinder  
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Figure 3.54 Internal pressure loading applied to upstream end of vessel 

 

 

 

Figure 3.55 Internal pressure applied to downstream end flange 
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The next portion of this section details the bolt clamping forces formed from the 

composite fasteners.  In order to add in the effect of the clamping forces created from the 96 

fasteners used to attach the downstream flange to the cylindrical portion of the vessel, 

representative circular surfaces were added to the FEA model (highlighted with red in Figure 

3.56).  As mentioned previously in Section 3.4, the fasteners will have an approximate shank 

diameter of ¼ in. and an approximate head diameter of ½ in.  Therefore, each circular face 

created had a ½ in. outer diameter.  The pressure needed for each individual bolt is approximately 

7,167 psi (detailed in Section 3.4.2).   

 

Figure 3.56 Bolt clamping loads applied to downstream end flange 

 

To mimic the clamping force created from the bolted connection, an equal and opposite force was 

applied to the internal surfaces of the bolt holes located in the cylindrical vessel.  A total load of 
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101,316 pounds was distributed equally between the 96 faces shown in Figure 3.57 resulting in a 

load of approximately 1,055 pounds per fastener (detailed in Section 3.4.2).   

 

Figure 3.57 Opposing bolt-clamping loads applied to bolt holes in cylinder 

 

 

To allot for the internal components housed inside the central volume container, an approximate 

weight of 600 pounds was distributed over both ends of the vessel.  There are six pins located on 

both the downstream end flange and the adapter located towards the upstream end of the vessel.  

The weight was assumed to be evenly distributed between the two ends of the vessel.  Therefore, 

300 pounds was applied to each end of the vessel and distributed equally among the set of six 

pins on the downstream flange and between the two pins located on the horizontal axis on the 

upstream mount adapter.  Figure 3.58 and Figure 3.59 show specifically where the loading was 

applied. 
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Figure 3.58 Force applied to six pins on downstream flange 

 

 

Figure 3.59 Force applied to two pins on upstream mount support 

Upstream mount adapter 
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As mentioned before in the initial FEA analysis of the central volume container, the 

pressure loading experienced by the five blank penetrations through the downstream flange needs 

to be replaced by representative forces on the perimeters of the penetrations (Figure 3.60).  Each 

of these penetrations has piping and other components that are assumed to be cantilevered from 

the end flange as shown in Figure 3.61.  The calculation for each applied force is the same as 

used in Section 3.5.2.3.  

 

 

Figure 3.60 Representative pressure forces applied to perimeters of blank penetrations 

 



 

 

Figure 3.61 Piping and external components cantilevered from 

 

In addition to the representative pressure loading on each penetration, a

moment is created from the piping and various components that are cantilev

downstream flange as illustrated in 

neglected because the weight of the piping and external comp

were small when compared to the 600 pound internal component weight applied to the internal 

pins as shown in Figure 3

cantilevered from each penetration were approximated

Figure 3.62

Piping and external components cantilevered from downstream

In addition to the representative pressure loading on each penetration, a

the piping and various components that are cantilev

stream flange as illustrated in Figure 3.62.  For the FEA analysis, the vertical force was 

neglected because the weight of the piping and external components illustrated in 

were small when compared to the 600 pound internal component weight applied to the internal 

3.58 and Figure 3.59.  The mass and centroid for the components 

each penetration were approximated from the Solidworks mod

 

62 Moments applied to downstream flange penetrations
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downstream flange 

In addition to the representative pressure loading on each penetration, a vertical force and 

the piping and various components that are cantilevered from the 

For the FEA analysis, the vertical force was 

onents illustrated in Figure 3.61 

were small when compared to the 600 pound internal component weight applied to the internal 

or the components 

from the Solidworks model. 

 

flange penetrations  



 

 

Each penetration on the downstream 

Figure 3.63 End flange pen

 

Table 3.16  contains the weight

for the corresponding penetration in 

Table 3.16 Mass, lever arm, and torque values for each downstream flange penetration

Feed-through # 

from Figure 3.63)

1 

2 

3 

4 

5 

Each penetration on the downstream end flange has been labeled in Figure 3.63

 
End flange penetrations (numbers correspond to Table 3.16

the weight, lever arm, and moment value that each cantilevered mass creates 

for the corresponding penetration in Figure 3.63. 

 

Mass, lever arm, and torque values for each downstream flange penetration

) 

WEIGHT 

(lbs) 

LEVER ARM 

(in) 

MOME�T

(in-lbs)

31.75 50.82 1613.51

12.00 44.76 537.12

12.00 44.76 537.12

22.44 23.29 522.65

10.99 39.73 436.65

135 

63.   

16 below) 

ach cantilevered mass creates 

Mass, lever arm, and torque values for each downstream flange penetration 

MOME�T 

lbs) 

1613.51 

537.12 

537.12 

522.65 

436.65 



136 

 

 

As for the downstream flange, representative bolt clamping loads were also applied to the 

upstream flange.  A pressure of 4,605 psi was applied to the representative circular bolt face 

highlighted in red in Figure 3.64, and a total force of 21,701 lbs. was distributed between the 32 

internal fastener hole faces as illustrated in Figure 3.65. 

 

Figure 3.64 Representative bolt-clamping loads applied to upstream flange 

 

 

Figure 3.65 Opposing representative bolt-clamping loads for upstream flange 
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3.5.3.4 Results 

The following section outlines the results from the final FEA model of the central volume 

container.  Mr. John Ramsey of Los Alamos National Laboratories provided the model used for 

the final analysis on October 20, 2008.  The design is subject to change based on the numerous 

other components of the nEDM system. 

The results for the three models are presented in terms of the maximum von Mises or 

equivalent stress calculated for the various components of the central volume container.  In 

addition, the maximum principal strain values were reported and compared to industry allowable 

strain values given by Dr. Smeltzer.  According to Dr. Smeltzer, this method is more 

representative of a quasi-isotropic material.  In industry, it is generally accepted to report FEA 

results based on strain values because strain is a direct result of the computation.  The typical 

allowable strain value used in industry for a carbon/epoxy material is approximately 5,000 

microstrain (µε), while the typical value for a fiberglass/epoxy material is 10,000 microstrain (µε) 

[10].  A margin of safety for each component was determined based on the von Mises stress 

values in the FEA model when compared to allowable stress values with applied factors of safety, 

and based on the allowable strain values mentioned previously.  Contour plots of the von Mises 

stress obtained by the FEA for each component are shown on the following pages in Figure 3.66 

to Figure 3.79.  Figure 3.80 and Figure 3.81 illustrate the maximum principal stress in the central 

volume container.  To determine the compressive stress under the heads of the fasteners, the 

normal stress in the z-direction was examined (Figure 3.82 and Figure 3.83).  The maximum 

principal elastic strains are shown in the contour plots of Figure 3.84 to Figure 3.93.   
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The geometric complexity of the central volume container produced elevated stress 

values in areas with sharp corners or sharp edges.  The FEA model cannot appropriately model a 

small change in geometry such as the “stepped” feature present on the internal side of the 

downstream end flange where the thickness is changed by 0.006 inch.  Therefore, the stress in 

these areas is considered an artifact of the FEA modeling and not a realistic result.  The images 

shown in Figure 3.94 to Figure 3.100 show the high stress concentration areas of the downstream 

end flange, light-guide feed-through collars, light-guide windows, and upstream flange.  As can 

be seen from the images, the maximum stress values for the downstream flange and the light-

guide windows occur on a sharp edge.  Therefore, the maximum von Mises stress results reported 

for each component of the central volume container are conservative. 

To capture the deformation of the central volume container and downstream flange, a 

separate model was run with a temperature change (∆T) of -540 °F.  As mentioned previously, 

this temperature change represents the change from room temperature to the cryogenic operating 

temperature.  The various components of the central volume container deflect by different 

amounts due to the mechanical and thermal loading applied to the structure and the varying 

coefficients of thermal expansion of the materials.  Figure 3.101 illustrates the axial deflection of 

the downstream end flange only.  Figure 3.104 to Figure 3.108 show the deformations in the x-, 

y- and z-directions of the entire central volume container model.  As can be seen in Figure 3.101  

to Figure 3.103, the maximum deflection on the outer edge of the downstream flange was 0.244 

in. and the deflection of the center was approximately 0.130 in.  Therefore, the difference 

between the outer edge and center of the downstream flange was approximately 0.114 in.  With a 

radius of 16 inches, the slope of the downstream flange was calculated to be 0.007125 in.  This in 
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effect means that for each inch travelled outwards from the center of the downstream flange, there 

is a change in deflection of roughly 0.007 inches. 
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Figure 3.66 Von Mises (equivalent) stress for cylinder 

 

Figure 3.67 Von Mises (equivalent) stress for upstream end of cylinder 
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Figure 3.68 Von Mises (equivalent) stress for downstream end flange 

 

Figure 3.69 Von Mises (equivalent) stress for downstream end flange, internal side 
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Figure 3.70 Maximum Von Mises (equivalent) stress for downstream flange, stepped feature 

 

Figure 3.71 Von Mises (equivalent) stress for light-guide feed-through seal collars 
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Figure 3.72 Von Mises (equivalent) stress for light-guide feed-through seal collar, front side 

 

Figure 3.73 Von Mises (equivalent) stress for light-guide feed-through seal collar, rear side 
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Figure 3.74 Von Mises (equivalent) stress for light-guide windows, external side 

 

Figure 3.75 Von Mises (equivalent) stress for light-guide window, internal side 
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Figure 3.76 Von Mises (equivalent) stress for upstream end flange 

 

Figure 3.77 Von Mises (equivalent) stress for upstream end flange, internal side 
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Figure 3.78 Von Mises (equivalent) stress of upstream mount adapter 

 

Figure 3.79 Maximum von Mises (equivalent) stress of upstream mount adapter 
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Figure 3.80 Maximum principal stress for central volume container 

 

Figure 3.81 Maximum principal stress, close-up of downstream end flange 
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Figure 3.82 �ormal stress (z-direction) for downstream end flange 

 

Figure 3.83 �ormal stress (z-direction) for representative bolt clamping areas, close-up 
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Figure 3.84 Maximum principal elastic strain for cylinder 

 

Figure 3.85 Maximum principal elastic strain, concentration created from boundary condition 
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Figure 3.86 Maximum principal elastic strain for downstream end flange 

 

Figure 3.87 Maximum principal elastic strain for downstream end flange, internal side 
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Figure 3.88 Maximum principal elastic strain for light-guide feed-through seal collars 

 

Figure 3.89 Maximum principal elastic strain for light-guide feed-through seal collar 
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Figure 3.90 Maximum principal elastic strain for upstream end flange 

 

Figure 3.91 Maximum principal elastic strain for upstream end flange, internal side 
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Figure 3.92 Maximum principal elastic strain for light-guide windows 

 

Figure 3.93 Maximum principal elastic strain for light-guide window, internal side 
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Figure 3.94 Von Mises (equivalent) stress of downstream end flange (7,500 – 12,205 psi) 

 

Figure 3.95 Von Mises (equivalent) stress of downstream end flange, internal side (7,500 – 12,205 psi) 
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Figure 3.96 Maximum von Mises (equivalent) stress of downstream end flange (7,500 – 12,205 psi) 

 

Figure 3.97 Von Mises (equivalent) stress of light-guide feed-through seal collar (10,000 – 15,090 psi) 
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Figure 3.98 Von Mises (equivalent) stress of light-guide feed-through seal collar (10,000 – 15,090 psi) 

 

Figure 3.99 Von Mises (equivalent) stress of light-guide window (25,000 – 43,329 psi) 
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Figure 3.100 Von Mises (equivalent) stress of upstream end flange (22,500 – 43,329 psi) 

 

Figure 3.101 Axial deflection (z-direction) of downstream end flange 
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Figure 3.102 Axial deflection (z-direction) of downstream end flange, side view 

 

Figure 3.103 Axial deflection (z-direction) of downstream end flange, internal side 



159 

 

 

 

Figure 3.104 Directional deformation of central volume container (x-direction) 

 

Figure 3.105 Directional deformation of central volume container (y-direction) 
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Figure 3.106 Directional deformation of central volume container (y-direction), side view 

 

Figure 3.107 Directional deformation of central volume container (z-direction) 
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Figure 3.108 Directional deformation of central volume container (z-direction) 

 

The maximum von Mises stress for each component of the central volume container was 

tabulated in Table 3.17 and Table 3.18.  Three separate models were run for each material 

combination (material #1 refers to the downstream flange and light-guide feed-through collar 

material, material #2 refers to all other components of central volume container).  The first model 

included all mechanical loading such as gravity, internal pressure, and other loads explained in 

Section 3.5.3.3.  The second model included only the thermal loading of the -700 °F temperature 

change from the composite cure temperature to the cryogenic service temperature.  The third 

model represents a combined loading case that included all loading, mechanical and thermal.  The 

tabulated results report the maximum von Mises stress for each model.  The results in Table 3.17, 

Table 3.19, and Table 3.20 for the mechanical and thermal loading cases cannot be summed 
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together to obtain the combined loading case results.  The maximum stress from the mechanical 

loading case occurs in a different area of the central volume model than the maximum stress in 

the thermal case model.  The maximum principal elastic strain for each component was tabulated 

in Table 3.19.  The axial deformation of the downstream flange and the maximum principal stress 

for each loading case is provided in Table 3.20.   

As mentioned previously, the typical allowable strain value used in industry for a carbon-

epoxy material is approximately 5,000 microstrain (µε).  Therefore, the margin of safety for each 

component of the central volume was tabulated for each material combination in Table 3.21, 

Table 3.22, and Table 3.23.  Table 3.24, Table 3.25, and Table 3.26 contain the MOS values for 

all three material models based on the maximum von Mises stresses from the FEA results and the 

allowable stress values calculated using the safety factors given by the safety engineers at Oak 

Ridge National Laboratory (Section 3.3, page 89).  
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Table 3.17 Von Mises stress for mechanical, thermal, and combined loading cases 

MODEL # Material #1 Material #2 Type of Loading 
σvon Mises,max 

(cylinder)   
(psi) 

σvon Mises,max 

(end flange)    
(psi) 

σvon Mises,max    

(feed-through 
collars)           
(psi) 

σvon Mises,max 

(upstream 
flange)       
(psi) 

σvon Mises,max 

(light-guide 
windows)  
(psi) 

         

1 G10-CR S2/5216 

Mechanical 9,196 10,779 12,460 23,361 25,304 

Thermal 6,406 4,642 17,669 5,100 50,892 

Combined 9,221 12,205 15,090 23,615 43,329 
         

2 S2/5216 S2/5216 

Mechanical 9,196 14,969 10,283 23,361 27,200 

Thermal 3,758 6,087 19,684 5,101 75,043 

Combined 9,220 15,934 16,758 23,615 64,768 
         

3 IM7/8552 S2/5216 

Mechanical 9,197 14,020 6,653 23,361 14,372 

Thermal 39,590 37,699 52,819 5,036 165,636 

Combined 38,776 32,363 54,783 23,645 174,525 

 

Table 3.18 Von Mises stress for each component of combined loading case 

MODEL # Material #1 Material #2 
σvon Mises,max 

(cylinder) 

σvon Mises,max 

(downstream 
flange) 

σvon Mises,max (feed-
through collars) 

σvon Mises,max 

(upstream 
flange) 

σvon Mises,max (light-
guide windows) 

1 G10-CR S2/5216 9,221 12,205 15,090 23,615 43,329 

2 S2/5216 S2/5216 9,220 15,934 16,758 23,615 64,768 

3 IM7/8552 S2/5216 38,776 32,363 54,783 23,645 174,525 
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Table 3.19 Maximum principal elastic strain separated by loading case 

 microstrain (µε) 

Material #1 Material #2 Type of Loading CYLINDER 
DOWNSTREAM 
FLANGE       

FEED-THROUGH 
COLLARS  

UPSTREAM 
FLANGE      

LIGHT-GUIDE 
WINDOWS  

        

G10-CR S2/5216 

Mechanical 3,592 2,753 3,728 7,237 410 

Thermal 2,199 1,103 3,323 2,045 778 

Combined 3,402 2,903 3,334 7,264 689 
        

S2/5216 S2/5216 

Mechanical 3,732 6,021 6,520 7,237 440 

Thermal 1,560 2,315 8,073 2,046 1,203 

Combined 3,782 6,406 7,331 7,264 1,070 
        

IM7/8552 S2/5216 

Mechanical 3,595 3,903 4,668 7,237 262 

Thermal 13,698 9,459 15,156 1,974 2,946 

Combined 13,327 11,326 19,679 7,262 3,050 
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Table 3.20 Downstream end flange deformation and maximum principal stress data 

Material #1 Material #2 Type of Loading 
Axial Deformation 
of End Flange 
(in.) 

Maximum 
Principal 
Stress      
(psi) 

     

G10-CR S2/5216 

Mechanical -0.056 22,384 

Thermal 0.300 27,466 

Combined 0.244 25,457 
     

S2/5216 S2/5216 

Mechanical -0.055 22,384 

Thermal 0.300 46,322 

Combined 0.244 42,955 
     

IM7/8552 S2/5216 

Mechanical -0.057 22,386 

Thermal 0.296 145,202 

Combined 0.234 145,856 
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Table 3.21 Margin of safety based on maximum principal strain for model #1 

Material #1:     G10-CR Material #2:     S2/5216 
     

Material #  Component FEA (µε)  μεallowable MOS 

2 Cylinder 3,402 10,000 1.94 

1 Downstream Flange 2,903 10,000 2.44 

1 Feed-through collars 3,334 10,000 2.00 

1 Upstream Flange 7,264 10,000 0.38 

 Light-guide Windows 689   

 

 

Table 3.22 Margin of safety based on maximum principal strain for model #2 

Material #1:     S2/5216 Material #2:     S2/5216 
     

Material #  Component FEA (µε)  μεallowable MOS 

2 Cylinder 3,782 10,000 1.64 

1 Downstream Flange 6,406 10,000 0.56 

1 Feed-through collars 7,331 10,000 0.36 

1 Upstream Flange 7,264 10,000 0.38 

 Light-guide Windows 1,070   

 

 

Table 3.23 Margin of safety based on maximum principal strain for model #3 

Material #1:     IM7/8552 Material #2:     S2/5216 
     

Material #  Component FEA (µε)  μεallowable MOS 

2 Cylinder 13,327 10,000 -0.25 

1 Downstream Flange 11,326 5,000 -0.56 

1 Feed-through collars 19,679 5,000 -0.75 

1 Upstream Flange 7,262 5,000 -0.31 

 Light-guide Windows 3,050   



167 

 

 

Table 3.24 Margin of safety based on maximum von Mises stress for model #1 

Material #1:     G10-CR Material #2:     S2/5216 
       

Material # Component σvon Mises,max 2/3*yield Ultimate/3.5 σallowable MOS 

2 Cylinder 9,221 33,333 14,286 14,286 0.55 

1 Downstream flange 12,205 73,293 31,411 31,411 1.57 

1 Feed-through collars 15,090 73,293 31,411 31,411 1.08 

1 Upstream flange 23,615 33,333 14,286 14,286 -0.40 

 Light-guide windows 43,329 183,715 78,735 78,735 0.82 

 

 

Table 3.25 Margin of safety based on maximum von Mises stress for model #2 

Material #1:     S2/5216 Material #2:     S2/5216 
       

Material # Component σvon Mises,max 2/3*yield Ultimate/3.5 σallowable MOS 

2 Cylinder 9,220 33,333 14,286 14,286 0.55 

1 Downstream flange 15,934 33,333 14,286 14,286 -0.10 

1 Feed-through collars 16,758 33,333 14,286 14,286 -0.15 

1 Upstream flange 23,615 33,333 14,286 14,286 -0.40 

 Light-guide windows 64,768 183,715 78,735 78,735 0.22 

 

 

Table 3.26 Margin of safety based on maximum von Mises stress for model #3 

Material #1:     IM7/8552 Material #2:     S2/5216 
       

Material # Component σvon Mises,max 2/3*yield Ultimate/3.5 σallowable MOS 

2 Cylinder 38,776 33,333 14,286 14,286 -0.63 

1 Downstream flange 32,363 53,333 22,857 22,857 -0.29 

1 Feed-through collars 54,783 53,333 22,857 22,857 -0.58 

1 Upstream flange 23,645 33,333 14,286 14,286 -0.40 

 Light-guide windows 174,525 183,715 78,735 78,735 -0.55 
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3.5.4 Analysis of Central Volume Container Support System 

After completing the preceding analysis of the central volume container, it was found that 

the following material combination produced the most favorable results. 

Table 3.27 Materials used for central volume support system components 

Component Material 

Downstream end flange G10-CR 

Light-guide feed-through collars G10-CR 

Upstream end flange G10-CR 

Cylinder S2/5216 

Upstream mount adapter S2/5216 

Retaining (support) rings S2/5216 

Support strips S2/5216 

Light-guide windows Sapphire 

 

An additional analysis was run using the above material combination to analyze the support 

system for the central volume with gravitational effects only.  This analysis determined whether 

the support system was structurally sound enough to support the weight of the nEDM central 

volume and all of the internal components.  The following section outlines the results for the 

support analysis. 

 

3.5.4.1 Geometry & Meshing 

The geometry and meshing used for the analysis of the central volume container support 

system are provided in Figure 3.109 and Figure 3.110.  The added components evident in Figure 

3.109 were assumed to be constructed from S2/5216. 
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Figure 3.109 Geometry and meshing of central volume container support system 

 

For the support system analysis, the same meshing options were used for the central volume 

container as were used in the previous analysis (Table 3.14).  The meshing options that were used 

for the added components are detailed below in Figure 3.110. 
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Figure 3.110 Meshing options for support system FEA model 

 

3.5.4.2  Boundary Conditions 

The following section outlines the boundary conditions used to model the central volume 

container support system as realistic as possible. 

Downstream & upstream supports 

    Sizing     =  0.25 in. 

    Method   =  Hex-dominant 

Support cylinder 

    Sizing     =  1.00 in. 

    Method   =  Hex-dominant 



171 

 

 

 

Figure 3.111 Boundary conditions used for central volume support modeling 

 

 

In Figure 3.111 the underneath side of the four corners of the support system (labeled 1-4) were 

allowed to move freely in the x- and z-directions, but constrained to move vertically in the y-

direction.  In addition, two vertices on the upstream end were constrained to prevent rigid body 

motion.  A vertex located near the corner labeled one in Figure 3.111 was fixed in all directions, 

while a vertex located near the number two corner was constrained in the z-direction to prevent 

the model from rotating about the y-axis. 

  

1 

2 

3 

4 
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3.5.4.3 Applied Loading 

As mentioned previously, the applied loading used for the support system analysis was 

due to the component weights.  Gravitational effects were added to the FEA model along with the 

weight of the internal components inside the central volume container (300 lbs.) that were applied 

to the pins on each end of the vessel as detailed in section 3.5.4.3.  The applied loading for the 

support system analysis presented in this section is illustrated in Figure 3.112 below. 

 

 
Figure 3.112 Applied loading for support system FEA 
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3.5.4.4 Results 

The following section presents the contour plots of the results from the central volume 

support analysis.  Figure 3.113 illustrates the deformation in the axial, z-direction.   

 

 
Figure 3.113 Axial (z-direction) deformation for support system analysis 

 

 

 

Figure 3.114 – Figure 3.118 present the contour plots for the von Mises stress in the downstream 

and upstream support features and the stress in the support cylinder.   
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Figure 3.114 Von Mises stress in downstream support 

 

Figure 3.115 Von Mises stress in downstream support, close-up view 
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Figure 3.116 Von Mises stress in upstream support 

 

 
Figure 3.117 Von Mises stress in upstream support, close-up view 
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Figure 3.118 Von Mises stress in support cylinder 

 

As can be seen from the stress analysis completed on the central volume container support 

system, the magnitude of the maximum stress, 12.8 ksi, in the support is less than the allowable 

stress value of 50 ksi for the S2/5216 material.  Therefore, the current design of the support 

system is sufficient to hold the weight of the central volume container and internal components. 

 

3.5.5 Composite Layered Analysis of Downstream End Flange 

In addition to the FEA modeling of the central volume container and the support system, 

a layered analysis of the downstream flange was done to assess the effect the composite layering 

has on the magnitude of the maximum von Mises stress.  The same method of modeling was used 

as used in the layered analysis verification section (Section 2.5).  A solid element model with 
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orthotropic properties or quasi-isotropic properties was compared to a shell element model with 

layering.  Solid element models were analyzed with the two materials, G10-CR and S2/5216.    

For the shell element model of the downstream end flange, identical boundary conditions 

were used as outlined in Section 2.5.  The model was “fixed” along the outer perimeter of the end 

flange as shown in Figure 3.119.  Using a fixed support on the outer perimeter of the downstream 

flange in the FEA model represents the “worst-case” scenario.  This model is considered over 

constrained from reality, which in turn produces elevated von Mises stress values. 

   

Figure 3.119 Geometry, meshing, and boundary conditions for layered downstream flange analysis 

 

The loading for the layered end flange model was equal to the loading used for the central volume 

container analysis in Section 3.5.3.  The loading conditions are outlined in Figure 3.120, Figure 

3.121, and Figure 3.122. 

“Fixed” support along 

perimeter of end flange 
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Figure 3.120 45-psi pressure loading on internal side of downstream flange 

 

Figure 3.121 Representative force loading for blank penetrations 
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Figure 3.122 Moment loading from piping and external components (Section 3.5.3.3) 

 

 

   3.5.5.1 Solid Element Modeling of Downstream Flange 

As previously mentioned, solid-element models were created to compare with layered 

flange models composed of G10-CR and S2/5216.  The following section outlines the von Mises 

stress results obtained from the solid element models of the downstream flange using the loading 

and boundary conditions given in the previous section. 
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Figure 3.123 Solid element model of downstream flange with G10-CR properties 

 

 

Figure 3.124 Solid element model of downstream flange with S2/5216 properties 
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 3.5.5.2 Layered analysis using G10-CR 

For the orthotropic G10-CR model, 230 layers of 0.0065 in. thickness were used to 

achieve an overall laminate thickness of 1.495 inches.  As mentioned previously, the G10-CR 

material is a plain weave fabric where each layer is composed of fibers that run perpendicular to 

one another.  Each individual layer is placed on top of another until the desired thickness is 

obtained.   All of the layers for each model were assumed oriented at the same angle.  Four 

separate models were analyzed with the G10-CR material to see if there was a difference when 

orienting the fibers at 0, 30, 45, and 90 degrees positive from the x-axis.  The table below 

contains the maximum von Mises stress achieved with each model.  The maximum stress level 

always occurred in layer 230, which corresponded to the internal side of the downstream flange 

where the pressure loading is applied. 

Table 3.28 Maximum von Mises stress vs. strong material direction 

“Strong” material direction 

with respect to x-axis 
Maximum von Mises stress (psi) 

0 degrees 156,206 

30 degrees 146,934 

45 degrees 144,856 

90 degrees 158,185 

 

 

As can be seen from the tabulated results above, when the “strong” direction was oriented at 45 

degrees, the maximum von Mises stress was 144,856 psi, the lowest of the four given cases.  

Contour plots of the von Mises stress for layers 1 and layer 230 are given in Figure 3.125 and 

Figure 3.126 respectively.  The contour plots in Figure 3.127 – Figure 3.129  illustrate the 

principal elastic strains for layer 1 in the 1-, 2-, and 3- directions respectively. 
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Figure 3.125 Von Mises stress for layer 1 using G10-CR (theta = 0 degrees) 

 

Figure 3.126 Von Mises stress for layer 230 using G10-CR (theta = 0 degrees) 
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Figure 3.127 Principal elastic strain in 1-direction using G10-CR (theta = 0 degrees) 

 

Figure 3.128 Principal elastic strain in 2-direction using G10-CR (theta = 0 degrees) 
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Figure 3.129 Principal elastic strain in 3-direction using G10-CR (theta = 0 degrees) 
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3.5.5.3 Layered analysis using S2/5216 

An additional layered analysis of the downstream flange was completed using the 

individual ply properties for S2/5216 given by Dr. Smeltzer in his Preliminary Design Report [9].  

The maximum von Mises stress on a layered basis is displayed in the following table.   

Table 3.29 Maximum von Mises stress for miscellaneous layers for S2/5216 model 

LAYER # 
Ply orientation, θ 

(degrees) 

Maximum von Mises stress 

(psi) 

   

1 45 92,153 

2 0 83,533 

3 -45 92,058 

4 90 55,848 
   

117 90 59,300 

118 -45 96,887 

119 0 98,691 

120 45 97,212 

 

 

Figure 3.130 on the following page illustrates the geometry and meshing used for the layered 

analysis of final downstream end flange design.  Figure 3.131 shows the ply lay-up for layers 1-

20 as they were input into ANSYS.  Contour plots of the von Mises stress are given for various 

layers throughout the thickness of the downstream flange.  Figure 3.132 – Figure 3.135 show the 

contour plotting of the von Mises stress in layers 1-4 respectively, while Figure 3.136 – Figure 

3.139 represent layers 117-120 respectively. 
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Figure 3.130 Meshing used for layered analysis of downstream flange in A�SYS 

 

Figure 3.131 Layer stacking for layers 1-20 of S2/5216 laminate 
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Figure 3.132 Von Mises stress, layer 1 

 

Figure 3.133 Von Mises stress, layer 2 
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Figure 3.134 Von Mises stress, layer 3 

 

Figure 3.135 Von Mises stress, layer 4 
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Figure 3.136 Von Mises stress, layer 117 

 

Figure 3.137 Von Mises stress, layer 118 
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Figure 3.138 Von Mises stress, layer 119 

 

Figure 3.139 Von Mises stress, layer 120 
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3.5.5.4 Results for Layered analysis of Downstream Flange 

It was determined that there is an increase in the von Mises stress values due to the 

layering effect.  The magnitude of the stress in each layer depended on the orientation of the 

fibers in the corresponding layer.  The applied boundary conditions for the layered analysis 

presented in this section are over-restrictive and unrealistic.  This in turn resulted in elevated 

stress values.  The light-guide feed-through collars were excluded from the layered analyses 

because of the geometry complexity.  In reality, the feed-through collars would act as a stiffening 

feature for the areas around the slotted light-guide penetrations.  With the addition of the collars, 

the stress concentration in these areas would be decreased, resulting in a decrease in the von 

Mises stress and principal strain values.    

As can be seen from the previous analyses using the G10-CR and S2/5216 materials, the 

following can be extracted from ANSYS on a layer-by-layer basis: 

• Von Mises stress 

• Principal strain in 1-, 2-, and 3-direction 

 

The extraction of the interlaminar shear stresses between the layers in ANSYS is also necessary 

to determine if the shear stress from the applied loading will cause delamination between two 

connected layers.  The τYZ and τXZ shear stresses are evaluated at the layer interfaces.  Within the 

ANSYS software, the calculation of the interlaminar shear stresses is based on simplifying 

assumptions of unidirectional, uncoupled bending in each direction.  If accurate interlaminar 

shear stresses near edges are required, the technique of shell-to-solid submodeling should be 

implemented [16].   
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4 Conclusions and Future Work 
 

The analyses presented in this document are based upon the applied assumptions and material 

properties for the candidate materials provided.  Additional analyses need to be considered when 

the geometry is finalized, the composite lay-up is selected, a material is selected, and 

manufacturer is chosen.   

Currently, the design of the nEDM composite cryogenic central volume container has not 

been finalized.  The entire nEDM apparatus is composed of many components that rely on one 

another for system functionality.  A design review for the entire project is scheduled for the week 

of December 15, 2008.  The current design presented in this document was based on given 

assumptions and material properties from the specified sources.  There is too much variability in 

material properties and allowable stress values to assume the presented analyses are sufficient and 

reliable after a final material, ply lay-up, and manufacturing method is chosen.  The presented 

analyses include many assumptions but have captured the primary trends of the stress magnitudes 

given the boundary conditions and applied physics.  Once a material is chosen, detailed analyses 

of the central volume container should be done to assess the stability and adequacy of the design.  

Dr. Smeltzer stated that priority should be placed on material testing to obtain stress and strain 

allowables for the final material chosen for the central volume.  Material allowables are important 

because the stress analyses to date have relied on using a quasi-isotropic laminate configuration 

for the central volume container.  The margins of safety (MOS) were determined using the global 

laminate allowables. 
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As mentioned before, there are still many key areas of the design that have not been 

finalized, and a testing program has yet to be completed.  Some of these items include the 

following: 

• Material selection for central volume container and compilation of applicable cryogenic 

material properties 

• Feasibility of manufacturing the central volume container given the present design 

geometry 

• Full-scale seal design and testing for the primary downstream flange to cylindrical vessel 

joint 

• Testing on light-guide feed-through collar glue joint design 

• Selection and testing of composite fasteners for the primary downstream flange to 

cylindrical vessel joint 

• Selection of a composite pressure vessel manufacturer with experience in fabrication of 

cryogenic components   

• Solicitation of quotes for fabrication (initially a sub-scale model for testing) and delivery 

time 

 

A detailed analysis of the downstream flange should include the final composite lay-up 

and material properties.  A layered analysis of the end flange will demonstrate the increased stress 

values in the areas of penetrations and close to edges.  The stress is higher at the edges due to the 

termination of the composite fibers.  One should calculate the maximum principal strains and 

compare to the allowable strain values for the material.  When the calculated strain value from the 
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FEA results exceeds the allowable strain values for a given ply, that ply is assumed to fail.  When 

Classical Laminate Theory predicts failure, the laminate may not fail because of micro cracking 

that occurs internally to the laminate, which causes a redistribution of stress.  If the thermal 

stresses calculated from the MATLAB CLT code were converted to a von Mises stress and added 

to the results from the quasi-isotropic FEA analyses using brick elements, the answer would be 

over conservative and would not accurately predict failure. 

In addition to examining the stress and strain values of a ply basis, the interlaminar shear 

values need to be obtained for the final composite lay-up.  Interlaminar shear is created from the 

mismatch between the “strong” directions of the various plies throughout a composite laminate.  

A composite may try to shrink or expand at various rates in opposing directions, which in turn 

will create a shearing stress.  The interlaminar shear stress is equal to zero at the edges, but can 

reach values throughout the laminate that may cause laminate failure due to the shearing of the 

plies causing delamination. 

To fully evaluate a final composite lay-up design, a composite failure criterion should be 

chosen.  There are three main classifications of failure theories; limit or non-interactive theories, 

interactive theories, and partially interactive or failure-mode-based theories.  The limit or non-

interactive theories is where specific failure modes are predicted by comparing individual lamina 

stresses or strains with the corresponding strengths or ultimate strains for the material.  The 

maximum stress and maximum strain theories are included in this type.  No interaction among 

different stress components on failure is considered.  The interactive theories include the Tsai-

Hill and Tsai-Wu theories.  This is where all stress components are included in one expression or 

failure criterion.  The overall failure is predicted without reference to a particular failure mode.  
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The final category of partially interactive or failure-mode-based theories includes the Hashin-

Rotem and Puck theories.  This is where separate criteria are given for fiber and interfiber (matrix 

or interface) failures [4].  For information on composite failure theories refer to a composite 

based textbook such as Engineering Mechanics of Composite Materials by Isaac M. Daniel and 

Ori Ishai [4]. 

 

4.1 Proposed Design for Central Volume Container 

As mentioned in the support system analysis section, the proposed material combination 

for the central volume container is given in the following table. 

 

Table 4.1 Material selection for individual components of proposed central volume design 

Component Material 

Downstream end flange G10-CR 

Light-guide feed-through collars G10-CR 

Upstream end flange G10-CR 

Cylinder S2/5216 

Upstream mount adapter S2/5216 

Retaining (support) rings S2/5216 

Support strips S2/5216 

Light-guide windows Sapphire 

 

If G10-CR is the chosen material for the downstream end flange, the light-guide slotting and the 

other penetrations will be shaped using a composite machining process.  Many companies 

specialize in machining composite materials.  Two possible companies that are available include 

Hydroject, Inc. (http://www.hydrojet.com/composite_machining.htm) and Canyon Composites, 

Inc. (http://www.canyoncomposites.com/cm.html). 
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Figure 4.1 Sample block of G10 material that has been machined [27] 

 

Analyses were calculated with sapphire light-guide windows.  However, other possible materials 

for the light-guide windows include beryllium, deuterated acrylic, single crystal quartz, single 

crystal silicon, and zirconium.  Information with respect to neutron attenuation, neutron 

activation, Eddy current heating, Johnson noise, etc. should be attained for each of these 

materials.  The material chosen for the final design also needs to have a coefficient of thermal 

expansion similar to that of the material chosen for the downstream end flange and light-guide 

feed-through collars to reduce the magnitude of the thermal stresses. 

 

4.2 Central Volume Design (December 5, 2008) 

Mr. John Ramsey of LANL provided updated model drawings of the central volume 

container on December 5, 2008.  Many components have been altered from the design considered 

in the final FEA presented in Chapter 3 of this document.  A new elliptical design of the 

downstream flange is being explored because of the excessive deflections experienced by the 

previous design and the possibility of the glue joints on the light-guide feed-through collars 

failing.  Figure 4.2 – Figure 4.7 illustrate the new model of the central volume container.  Figure 
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4.4 contains an up-close cross-sectional view of the ellipsoidal end flange showing the newest 

end flange geometry that is replacing the flat downstream flange design detailed in Chapter 3. 

Additional finite element analyses for the new design need to be considered in order to 

determine the sufficiency of the design to withstand the stress created from the mechanical and 

thermal loading conditions experienced by the central volume container. 
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Figure 4.2 Overall view of nEDM central volume container as of Dec. 5, 2008 

 

Figure 4.3 Section view of nEDM central volume container 
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Figure 4.4 Side cross-section view showing ellipsoidal downstream flange 

 

 

 

     

Figure 4.5 Various views of downstream flange 

 

 

Elliptical Design for  

Downstream Flange 
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Figure 4.6 CAD schematic for nEDM central volume cylinder 
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Figure 4.7 CAD schematic for nEDM central volume downstream end flange 
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Figure B.1 Longitudinal Stress on outer surface of cylinder 

 

Figure B.2 Longitudinal stress on outer surface of cylinder (close-up) 
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Figure B.3 Hoop stress on outer surface of cylinder 

 

Figure B.4 Hoop stress on outer surface of cylinder (close-up) 
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Figure B.5 Longitudinal stress on inner surface of cylinder 

 

Figure B.6 Hoop stress on inner surface of cylinder 
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Figure B.7 Radial stress on inner surface of end cap 

 

Figure B.8 Hoop stress on inner surface of end cap 
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Figure B.9 Radial stress on outer surface of end cap 

 

Figure B.10 Hoop stress on outer surface of end cap
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%************************************************************************** 
%************************************************************************** 
%**  PURPOSE:    Calculate stress values given delta(T) and mechanical   ** 
%**              loading values.                                         ** 
%**                                                                      ** 
%**  WRITTEN BY: Brandon Angell                                          ** 
%**                                                                      ** 
%************************************************************************** 
%************************************************************************** 
  
clear 
  
% user inputs filename of the file that data will be output to 
  filename  = input('Filename (include extension), i.e. .txt: ','s'); 
   
% open file 
  fid  = fopen(filename,'wt');     % 'wt' means "write text" 
    if (fid < 0) 
       error('could not open file"'); 
    end; 
  
% declares the variables x and t as symbolic 
  syms x t 
  
% Input name of material for composite laminate 
    material = input('Material: ','s'); 
    %fprintf(fid,'Material: %15s\n\n',material); 
     
% Input thickness of each lamina 
    thickness = input('Thickness of each lamina:  '); 
    %fprintf(fid,'Thickness of each lamina: %2.3f inches \n\n',thickness); 
  
% Input number of layers for laminate   
    numlayers = input('Number of layers:  '); 
    %fprintf(fid,'Number of layers: %2i \n\n',numlayers); 
  
% Material properties for each lamina 
    E1   = 63.0e5; 
    E2   = 1.10e6; 
    G12  = 6.50e5;      
    nu12 = 0.30;      
    nu21 = (E2*nu12)/E1; 
    h    = thickness*numlayers;     % thickness of entire laminate 
  
%-------------------------------------------------------------------------- 
% STEPS FOR CALCULATING THERMAL STRESSES 
%-------------------------------------------------------------------------- 
  
% STEP #1: Lamina coefficients of thermal expansion 
    alpha1 = 6.0e-6; 
    alpha2 = 1.5e-5; 
    alpha3 = 0; 
  
 
%$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
% STARTS LOOP WHERE TWO DEL_T VALUES ARE ENTERED 
%$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
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 for loop=1:2 
     
% STEP #2: Temperature difference 
    if (loop==1) 
        del_T = 1;   % used to calculate CTE for overall laminate 
    else 
        del_T = 700;   % used to calculate overall properties of laminate 
    end 
     
% STEP #3: Free lamina hygrothermal strains 
    alpha = [alpha1; alpha2; 0]; 
    e     = alpha*del_T; 
     
% STEP #4: Ply orientation (theta) for each layer of laminate 
    theta = (pi/180) * [45 0 -45 90 45 0 -45 90 45 0 -45 90 45 0 -45 90 45 0 -45 90 
90 -45 0 45 90 -45 0 45 90 -45 0 45 90 -45 0 45 90 -45 0 45]; 
     
% Initializes the A,B,D, and Q matrices to all zeros 
    A    = zeros(3,3); 
    B    = zeros(3,3); 
    D    = zeros(3,3); 
    Q    = zeros(3,3); 
    N_T  = zeros(3,1); 
    M_T  = zeros(3,1); 
     
    Q = [E1/(1-nu12*nu21) nu12*E2/(1-nu12*nu21) 0; nu12*E2/(1-nu12*nu21) E2/(1-
nu12*nu21) 0; 0 0 G12]; 
     
% Loops through layers calculating the Qbar, A, B, and D matrices for each layer 
and overall A, B, and D matrices for laminate 
    for i=1:numlayers 
      m = cos(theta(i)); 
      n = sin(theta(i)); 
      T = [m^2 n^2 2*m*n; n^2 m^2 -2*m*n; -m*n m*n m^2-n^2]; %transformation matrix 
     
      % STEP #5: Calculates ebar for each lamina 
        ebar = [e(1)*m^2+e(2)*n^2; e(1)*n^2+e(2)*m^2; 2*(e(1)-e(2))*m*n]; 
     
      % STEP #6: Calculates Q and Qbar for each lamina 
        R = [1 0 0; 0 1 0; 0 0 2];    
        Q(3,3) = 2*G12; 
        Qbar  = inv(T)*Q*T*inv(R);     % calculates Qbar matrix for each layer  
  
      % fprintf(fid,'\n\nQbar for layer %2i:\n',i); 
      % for j=1:3 
      % fprintf(fid,'\n%10.1f  %10.1f  %10.1f',Qbar(j,1),Qbar(j,2),Qbar(j,3)); 
      % end 
     
      % STEP #7: Calculates z-position of bottom and top of each layer 
        z(i)   = -thickness*(numlayers/2) + (i-1) * thickness;        % bottom of 
layer 
        z(i+1) = -thickness*(numlayers/2) + (i  ) * thickness;        % top of 
layer 
         
      % STEP #8 
        zbar = ((z(i+1)+z(i))/2); 
        N_Ti = Qbar * ebar * thickness; 
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        N_T  = N_T + N_Ti; 
        M_Ti = Qbar * ebar * zbar * thickness; 
        M_T = M_T + M_Ti; 
     
        Ai   =         (z(i+1)   - z(i)  ) * Qbar;     
        Bi   = (1/2) * (z(i+1)^2 - z(i)^2) * Qbar; 
        Di   = (1/3) * (z(i+1)^3 - z(i)^3) * Qbar; 
        A    = A + Ai; 
        B    = B + Bi; 
        D    = D + Di; 
    end 
%---------------------------------------------------------------- 
% ENTER Mechanical Loading for laminate 
  Nx_mech = 1280;  
  Ny_mech = 2550; 
  Ns_mech = 0000; 
  Mx_mech = 0000; 
  My_mech = 0000;  
  Ms_mech = 0000; 
     
  F_mechanical = [Nx_mech; Ny_mech; Ns_mech; Mx_mech; My_mech; Ms_mech]; 
  F_thermal    = [N_T(1);  N_T(2);  N_T(3);  M_T(1);  M_T(2);  M_T(3) ]; 
  F_total      = [Nx_mech+N_T(1); Ny_mech+N_T(2); Ns_mech+N_T(3); Mx_mech+M_T(1); 
My_mech+M_T(2); Ms_mech+M_T(3)]; 
  
  combined = [A B; B D]; 
  abcd     = inv(combined); 
  a = abcd(1:3,1:3); 
  b = abcd(1:3,4:6); 
  c = abcd(4:6,1:3); 
  d = abcd(4:6,4:6); 
  
% calculates overall CTE values 
  if (loop==1) 
    alphabar = a*N_T+b*M_T; 
  end 
   
  % calculates strain-curvature matrix 
  Strain_Curvature1 = inv(combined) * F_mechanical; 
  Strain_Curvature2 = inv(combined) * F_thermal; 
  Strain_Curvature3 = inv(combined) * F_total; 
  
  % separates strain values and curvature values into separate matrices 
  Strain1    = [Strain_Curvature1(1,1); Strain_Curvature1(2,1); 
Strain_Curvature1(3,1)]; 
  Curvature1 = [Strain_Curvature1(4,1); Strain_Curvature1(5,1); 
Strain_Curvature1(6,1)]; 
  Strain2    = [Strain_Curvature2(1,1); Strain_Curvature2(2,1); 
Strain_Curvature2(3,1)]; 
  Curvature2 = [Strain_Curvature2(4,1); Strain_Curvature2(5,1); 
Strain_Curvature2(6,1)]; 
  Strain3    = [Strain_Curvature3(1,1); Strain_Curvature3(2,1); 
Strain_Curvature3(3,1)]; 
  Curvature3 = [Strain_Curvature3(4,1); Strain_Curvature3(5,1); 
Strain_Curvature3(6,1)]; 
  
 



Appendix C: Multidirectional Laminate Analysis: MATLAB Code 218 

 

  %---------------------------------------------------------- 
  %----- AVERAGE LAMINATE PROPERTIES ------------------------ 
  if (loop==2) 
    Ebarx   = 1/(h*a(1,1)); 
    Ebary   = 1/(h*a(2,2)); 
    Gbarxy  = 1/(h*a(3,3)); 
    nubarxy = -a(2,1)/a(1,1); 
    nubaryx = -a(1,2)/a(2,2); 
  end 
  %---------------------------------------------------------- 
   
  if(loop==2) 
       
     fprintf(fid,'\n%3i PLY [%3i,%3i,%3i,%3i] SYMMETRIC LAYUP OF %s 
\n',numlayers,... 
             
theta(1)*(180/pi),theta(2)*(180/pi),theta(3)*(180/pi),theta(4)*(180/pi),material); 
  
     fprintf(fid, '\n\n-----------------------------------------'); 
     fprintf(fid, '\n       MID-PLY STRESS VALUES                 '); 
     fprintf(fid, '\n-----------------------------------------\n'); 
          
  for j=1:numlayers 
    m = cos(theta(j)); 
    n = sin(theta(j)); 
    T = [m^2 n^2 2*m*n; n^2 m^2 -2*m*n; -m*n m*n m^2-n^2];   % transformation 
matrix 
    R = [1 0 0; 0 1 0; 0 0 2];        
     
    Qbar2    = inv(T)*Q*T*inv(R); 
    ebar     = [e(1)*m^2+e(2)*n^2; e(1)*n^2+e(2)*m^2; 2*(e(1)-e(2))*m*n]; 
  
%--------------------------------------------------------------------------     
% PLOTTING  
     dist    = z(j):1e-3:z(j+1);         
      
     Stress1    = zeros(3,1); 
     Stress1    = Qbar2*Strain1 + Qbar2*Curvature1*x; 
     Stress_x1  = subs(Stress1(1),x,dist); 
     Stress_y1  = subs(Stress1(2),x,dist); 
     Stress_xy1 = subs(Stress1(3),x,dist); 
       Stress2    = zeros(3,1); 
       Stress2    = Qbar2*Strain2 + Qbar2*Curvature2*x - Qbar2*ebar; 
       Stress_x2  = subs(Stress2(1),x,dist);   
       Stress_y2  = subs(Stress2(2),x,dist); 
       Stress_xy2 = subs(Stress2(3),x,dist); 
     Stress3    = zeros(3,1); 
     Stress3    = Qbar2*Strain3 + Qbar2*Curvature3*x - Qbar2*ebar; 
     Stress_x3  = subs(Stress3(1),x,dist); 
     Stress_y3  = subs(Stress3(2),x,dist); 
     Stress_xy3 = subs(Stress3(3),x,dist); 
      
     vpa(Stress_x1(1),5); vpa(Stress_x2(1),5); vpa(Stress_x3(1),5); 
     vpa(Stress_y1(1),5); vpa(Stress_y2(1),5); vpa(Stress_y3(1),5); 
     vpa(Stress_xy1(1),5); vpa(Stress_xy2(1),5); vpa(Stress_xy3(1),5); 
  
     if (loop==2) 
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       fprintf(fid,'  Layer #: %20i\n  Ply orientation: 
%12i\n',j,theta(j)*(180/pi)); 
       fprintf(fid,'  SIGMA-x \n'); 
       fprintf(fid,'    Mechanical: %15.2f\n    Thermal: %18.2f\n    Combined: 
%17.2f\n',Stress_x1(1),Stress_x2(1),Stress_x3(1)); 
       fprintf(fid,'  SIGMA-y \n'); 
       fprintf(fid,'    Mechanical: %15.2f\n    Thermal: %18.2f\n    Combined: 
%17.2f\n',Stress_y1(1),Stress_y2(1),Stress_y3(1)); 
       fprintf(fid,'  TAU-xy \n'); 
       fprintf(fid,'    Mechanical: %15.2f\n    Thermal: %18.2f\n    Combined: 
%17.2f\n',Stress_xy1(1),Stress_xy2(1),Stress_xy3(1)); 
       fprintf(fid,'  -----------------------------\n'); 
     end 
% PLOT STRESS IN X-DIRECTION 
     figure(1); 
     hold on  
    %subplot(2,2,1) 
     plot(dist,Stress_x3); 
    %axis([-0.0015,0.0015,-5e11,5e11]) 
     xlabel('z position (inches)') 
     ylabel('SIGMA_X (psi)') 
    %grid on 
     hold off 
% PLOT STRESS IN Y-DIRECTION 
     figure(2); 
     hold on 
     Stress3   = zeros(3,1); 
     Stress3   = Qbar2*Strain3 + Qbar2*Curvature3*x - Qbar2*ebar; 
     Stress_y3 = subs(Stress3(2),x,dist); 
     vpa(Stress_y3(1),5); 
    %subplot(2,2,2) 
     plot(dist,Stress_y3); 
    %axis([-0.0015,0.0015,-1e11,1e11]) 
     xlabel('z position (inches)') 
     ylabel('SIGMA_Y (psi)') 
    %grid on 
     hold off 
% PLOT SHEAR STRESS IN XY-DIRECTION 
     figure(3); 
     hold on 
     Stress3   = zeros(3,1); 
     Stress3   = Qbar2*Strain3 + Qbar2*Curvature3*x - Qbar2*ebar; 
     Tau_y3 = subs(Stress3(3),x,dist); 
     vpa(Tau_y3(1),5); 
    %subplot(2,2,3) 
     plot(dist,Tau_y3); 
    %axis([-0.0015,0.0015,-1e11,1e11]) 
     xlabel('z position (inches)') 
     ylabel('TAU_X_Y (psi)') 
    %grid on 
     hold off 
  end  
  end 
end 
%-------------------------------------------------------------------------- 
  fprintf(fid,'\n\n------------------------------------\n'); 
  fprintf(fid,'  STACKING SEQUENCE OF PLIES:\n'); 
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  fprintf(fid,'------------------------------------\n'); 
  for i=1:numlayers 
    fprintf(fid,'  Layer: %2i: %4i degrees \n',i,theta(i)*(180/pi)); 
  end 
  fprintf(fid,'------------------------------------'); 
   
  fprintf(fid,'\n\nQ MATRIX (psi):\n\n'); 
  for a=1:3 
    fprintf(fid,' %10.1f  %10.1f  %10.1f \n',Q(a,1),Q(a,2),Q(a,3)); 
  end 
  
  fprintf(fid,'\n\nMechanical Loading:\n  Nx:%11i psi\n  Ny:%11i psi\n  Ns:%11i 
psi\n  Mx:%11i psi\n  My:%11i psi\n  Ms:%11i 
psi\n\n',Nx_mech,Ny_mech,Ns_mech,Mx_mech,My_mech,Ms_mech); 
  fprintf(fid,'\nThermal Loading:\n  NTx:%10.2f psi\n  NTy:%10.2f psi\n  NTs:%10.2f 
psi\n  MTx:%10.2f psi\n  MTy:%10.2f psi\n  MTs:%10.2f 
psi\n\n',N_T(1),N_T(2),N_T(3),M_T(1),M_T(2),M_T(3)); 
   
  fprintf(fid,'\nA MATRIX (psi):\n'); 
  for a=1:3 
    fprintf(fid,' %10.1f  %10.1f  %10.1f \n',A(a,1),A(a,2),A(a,3)); 
  end 
  fprintf(fid,'\nB MATRIX: (psi)\n'); 
  for a=1:3 
    fprintf(fid,' %10.1f  %10.1f  %10.1f \n',B(a,1),B(a,2),B(a,3)); 
  end 
  fprintf(fid,'\nD MATRIX:\n'); 
  for a=1:3 
    fprintf(fid,' %10.1f  %10.1f  %10.1f \n',D(a,1),D(a,2),D(a,3)); 
  end 
  
  fprintf(fid, '\n\n\n-----------------------------------------'); 
  fprintf(fid, '\n       LAMINATE STRAINS & CURVATURES          '); 
  fprintf(fid, '\n-----------------------------------------\n'); 
  fprintf(fid,' EPSILON_X: %10.5e in./in.\n',Strain_Curvature3(1,1)); 
  fprintf(fid,' EPSILON_Y: %10.5e in./in.\n',Strain_Curvature3(2,1)); 
  fprintf(fid,' GAMMA_XY:  %10.5e in./in.\n',Strain_Curvature3(3,1)); 
  fprintf(fid,' KAPPA_X:   %10.5e /in.\n',   Strain_Curvature3(4,1)); 
  fprintf(fid,' KAPPA_Y:   %10.5e /in.\n',   Strain_Curvature3(5,1)); 
  fprintf(fid,' KAPPA_XY:  %10.5e /in.\n',   Strain_Curvature3(6,1)); 
  fprintf(fid, '\n\n\n-----------------------------------------'); 
  fprintf(fid, '\n       AVERAGE LAMINATE PROPERTIES       '); 
  fprintf(fid, '\n-----------------------------------------\n'); 
  fprintf(fid, ' Ebar_x:    %3.2e \n',   Ebarx); 
  fprintf(fid, ' Ebar_y:    %3.2e \n',   Ebary); 
  fprintf(fid, ' nubar_xy:  %9.3f \n', nubarxy); 
  fprintf(fid, ' nubar_yx:  %9.3f \n', nubaryx); 
  fprintf(fid, ' Gbar_xy:   %3.2e \n',  Gbarxy); 
  fprintf(fid, ' alpha_1:   %3.2e \n', alphabar(1)); 
  fprintf(fid, ' alpha_2:   %3.2e \n', alphabar(2)); 
  fprintf(fid, ' alpha_3:   %3.2e \n', alphabar(3)); 
  fprintf(fid, '-----------------------------------------'); 
  
   
% CLOSE OUTPUT FILE 
  fclose(fid);
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  40 PLY [45,  0,-45, 90] SYMMETRIC LAYUP OF S2/5216  
 
  ------------------------------------------------------------------- 

MID-PLY STRESS VALUES 
  ------------------------------------------------------------------- 
  Layer #:                    1 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  Layer #:                    4 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                    2 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:           -0.00 
    Thermal:               0.00 
    Combined:             -0.00 

  ----------------------------- 
  Layer #:                    5 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  ----------------------------- 
  Layer #:                    3 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                    6 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:           -0.00 
    Thermal:               0.00 
    Combined:              0.00 
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  ----------------------------- 
  Layer #:                    7 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                   10 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:           -0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                    8 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   11 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                    9 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  ----------------------------- 
  Layer #:                   12 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 
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  ----------------------------- 
  Layer #:                   13 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  ----------------------------- 
  Layer #:                   16 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   14 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:           -0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   17 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  ----------------------------- 
  Layer #:                   15 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                   18 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 
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  ----------------------------- 
  Layer #:                   19 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:              -0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                   22 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                   20 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   23 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   21 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   24 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 
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  ----------------------------- 
  Layer #:                   25 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   28 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  ----------------------------- 
  Layer #:                   26 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                   29 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   27 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   30 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 
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  ----------------------------- 
  Layer #:                   31 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   34 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

  ----------------------------- 
  Layer #:                   32 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  ----------------------------- 
  Layer #:                   35 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   33 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   36 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 
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  ----------------------------- 
  Layer #:                   37 
  Ply orientation:           90 
  SIGMA-x  
    Mechanical:          977.49 
    Thermal:           -5416.75 
    Combined:          -4439.26 
  SIGMA-y  
    Mechanical:         9960.73 
    Thermal:            5416.75 
    Combined:          15377.48 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 

  ----------------------------- 
  Layer #:                   40 
  Ply orientation:           45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:         2573.92 
    Thermal:            5416.75 
    Combined:           7990.67 

  ----------------------------- 
  Layer #:                   38 
  Ply orientation:          -45 
  SIGMA-x  
    Mechanical:         3261.44 
    Thermal:               0.00 
    Combined:           3261.44 
  SIGMA-y  
    Mechanical:         4717.72 
    Thermal:              -0.00 
    Combined:           4717.72 
  TAU-xy  
    Mechanical:        -2573.92 
    Thermal:           -5416.75 
    Combined:          -7990.67 

 

  ----------------------------- 
  Layer #:                   39 
  Ply orientation:            0 
  SIGMA-x  
    Mechanical:         3166.29 
    Thermal:            5416.75 
    Combined:           8583.04 
  SIGMA-y  
    Mechanical:         1853.83 
    Thermal:           -5416.75 
    Combined:          -3562.92 
  TAU-xy  
    Mechanical:            0.00 
    Thermal:               0.00 
    Combined:              0.00 
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------------------------------------ 
  STACKING SEQUENCE OF PLIES: 
------------------------------------ 
  Layer:  1:   45 degrees  
  Layer:  2:    0 degrees  
  Layer:  3:  -45 degrees  
  Layer:  4:   90 degrees  
  Layer:  5:   45 degrees  
  Layer:  6:    0 degrees  
  Layer:  7:  -45 degrees  
  Layer:  8:   90 degrees  
  Layer:  9:   45 degrees  
  Layer: 10:    0 degrees  
  Layer: 11:  -45 degrees  
  Layer: 12:   90 degrees  
  Layer: 13:   45 degrees  
  Layer: 14:    0 degrees  
  Layer: 15:  -45 degrees  
  Layer: 16:   90 degrees  
  Layer: 17:   45 degrees  
  Layer: 18:    0 degrees  
  Layer: 19:  -45 degrees  
  Layer: 20:   90 degrees  
  Layer: 21:   90 degrees  
  Layer: 22:  -45 degrees  
  Layer: 23:    0 degrees  
  Layer: 24:   45 degrees  
  Layer: 25:   90 degrees  
  Layer: 26:  -45 degrees  
  Layer: 27:    0 degrees  
  Layer: 28:   45 degrees  
  Layer: 29:   90 degrees  
  Layer: 30:  -45 degrees  
  Layer: 31:    0 degrees  
  Layer: 32:   45 degrees  
  Layer: 33:   90 degrees  
  Layer: 34:  -45 degrees  
  Layer: 35:    0 degrees  
  Layer: 36:   45 degrees  
  Layer: 37:   90 degrees  
  Layer: 38:  -45 degrees  
  Layer: 39:    0 degrees  
  Layer: 40:   45 degrees  
------------------------------------ 
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Q MATRIX (psi): 
  6400580.6    335268.5         0.0  
   335268.5   1117561.7         0.0  
        0.0         0.0    1300000.0  
 
Mechanical Loading: 
  Nx:       1280 psi 
  Ny:       2550 psi 
  Ns:          0 psi 
  Mx:          0 psi 
  My:          0 psi 
  Ms:          0 psi 
 
Thermal Loading: 
  NTx:  10450.87 psi 
  NTy:  10450.87 psi 
  NTs:      0.00 psi 
  MTx:      0.00 psi 
  MTy:      0.00 psi 
  MTs:     -0.00 psi 
 
A MATRIX (psi): 
  1549497.8    415785.2        -0.0  
   415785.2   1549497.8         0.0  
       -0.0         0.0    566856.3  
 
B MATRIX: (psi) 
       -0.0        -0.0        -0.0  
       -0.0         0.0        -0.0  
       -0.0        -0.0        -0.0  
 
D MATRIX: 
    31117.9      8350.1       958.6  
     8350.1     27648.8       958.6  
      958.6       958.6     11250.6  
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----------------------------------------- 
       LAMINATE STRAINS & CURVATURES           
----------------------------------------- 
 EPSILON_X: 5.73205e-003 in./in. 
 EPSILON_Y: 6.85226e-003 in./in. 
 GAMMA_XY:  6.18568e-019 in./in. 
 KAPPA_X:   1.31463e-017 /in. 
 KAPPA_Y:   -6.12018e-018 /in. 
 KAPPA_XY:  3.15483e-018 /in. 
 
 
----------------------------------------- 
       AVERAGE LAMINATE PROPERTIES        
----------------------------------------- 
 Ebar_x:    3.00e+006  
 Ebar_y:    3.00e+006  
 nubar_xy:      0.268  
 nubar_yx:      0.268  
 Gbar_xy:   1.18e+006  
 alpha_1:   7.60e-006  
 alpha_2:   7.60e-006  
 alpha_3:   9.28e-022  
----------------------------------------- 
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Pre-processor phase 

 
/BATCH     

/NOPR                         

/PMETH,OFF,0 

KEYW,PR_SET,1    

KEYW,PR_STRUC,1  

KEYW,PR_THERM,0  

KEYW,PR_FLUID,0  

KEYW,PR_ELMAG,0  

KEYW,MAGNOD,0    

KEYW,MAGEDG,0    

KEYW,MAGHFE,0    

KEYW,MAGELC,0    

KEYW,PR_MULTI,0  

KEYW,PR_CFD,0    

/GO  

   

/COM,    

/COM, Preferences for GUI filtering have been set to display: 

/COM, Structural    

 

/PREP7     ! Enters the preprocessor of ANSYS   

   

ET,1,SHELL181    ! Sets the element type to SHELL181 

   

KEYOPT,1,1,0 

KEYOPT,1,3,0 

KEYOPT,1,8,1 

KEYOPT,1,9,0 

KEYOPT,1,10,0    

   

R,1,.5,.5,.5,.5, , ,    ! Sets the composite thickness to 0.5” 

RMORE, , , , , , ,   

     

MPTEMP,,,,,,,,      ! input of all material properties 

MPTEMP,1,0   

 

MPDATA,  EX,    1, ,63e5    

MPDATA,  EY,    1, ,1.1e6   

MPDATA,  EZ,    1,  ,1.7796e6    

MPDATA,  PRXY,  1,  ,0.3   

MPDATA,  PRYZ,  1,  ,0.403 

MPDATA,  PRXZ,  1,  ,0.278 

MPDATA,  GXY,   1,  ,6.5e5  

MPDATA,  GYZ,    1,  ,0.6498e6    

MPDATA,  GXZ,    1,  ,0.7005e6    

MPDATA,  ALPX,  1, ,6e-6  

MPDATA,  ALPY,  1, ,1.5e-5    

MPDATA, ALPZ, 1, ,1.5e-5    
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MPTEMP,,,,,,,,   

MPTEMP,1,0   

 

UIMP,1,REFT,,,0    ! Sets reference temperature to 0 degrees F 

 

BLC4,0,0,1,1    ! Creates square geometry of 1” x 1” 

/VIEW,1,1,1,1    

/ANG,1   

/REP,FAST    

/AUTO,1  

/REP,FAST    

 

sect,1,shell,,      ! Input of thickness, material, fiber orientation, # of integration 

points for 40 layers 

secdata,  .012,  1,   45,  1 

secdata,  .012,  1,   0,  1  

secdata,  .012,  1,  -45,  1    

secdata,  .012,  1,   90,  1 

secdata,  .012,  1,   45,  1 

secdata,  .012,  1,    0,  1  

secdata,  .012,  1,  -45,  1    

secdata,  .012,  1,   90,  1 

secdata,  .012,  1,   45,  1 

secdata,  .012,  1,    0,  1   

secdata,  .012,  1,  -45,  1    

secdata,  .012,  1,   90,  1 

secdata,  .012,  1,   45,  1 

secdata,  .012,  1,    0,  1  

secdata,  .012,  1,  -45,  1    

secdata,  .012,  1, 90, 1 

secdata,  .012, 1, 45, 1 

secdata,  .012,  1, 0, 1  

secdata,  .012,  1, -45, 1    

secdata,  .012,  1, 90, 1 

secdata,  .012,  1, 90, 1 

secdata,  .012,  1, -45, 1    

secdata,  .012,  1, 0, 1  

secdata,  .012,  1, 45, 1 

secdata,  .012,  1, 90, 1 

secdata,  .012,  1, -45, 1    

secdata,  .012,  1, 0, 1  

secdata,  .012,  1, 45, 1 

secdata,  .012,  1, 90, 1 

secdata,  .012,  1, -45, 1    

secdata,  .012,  1, 0, 1  

secdata,  .012,  1, 45, 1 

secdata,  .012,  1, 90, 1 

secdata,  .012,  1, -45, 1    

secdata,  .012,  1, 0, 1  

secdata,  .012,  1, 45, 1 
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secdata,  .012,  1, 90, 1 

secdata,  .012,  1, -45, 1    

secdata,  .012,  1, 0, 1  

secdata,  .012,  1, 45, 1 

 

secoffset,MID    

seccontrol,,,, , , , 

 

FLST,2,1,5,ORDE,1      ! Meshing of geometry 

FITEM,2,1    

AESIZE,P51X,1,   

MSHAPE,0,2D  

MSHKEY,0 

   

CM,_Y,AREA   

ASEL, , , ,       1  

CM,_Y1,AREA  

CHKMSH,'AREA'    

CMSEL,S,_Y   

   

AMESH,_Y1    

   

CMDELE,_Y    

CMDELE,_Y1   

CMDELE,_Y2   

 

 

 

Solution Phase 
 

/SOL 

   

ANTYPE,0    ! Sets analysis type 

 

FLST,2,1,4,ORDE,1      ! Applies pressure of Nx = 1280 psi on right edge of element 

FITEM,2,4    

/GO    

SFL,P51X,PRES,-1280, 

 

FLST,2,1,4,ORDE,1      ! Applies pressure of Nx = 1280 psi on the left edge of element 

FITEM,2,2    

/GO    

SFL,P51X,PRES,-1280, 

 

FLST,2,1,4,ORDE,1      ! Applies pressure of Ny = 2550 psi on the top edge of element 

FITEM,2,3    

/GO    

SFL,P51X,PRES,-2550, 

 

FLST,2,1,4,ORDE,1      ! Applies pressure of Ny = 2550 psi on the bottom edge of element 
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FITEM,2,1    

/GO    

SFL,P51X,PRES,-2550, 

 

TUNIF,700,     ! Sets uniform temperature to element of 700 degrees F 

 

/STATUS,SOLU   ! Solves the solution 

SOLVE 
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ANSYS RESULTS FOR INDIVIDUAL PLIES 
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Layer 1:  σEQV,max = 3623 Layer 2:  σEQV,max = 3244 

 

Layer 3:  σEQV,max = 2870 

 

   

Layer 4:  σEQV,max = 2502 Layer 5:  σEQV,max = 2143 
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Layer 16:  σEQV,max = 2160 

 

Layer 17:  σEQV,max = 2517 Layer 18:  σEQV,max = 2881 

  

 

 

Layer 19:  σEQV,max = 3250 

 

Layer 20:  σEQV,max = 3625  

 

* All von Mises stress values reported were calculated in psi
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Layer 14:  σEQV,max = 4500 Layer 15:  σEQV,max = 5093 
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Layer 19:  σEQV,max = 9445 

 

Layer 20:  σEQV,max = 10548  

 

* All von Mises stress values reported were calculated in psi
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Appendix I:  Ultimate & Yield Strength for G10-CR, Helium Cryogenics 268 
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