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1.0 Executive Summary

This memo describes an analysis of the NCSX Modular Coil conductor’s mechanical properties. The analysis uses CTD test data
 and a 3D ANSYS
 model to determine the tension and compression moduli of the conductor.
Test Data Highlights:

· LVDT-based strain data indicates a maximum compressive modulus of 1.1 Mpsi.

· The response of the conductor remains linear under compressive loads to 10-15 ksi.
· At higher compressive stress levels, the material gradually softens and fails at >10% strain.

· LVDT-based strain data indicates a maximum tensile modulus of 2-3 Mpsi.

· The response of the conductor remains linear under tensile loads up to 5-7 ksi.

· Some RT tensile specimens abruptly soften and fails at 7% strain (>15 ksi).
· Other RT tensile specimens maintains the high modulus and fails at 1% strain (>14 ksi).

· 76K tensile specimens exhibit similar behavior with higher moduli and ultimate strengths.

Model Highlights:

· A precise ANSYS model of the entire Modular Coil conductor is not attempted.

· A simple 8-stranded cable model gives some insights into the physics of the conductor.
· The model indicates that a perfectly impregnated cable has a modulus which is essentially independent of load direction (axial tension or compression) and equal to the rule of mixtures value: ~8 Mpsi (12 Mpsi for the ISMC specimen). 
· When the epoxy is eliminated from the cable structure and the wire strands are no longer held as a monolith, the stiffness of the bare cable drops by a factor of 25 to ~0.3 Mpsi. 
· This is an indication of the importance of the impregnating epoxy.

The largest modulus seen in test is ~3 Mpsi in tension and ~1 Mpsi in compression. Subtleties in the tension specimen test set-up could account for a factor of two (a 15” effective specimen length compared to the assumed 7” grip-spacing). But, with an ideal ISMC specimen modulus of 12 Mpsi, it would appears as if the test specimens were not quite monolithic. It is also possible that the LVDT test data is flawed. In any case, the project should be very careful when defining design-basis stresses since none of the test data shows the electrical performance of the conductor after one or many high stress applications. 
 2.0 Analysis
The Modular Coil conductor is a Cu rope as described in Table 2.0-1, Type 6. The first stage of the cable (Bunch #1) is made from 44 strands of 34 gage wire with a 2.5” pitch Right Hand Lay (RHL). Five of these Bunch #1 sub-cables are wound together on a 3” pitch to form a Bunch #2 sub-cable. The full cable is then made from 12 of these Bunch #2 sub-cables; nine with a 3.5” pitch RHL and three with a 3.5” pitch LHL. 
The mechanical properties of various insulated and epoxy-impregnated cable specimens, such as the one shown in Fig. 2.0-2, are obtained in lab tests by CTD and presented in their summary memo [1]. The test program evaluates the cure shrinkage, compression, tension, flexure, shear and thermal expansion properties of the conductor. Unfortunately, there are some anomalous results which must be understood before this critical element of the NCSX magnet system can be designed with a high level of confidence. 

This memo focuses on CTD’s axial compression and tension test data. Finite element modeling and hand calculations are used as-required to support the analysis of the test data. Fig. 2.0-3 shows two plots of the 3D parametric model. The upper plot is a simple 8-strand twisted cable. The impregnating epoxy and turn-wrap insulation elements have been removed for clarity. The lower plot shows a cross-section of the model, and includes the constituents missing from the isometric plot. The model’s free parameters include all dimensions (wire size and wire-to-wire spacing, twist pitch and number of wires, and outer wrap thickness). However, at this point in time, the model is limited to a single-stage cable. The text-based ANSYS input file is included as Sec. 4.1.
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Table 2.0-1 Modular Coil Conductor uses Type 6 (courtesy J.H. Chrzanowski)
[image: image2.png]o —
313 BRAIDED COPPER

250 BRAIDED COPPER.

le— imae LD Laver oF DRY
GLASS 007" THK - 014" BUILD

) IALF LAPED LAYERS OFCO WOUND
4= 002" KAPTON AND 007" DRY GLASS

FORCOMBINED TITK

o BoiD



Fig. 2.0-2 Nominal Lay-Out of the Insulated Single Modular Coil Conductor or ISMC (from [1])
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Fig. 2.0-3 ANSYS model of Twisted Wire Cable (Upper: Wires only, Lower: Entire cross-section) 

3.0 Results
Results are divided into two categories; (1) Test Data, and (2) Analytical Modeling.

3.1 Test Data

In addition to the summary report [1], all of the CTD test data is available on a CD. CTD has provided a copy of the CD for this detailed review. The disk contains numerous text-based test data files. A few are chosen for analysis and presented below. 

3.1.1 Compression Test Data

The CTD report lists an average room temperature (RT) compression modulus of 37 Mpsi using strain gage data and 2.9 Mpsi using LVDT displacement data. The ratio of these two values is almost 13 and indicates that something is wrong with at least one of the data sets, particularly since steel has a modulus of about 30 Mpsi. 
In order to gain a better understanding of the test data, results are plotted for individual specimens. Fig. 3.1.1-1 is a plot of the stress-strain data for specimen #14 (RT, Compression). The stress is simply the recorded load (neglecting the sign) divided by the nominal cross-sectional area (0.6545” x 0.7885”) and the strains are from the two strain gages affixed to the sample. Although they start out as typical stress-strain curves, at one point the load jumps up and the strain changes direction. 
The elastic modulus for this specimen is determined by taking a numerical derivative of these curves. CTD’s approach is to average the two strain recordings. Fig. 3.1.1-2 is a plot of the elastic modulus determined by σ/ε, where ε is (ε1+ε2)/2. Notice that the elastic modulus spikes to 170 Mpsi at small strain levels, and reduces to 30-10 Mpsi over the 0.1% to 0.3% strain range. Indeed, these are suspicious results.
The CTD data also contains displacements from an LVDT. This displacement is converted to a strain by dividing it by the specimen length (0.991” for specimen #14). Fig. 3.1.1-3 is a plot of the stress-strain curve based on this LVDT strain values. The curve displays all of the characteristics one would expect from a material such as the ISMC sample; a shallow slope at low-load, increasing to a steeper-slopped linear region at intermediate strains, followed by a roll-over to near-zero slope, and a step-change indicating failure. 

This stress-strain curve is differentiated two different ways to develop elastic moduli as a function of strain. Fig. 3.1.1-4 shows three curves which represent the modulus as a function of strain:
· Average Modulus = Stress/Strain (represented by the black curve)

· Instantaneous Modulus = Δσ/Δε (represented by the pale blue curve)

· Polynomial Curve-Fit of Instantaneous Modulus (represented by the red curve)

The black curve indicates that the specimen has a maximum average modulus of about 0.9 Mpsi. The pail blue curve is obtained by a local derivative of the stress-strain curve, which produces some scatter. However, the red curve is a polynomial curve-fit through the pale blue points, and indicates a maximum modulus of about 1.1 Mpsi. 
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[image: image7.emf]Fig. 3.1.1-3 RT Compressive Stress vs. LVDT Strain
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[image: image8.emf]Fig. 3.1.1-4 RT Compressive Modulus vs. LVDT Strain, 
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It is worth looking briefly at all of the RT compression specimens in a similar fashion. Fig. 3.1.1-5 is a plot of the instantaneous modulus of all six of these RT compression-tested specimens. In general, the specimens have very similar characteristics:
· Failures stresses ranging from 25.5 ksi to 27.5 ksi

· Failure strains ranging from 8-11%

· Linear stress-strain response at strain levels below 1%

· Nonlinearity developing at about 1.5% strain

Fig. 3.1.1-6 is a plot of the instantaneous modulus for five of the six specimens. The curve represented by data set #20 is eliminated since it is slightly inconsistent with the other data. Again, numerical derivatives produce a lot of noise. However, the similarities are clear. Passing a high-order polynomial curve fit through each curve produces an average modulus of 1.14 Mpsi with a very small 0.02 Mpsi standard deviation. 
[image: image9.emf]Fig. 3.1.2-1 RT Tensile Modulus vs Ave. Strains 1&3
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[image: image10.emf]Fig. 3.1.2-5 76K Tensile Modulus vs LVDT Strain

Average and Instantaneous, Specimen #5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 0.01 0.02 0.03 0.04 0.05

Strain

Modulus, Mpsi

Ave. Modulus

Inst. Modulus



The process is repeated for single specimen at 150K and multiple specimens at 76K. Similar anomalous results are seen in the CTD strain data, and similar reasonable results are seen for the LVDT data.
Fig. 3.1.1-7 is a plot of the Specimen #2 modulus as a function of LVDT strain at the 150K test temperature. Here, the instantaneous modulus peaks at about 1.35 Mpsi. 
Fig. 3.1.1-8 is a plot of the Specimen #3 modulus as a function of LVDT strain at the 76K test temperature. Here, the instantaneous modulus peaks at about 1.05 Mpsi.
Fig. 3.1.1-9 is a plot of the instantaneous modulus of all six of the 76K compression-tested specimens. In general, the specimens have very similar characteristics:

· Failures stresses ranging from 45 ksi to 49 ksi

· Failure strains ranging from 13-14%

· Linear stress-strain response at strain levels below 1.5%

· Nonlinearity developing at about 2% strain

Fig. 3.1.1-10 is a plot of the instantaneous modulus for five of the 76K compression-tested specimens. The curve represented by data set #9 is eliminated since it is slightly inconsistent with the other data. Again, numerical derivatives produce a lot of noise. However, the similarities are clear. Passing a high-order polynomial curve fit through each curve produces an average modulus of 1.09 Mpsi with a very small 0.03 Mpsi standard deviation.

There appears to be a slight inconsistency in the temperature-dependent modulus, where E(295K) is 1.14 Mpsi, E(150K) is 1.35 Mpsi and E(76K) is 1.09 Mpsi. We would expect an increase in modulus as the temperature decreases. Clearly, the ultimate strength of the specimens are consistent with this generality. 

In summary, the compression modulus of the ISMC is about 1.1 Mpsi at RT and 76K, which is substantially lower than the 3 Mpsi and 37 Mpsi values reported in [1].
A Hand Calculation:

The rule of mixtures can be applied to the ISMC sample to calculate an effective modulus as follows:

Eeff = Σ(AE)i/ΣAi
EISMC = {(AE)Cu + (AE)Epoxy + (AE)G10}/(ACu + AEpoxy + AG10)

Where,

ACu = (0.69-2x0.032)(0.564-2x0.032)(π/4) = 0.246 in2
AEpoxy = (0.69-2x0.032)(0.564-2x0.032)(1-π/4) = 0.067 in2
AG10 = (0.69x0.564)-(0.69-2x0.032)(0.564-2x0.032) = 0.076 in2
EISMC={(0.246in2)(126GPa)+(0.067in2)(7GPa)+(0.076in2)(22GPa)}/(0.246in2+0.067 in2+0.076 in2)
EISMC = 85 GPa (12 Mpsi)

Notice that this is substantially higher than the 1.1 Mpsi determined from test data. More on this later. 
[image: image11.emf]Fig. 3.1.2-4 76K Tensile Stress vs. LVDT Strain
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[image: image13.emf]Fig. 3.1.1-6 RT Compressive Modulus vs LVDT Strain
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[image: image14.emf]Fig. 3.1.1-7 150K Compressive Modulus vs. LVDT Strain, 
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3.1.2 Tension Test Data

The review of tension test data is similar to that shown above for compression test data. However, here we analyze only specimens at RT and 76K. 
Fig. 3.1.2-1 is a plot of the RT tensile modulus as a function of strain gage strain for specimen #9. Focus on the pale blue curve which represents the instantaneous modulus, and the red polynomial curve-fit. The plot indicates a nominal modulus of about 14 Mpsi before it begins to soften at strains above 0.07%. This is consistent with the 13.9 Msi value reported in [1] for specimen #9. However, the strain values are again suspect, and lead to a surprisingly high modulus. 
Fig. 3.1.2-2 is a plot of the tensile stress as a function of LVDT strain for this specimen #9 and a number of others. All of the curves have a relatively steep slope at low strains. However, some have a distinct break to a more shallow slope at ~0.3% strain (9, 7, 12 and 6A), while other follow the initial slope until the onset of failure (9B, 3F and 3E). The curves which have a distinct break in slope also indicate failures at relatively high strain levels, while the curves which do not exhibit a slope-change fail at substantially lower strain levels. 

The instantaneous slope of these curves represents the tensile modulus, which is plotted in Fig. 3.1.2-3. The seven curves indicate that the modulus at very low strains varies from 2-3 Mpsi, and drops to 0.25-0.5 Mpsi at higher strains. 
[image: image15.emf]Fig. 3.1.1-8 76K Compressive Modulus vs. LVDT Strain, 
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[image: image16.emf]Fig. 3.1.2-2 RT Tensile Stress vs LVDT Strain
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[image: image17.emf]Fig. 3.1.2-3 RT Tensile Modulus vs. LVDT Strain
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Analysis of a single tensile test specimen (#5) at 76K yields similar results; suspicious strain gage data and reasonable LVDT data. In this case, the strain gage data is not even plotted. Figs. 3.1.2-4 and 3.1.2-5 are plots of the 76K tensile stress and modulus as a function of LVDT strain. Results are very similar to the RT specimen except slightly higher; the modulus at very low strains is about 3.5 Mpsi, but quickly drops to about 0.7 Mpsi for strains up to 1.5% strain. The modulus continues to soften as the strain increases. The specimen fails at ~36 ksi compared to 15-25 ksi for the RT specimens. 
[image: image18.emf]Fig. 3.2-1 Ave. Stress and Instantaneous Modulus from 3D ANSYS
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3.1.3 Commentary
The above analysis indicates that the compressive moduli vary as much from specimen to specimen as they do across the full range of test temperatures, with an average RT and 76K value of about 1.1 Mpsi. These so-called ISMC samples have ultimate compressive strengths of about 26 ksi at RT and 45 ksi at 76K. However, the response of the specimens become nonlinear at 10-15 ksi, indicating the onset of micro-cracking or plasticity in the impregnated epoxy-glass-Cu composite. This characteristic may require a design stress value tied more to the onset of damage than to the stress at failure. 
The specimen-to-specimen variability is much more pronounced in the tensile test data. All specimens show a RT tensile modulus of 1.5-3.0 Mpsi at low strain levels. However, in some specimens, the stress-strain curve has a sharp knee at about 5 ksi where the modulus softens to 0.25 and 0.5 Mpsi. These specimens go on to fail at 15-25 ksi (RT) and 36 ksi (76K), with a relatively high strain level (7-11%, respectively). In other RT specimens, there is no sharp knee and the failure occurs at about the same stress level (14-22 ksi), but at a much lower strain (1%).
It would be interesting (if not critical) to qualify the cyclic response of the ISMC sample and determine the effect of  low-level “plasticity” (nonlinearity in the σ-ε curve) on its structural and electrical integrity.
3.2 Analytical Modeling
Scoping analyses with a simple 8-strand cable model show that this is a computationally intensive exercise. Although the parametric input file could easily be used to build a 44-strand Bunch #1 sub-cable, it would result in a huge model which would require an unreasonable amount of time to execute. 

As an alternative, the simple 8-strand model is used to gain some more general insights into the mechanics of an epoxy-filled, twisted cable. In this exercise, the cable has a 0.63” twist pitch, and is covered by a 4 mil thick epoxy-glass wrap. Although the materials are modeled as linear-elastic, large-deflection theory is invoked to capture any effects from changes in the geometry which vary with load. 

Fig. 3.2-1 is a plot of the stress and instantaneous modulus as a function of strain for this simplistic cable model. Please excuse the mixed units (stresses in MPa and modulus in Mpsi). Just as with the test data, the average stress is the Force divided by the Cross-Sectional-Area (CSA), and the strain is the deflection divided by the specimen length. The graph shows that this simplistic cable model exhibits an almost imperceptible nonlinear characteristic, only evident by the slight variation in elastic modulus (7.4 to 8.3 Mpsi) over the ±2.5% strain range. The average value is perfectly consistent with a rule-of mixtures hand calculation (~8 Mpsi). Clearly, the epoxy and wrap hold the strands together and don’t allow any large-scale deformations and changes in stiffness.
[image: image20.emf]Fig. 3.1.1-9 76K Compressive Stress vs LVDT Strain
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When the epoxy and insulation are remove from the Cu-wire cable, then the strands are free to move much more easily. Fig. 3.2-2 is a contour plot of the total displacement (SRSS) superimposed on the deformed model. The ANSYS plot title captures some of the salient model information: run number, number of strands, model length, degrees of twist, effective modulus, and strain. As with all other calculations in this memo, the modulus is obtained by dividing the average stress by the average strain. Here, the average stress is the reaction force (from the imposed displacement) divided by the CSA of the nominal insulated cable. This area includes Cu, impregnating epoxy, and outer wrap. If we scale this calculated modulus (1.94 GPa or 0.3 Mpsi) by the ratio of the nominal insulated cable area to the Cu strand area, the effective modulus increases to 6.7 GPa or about 1 Mpsi. Comparing this value to a Cu modulus (126 GPa or 18 Mpsi) gives an indication of how soft this non-impregnated [image: image21.emf]Fig. 3.1.1-10 76K Compressive Modulus vs LVDT Strain
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Fig. 3.2-2 Displacements from -0.19% strain superimposed on deformed 8-strand cable

3.2.1 Commentary
This 3D ANSYS model of a simple 8-wire cable is used to show that its effective modulus is a strong function of the degree to which the impregnating epoxy produces a monolithic structure. When the impregnation is perfect and the composite structure remains monolithic, the tensile and compressive moduli will be comparable, and can be determined by a simple rule of mixtures hand calculation. This calculation leads to a modulus of ~8 Mpsi in the 8-strand cable and 12 Mpsi in the ISMC sample. 

At the other end of the spectrum, if the wires are not bound at all by an impregnating epoxy then the cable is very soft (of order 0.3 Mpsi for our 8-strand sample). Since the test data shows a modulus of 1-3 Mpsi (compression-tension), it points to the possibility that the impregnated samples are not behaving as monolithic composites, or that the LVDT test data (in addition to the strain gage data) is flawed.
4.0 Attachments

4.1 ANSYS Batch File (circa 01/06/04)

/batch

rn=6

/filnam,cable1%rn%

/show,cable1%rn%,grp

/prep7

!resu

!*go,:1000

/prep7

/com

/com 3D Nonlinear Structural analysis of the anisotropic NCSX Modular Coil Conductor

/com  Model designed to show asymmetry in tensile and compressive properties

/com

/com Run Status

/com

/com 10: 0.01 mm axial tension on 0.063" sample

/com 11: 0.1 mm axial tension on 0.63" sample, no twist for hand-calc match

/com 12: 0.1 mm axial tension on 0.63" sample, 2.5" pitch length

/com 13: 0.1 mm axial compression on 0.63" sample, 0.63" pitch length

/com 14:   3 mm axial compression on 0.63" sample, 0.63" pitch length, no Epoxy & TW

/com 15:   1 mm axial compression on 0.63" sample, 0.63" pitch length

/com 16:   1 mm axial tension on 0.63" sample, 0.63" pitch length

/com

/com Misc Parameters

/com

k=0.0254                 ! english to si conversion factor

t=1e-6                   ! a tiny dimension (also the length of coil/case gaps)

pi=acos(-1)              ! Pi

*afun,deg                ! trig functions in degrees

/pnum,mat,1

/num,1

/type,1,4

/com

/com Design Parameters

/com

l_tot=0.63*k             ! length of model

deltaz=+0.001            ! Imposed Axial Displacement, +=Tension, -=Compression

nez=100/2                  ! number of axial elements 

/com Cable Parameters

kshape_s1=0                       ! 0 circular array of conductors, 1 square array

n_s1=6                            ! number of Stage 1 strands

d_s1=0.0063*k                     ! diameter of Stage 1 strands

p_s1=0.63*k !2.5*k                        ! pitch length of Stage 1 bundle

pitchx_s1=1.05*d_s1               ! wire pitch in X

pitchy_s1=1.05*d_s1*sin(60)       ! wire pitch in Y

/com Insulation Parameters

t_tw=0.004*k                      ! turn wrap insulation thickness

/com

/com element types

/com

et,1,45        ! UX, UY, UZ

et,10,200,1    ! 2D line w/mid-side nodes

et,11,200,6    ! 2D quad

/com

/com Cu Strand

/com

mp,  ex,2,137e9

mp,alpx,2,14e-6

mp,nuxy,2,0.34

/com

/com CTD-101K Epoxy

/com

mp,  ex,3,10e9

mp,alpx,3,20e-6

mp,nuxy,3,0.34

/com

/com Ground wrap, X is through thickness

/com

mp,  ex,4,16e9

mp,  ey,4,28e9

mp,  ez,4,28e9

mp,alpx,4,25e-6

mp,alpy,4,8e-6

mp,alpz,4,8e-6

mp, gxy,4,5e9

mp, gyz,4,5e9

mp, gxz,4,5e9

mp,nuxy,4,0.2

mp,nuyz,4,0.2

mp,nuxz,4,0.2

/com

/com Make the Stage 1 cross-section

/com

ncx_s1=(4/pi)*sqrt(n_s1)

ncy_s1=(4/pi)*sqrt(n_s1)

csys

wpcsys

pcirc,,d_s1/2

agen,ncx_s1,all,,,pitchx_s1

cm,row1,area

agen,2,all,,,pitchx_s1/2,pitchy_s1

!cmsel,u,row1

!agen,2,all,,,,-d_s1*(1-sin(60)),,,,1

allsel

agen,nint(ncy_s1/2),all,,,,2*pitchy_s1!*sin(60)

/com Move Array to 0,0

*get,xmn,kp,,mnloc,x

*get,xmx,kp,,mxloc,x

*get,ymn,kp,,mnloc,y

*get,ymx,kp,,mxloc,y

agen,2,all,,,-(xmx+xmn)/2,-(ymx+ymn)/2,,,,1

/com Select the central ~n_si strands

csys,1

*get,rmx_s1,kp,,mxloc,x

*do,j,1,200

*if,kshape_s1,eq,0,then

csys,1

asel,s,loc,x,,rmx_s1*(0.5+j/200)

*else

csys

asel,s,loc,x,-rmx_s1*(0.5+j/200)/sqrt(2),+rmx_s1*(0.5+j/200)/sqrt(2)

asel,r,loc,y,-rmx_s1*(0.5+j/200)/sqrt(2),+rmx_s1*(0.5+j/200)/sqrt(2)

*endif

*get,n_sel,area,,count

*if,n_sel,ge,n_s1,exit

cm,atemp_s1,area

*enddo

!cmsel,s,atemp_s1

asel,invert

adele,all,,,1

allsel

*get,nmod_s1,area,,count

cm,a_s1,area

/com

/com Overlap with epoxy and Glass Wrap

/com

allsel

type,10

esize,d_s1/10

lmesh,all

csys

*get,xmn,node,,mnloc,x

*get,xmx,node,,mxloc,x

*get,ymn,node,,mnloc,y

*get,ymx,node,,mxloc,y

csys,1

*get,rmx_s1,node,,mxloc,x

wpcsys

lclear,all

*if,kshape_s1,eq,0,then

pcirc,,1.05*rmx_s1

pcirc,,1.05*rmx_s1+t_tw

*else

rectng,1.05*xmn,1.05*xmx,1.05*ymn,1.05*ymx

rectng,1.05*xmn-t_tw,1.05*xmx+t_tw,1.05*ymn-t_tw,1.05*ymx+t_tw

*endif

allsel

aovlap,all

/com

/com Assign attributes & mesh areas before dragging

/com

*if,kshape_s1,eq,0,then

csys,1

ksel,s,loc,x,,rmx_s1+t

lslk,,1

asll,,1

aatt,2

asll

asel,u,mat,,2

aatt,3

asel,s,mat,,0

aatt,4

*else

csys

ksel,s,loc,x,xmn-t,xmx+t

ksel,r,loc,y,ymn-t,ymx+t

lslk,,1

asll,,1

aatt,2

asll

asel,u,mat,,2

aatt,3

asel,s,mat,,0

aatt,4

*endif

/title,cable1%rn%,Structural Model of %nmod_s1% Strand Cable

/com

/com Mesh areas before dragging

/com

type,11

cel=d_s1/3

asel,s,mat,,3

esize,cel/2

!MSHAPE,1,2D 

!MSHKEY,0

amesh,all

asel,s,mat,,2,4,2

!MSHKEY,2

esize,cel

amesh,all

/com

/com Extrude in Z

/com

esel,all

nsle

*get,e_strt,elem,,num,min

*get,e_stop,elem,,num,max

*get,nmx,node,,num,max

*get,nmn,node,,num,min

dn2=nmx-nmn+1

csys,1

ngen,nez+1,dn2,all,,,,360*(l_tot/p_s1)/nez,l_tot/nez

/com
/com Make the elements

/com

modmesh,detach

type,1

*do,j,e_strt,e_stop,1

*if,esel(j),ne,1,cycle

*get,ni,elem,j,node,1

*get,nj,elem,j,node,2

*get,nk,elem,j,node,3

*get,nl,elem,j,node,4

*get,m_num,elem,j,attr,mat

mat,m_num $edele,j $en,j,ni,nj,nk,nl,ni+dn2,nj+dn2,nk+dn2,nl+dn2

*enddo

egen,nez,dn2,all

/com

/com Make the Turn Wrap Orthotropic about Z

/com

esel,s,mat,,4

local,11,1

emodif,all,esys,11

/com Keep only the strands

esel,s,mat,,2

esel,invert

!edele,all

esel,all

nsle

nsel,invert

!ndele,all

/com 

/com BCs

/com

/com Anchor Z=0 End

csys

*if,deltaz,gt,0,then

/com Wires and Epoxy

esel,s,mat,,2,3

nsle

nsel,r,loc,z

d,all,all

cm,n_grnd,node

*else

/com TW, Wires and Epoxy

esel,all

nsle

nsel,r,loc,z

d,all,all

cm,n_grnd,node

*endif

/com Displace Zmax End

allsel

*get,zmx,node,,mxloc,z

*if,deltaz,gt,0,then

/com Wires and Epoxy

esel,s,mat,,2,3

nsle

nsel,r,loc,z,zmx-t,zmx+t

d,all,ux,,,,,uy

d,all,uz,deltaz

*get,n_zmx,node,,num,min

*else

/com TW, Wires and Epoxy

esel,all

nsle

nsel,r,loc,z,zmx-t,zmx+t

*get,n_zmx,node,,num,min

d,all,ux,,,,,uy

d,all,uz,deltaz

*endif

allsel

gsum

*get,a_eff,area,,area

th=0.1*nint(10*360*(l_tot/p_s1))

lng=l_tot/k

/title,cable1%rn%, %nmod_s1% Strands, %lng%" Long, %th% deg Twist

fini

/solu

nlgeo,on

autots,on

nsubst,100,1000,10

outres,all,1

solve

save

fini

:1000

/post1

/dscal

/auto

set,last

*get,nsstp,active,,solu,ncmss

nsstp=9

*dim,strs,,nsstp,3

*do,j,1,nsstp

/gopr

set,1,j

allsel

cmsel,s,n_grnd

fsum

*get,f_grnd,fsum,,item,fz

allsel

kz=f_grnd/uz(n_zmx)

strs(j,2)=(f_grnd/a_eff)

ez=0.01*nint((f_grnd/a_eff)/(uz(n_zmx)/l_tot)/1e7)

strs(j,1)=uz(n_zmx)/l_tot

zstrn=0.01*nint(10000*uz(n_zmx)/l_tot)

txt='% Strain'

/title,cable1%rn%, %nmod_s1%Strands, %lng%"Long, %th%degTwist, %ez%GPa, %zstrn%%txt%

allsel

plns,u,z

*enddo

allsel

:1001

*vwrite,

('   Strain     Ave Stress  ')

*vwrite,strs(1,1),strs(1,2)

(1p2e12.4)

fini

/exit,all

/eof

� “Princeton Plasma Physics Laboratory Test Program to Determine the Mechanical and Thermal Properties of the Epoxy/Insulation System for the NCSX Modular Coils,” Composite Technology Development, Inc., Lafayette, CO, 11/21/03.


� ANSYS Release 8.0, UP20030930, INTEL NT, ANSYS, Inc., Canonsburg, PA.





Leonard Myatt
Page 1
01/06/04


