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TECHNICAL PAPER
CORSSTOL: Cylinder Optimization of Rings, Skin, and Stringers With Tolerance Sensitivity

INTRODUCTION

CORSSTOL builds on the analysis and numerical optimization routines used in CORsS,!
however, CORSS is not required to understand the method that was used to study the tolerance
sensitivities. CORSS is a skin-stringer analysis program tied to a commercially available numerical
optimizer, “Design Optimization Tool” (DOT).2 Either hat or I-stringers can be optimized.
CORSSTOL is capable of working with any set of consistent units (although output currently better
accommodates English units).

Designs provided by CORSS yield precise solutions with constraints close to O, i.e., they are
very close to being violated. This means that the final design leaves little or no room for error. For
practical purposes, an optimum design should be robust enough to handle a range of dimensions
while keeping the weight of the structure at a value not far from the absolute optimum (i.e., keep the
weight close to the weight CORSS calculated using the optimum dimensions with no tolerances).
CORSSTOL uses this concept to determine an optimum weight and a worst case weight given a set
of tolerances for the design variables. CORSSTOL assumes that the design variables are the mini-
mum material condition and that the design variables with the user input tolerance bands are the
maximum material condition.

The problem statement for the untoleranced optimization is:

Minimize : f(X;) = weight
Subject to : G(Xj) <0
and : XL; <X < XUj .

The problem statement for the toleranced optimization is:

Minimize : f(Xj+Tol;) = weight
Subject to : GW(XW;;) <0
and :XLj <X <XU; ,

where (Xj+Tol;) is the maximum material condition. XW; ; is the worst case set of design variables
and tolerances for each constraint. The individual terms of XW are either X or X+Tol, depending on
whether an increase in the design variable increases (makes less conservative) or decreases
(makes more conservative) the given constraint, respectively.

OUTPUT INTERPRETATION

This section deals with the output provided by the CORSSTOL program. The initial output is
a repeat of the user provided input values (table 1). The sample case is a 48-in long cylinder with a
165.5-in radius. The material is aluminum 2219-T87. There are no intermediate rings. The stiffeners
are I-stringers (fig. 1), and elastic buckling of the stringer webs is allowed. Elastic skin buckling is



allowed above the given load, as long as all other constraints are satisfied with a 1.4 safety factor
when the skin is buckled. The number of stringers has been set to exactly 300, and the other design
variable are optimized around that.

Table 1. Problem definition.

CORSS - Cylinder Optimization of Rings, Skin and Stringers
NASA/MSFC/ED5S2 - Structural Development Branch
Jeff Finckenor, Sep. 1993, ver. 2.1
Copyright (c) 1994 National Aeronautics and
Space Administration. No copyright claimed in
USA under Title 17, U.S. Code. All other rights

reserved.

CORSSTOL Sample Case

Material Properties
nu = 0.330
E = 1.080E+007
SM = 4.000E+006

Stringer Parameters
stype = |

khkkkkhkkkhkhhkkhkhhkkkhkhkkkhkhkxk INPUT VALUES khkkkkhkhkkkhkhkkkhkkkk

FLAGS
IPRINT =0 No screen output by DOT
METHOD =0 Modified method of feasible directions
SSP=0 Final CORSS output only

Poisson’s ratio
Young's modulus
Shear modulus

rho = 0.111 Density

Stu = 63000.0 Ultimate tensile stress

Scy = 53000.0 Yield compressive stress
Cylinder Geometry

r = 165.50 Radius

| = 48.00 Length

fwt = 0.00 Additional weight

| stringers

Local elastic buckling IS ALLOWED
increase m from 1 while coupled buckling stress decreases

alp = 0.000 Web angle

1 = 0.000 Bottom flange thickness

MZs=1 Stringers external
Ring Parameters

No Rings
Loads

F =410481.9 Axial compression

M = 9.152E+007 Bending moment

V =98372.0 Shear force

Pa = 0.000 Axial pressure component

Ph = -0.087 Hoop pressure component

sf = 1.40 Safety factor

sfp = 1.00 Plate buckling safety factor
Design Variables
Var. Minimum Initial Maximum Name
h 0.5000 1.5000 8.3750 Stringer height
12 0.0400 0.0500 0.4075 Top flange thickness
tst 0.0400 0.0500 0.4075 Web thickness
N st 300.0 300.0 300.0 Number of stringers
t 0.0400 0.0500 0.4075 Skin thickness
W 0.5000 2.5000 8.3750 Stringer width
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Figure 1. Stringer geometry.

CORSSTOL iterates through calls to DOT and the analysis until an optimized solution, with-
out tolerances, is reached (table 2). This design case took four DOT iterations to optimize. Each
DOT iteration involves multiple analysis calls to numerically calculate the function gradients and
jump to a new design point. The optimized weight, without tolerance considerations, is given, along
with the final design variable values. The stringer properties and required end ring properties are
provided. The design constraints with their values are given. The convention is for a satisfied con-
straint to be negative.

The skin buckling constraint is a sum of stress ratios that must be less than 1. In this case,
skin buckling is a driving constraint since the constraint value, G, is only slightly negative. The value
for G isthe sum of ratios minus 1. Coupled buckling stress is a failure mode in which the top flange of
the |-stringer rolls in relation to the skin. This and the remaining constraints are calculated by:
(critical stress)/(allowable stress) — 1. Stringer crippling stress is a material failure at the corners of
the stringer due to the uneven stress distribution along the stringer cross section. Column stress is
the Euler column buckling value of the stringer, taking into account any helpful effective skin. The
stress constraint compares the material allowable with the distributed stress on the cylinder as a
function of axial force and bending moment. Critical column buckling and general cylinder buckling are
related. The general cylinder buckling analysis smears the stringers into an equivalent orthotropic
shell and calculates the critical shell buckling load. If the skin buckles, this is not valid and is not
used. If the skin does not buckle, then the more favorable of the stringer column buckling and the
general cylinder buckling is used. This reflects the ability of the stringers to carry load without skin in
some cases, and for the skin to transfer load between stringers in other cases.

After the initial optimization of the cylinder, the toleranced optimization begins. The toler-
anced optimization routine could be used from the initial values, but it is best to start from a near-
optimum solution to reduce the program run time. During the initial optimization, it takes one skin
stringer analysis to provide constraint values for a given set of design variables. For the tolerance
optimization, it can take up to seven analyses for one set of constraints. An initial optimum analysis
is required, plus an analysis for the perturbation of each of six design variables.



Table 2. Initial optimized solution.

Number of Iterations to Optimize = 4
CORSSTOL Sample Case

Cylinder Weight = 595.5
(Skin: 353.8, Stringers: 241.7, Rings: 0.0, Flanges. 0.0)

h = 1.4064, Stringer height

12 = 0.0400, | top flange thickness

tst = 0.0400, | stringer web thickness

Nst = 300.0, Number of stringers, b = 3.4662
t = 0.0639, Skin thickness

W = 24138, | stringer width

Stringer: |1 = 0.025774, J = 0.000081, Z = 1.164139, A = 0.151207
End ring | should be at least 10.8982
End ring area should be at least 0.000439295* (r+Z2)

G[ ] vaue

Skin: (shear ratio)**2 + Stress ratio =0.99470< 1 —0.00530
Applied column stress (SF = 1.40) = 19,343.3

Critical coupled buckling stress (m = 1) = 19,4474 —0.00535

Critical stringer crippling stress = 63,000.0 —0.69296

Critical column stress = 19,450.6 —0.00552
Applied Von Mises stress (SF = 1.40) =19,187.4

Yield compressive stress = 53000.0 -0.63797

Genera cylinder buckling controlled by critical column buckling

The toleranced solution output (table 3) starts with a repetition of the user input tolerance
ranges. Then output is the weight of the cylinder at the minimum material condition (optimum), the
maximum material condition (maximum), and the difference (delta).

The design variables are listed with the optimum value, the maximum value (OPT+TOL
column), the weight sensitivity to that variable(dWt/dDV), and the weight penalty (dWt) of the given
tolerance. The maximum value is only the optimum value with the input tolerance added. The weight
penalty is the weight of a cylinder with that design variable at its maximum and all the others at their
minimum. The weight sensitivity is dWt divided by the input tolerance. For the sample case all
tolerances were set at 0.01 in. In instances where a tolerance is given as 0, a 1-percent variation is
used for the dWt/dDV calculation, and elsewhere in the program where a variation is needed.

All the optimization design values are length dimensions except the number of stringers. To
be consistent with the length dimensions, the stringer spacing, b, was toleranced in the analysis
instead of the number of stringers, Nst. Stringer spacing is the distance along the skin between the
same point on adjacent stringers. The equation b = (27r)/Nst is used extensively throughout the
code to relate the variables. Perturbations in b cause floating point variations in the number of
stringers. However, DOT is a gradient optimizer, and Nst is handled as a floating point instead of an
integer.

The GSLOPE array (table 4) provides the sensitivities of each constraint to each design
variable. The minimum design variables are analyzed to create an INITG vector. Then each design
variable is sequentially perturbed by its tolerance to give a new G vector. GSLOPE is equal to the
difference between INITG and G, divided by the tolerance.



Table 3. Toleranced optimization solution.

---Tolerance Sensitivity Output for CORSS---

Design Variable Tolerances

htol = 0.0100 Stringer height tolerance

[2tol = 0.0100 Top flange thickness tolerance
tsttol = 0.0100 Stringer web thickness tolerance
Nsttol = 0.0100 Stringer spacing tolerance

ttol = 0.0100 Skin thickness tolerance

Witol = 0.0100 Top flange width tolerance

NEW OPTIMUM ANALYSIS
SENSITIVITY ANALYSIS RESULTS

Optimum  Maximum Delta

Cylinder Weight 594.70 711.99 117.30

Design Variable Solutions
DV Optimum OPT+TOL dwt/dDV dwt
h= 1.40639 1.41639 63.7512 0.6375
12 = 0.04000 0.05000 3,783.3191 37.8332
tst = 0.04000 0.05000 2,177.7588 21.7776
(b= 3.47622 3.46622)
Nst = 299.13699 300.00000 0.8056 0.6953
t= 0.06385 0.07385 5,538.1045 55.3810
W = 2.41377 2.42377 63.7512 0.6375

Number of Stringers, Nst = 2*pi*r/b, b = stringer spacing

Small changes in b change the theoretical number of stringers used in the analysis. As
strlnger spacing increases, the number of stringers decreases. The design will have an integer
number of stringers, but the effect of the spacing tolerance is shown here. Any differences
between the sum of the dWt values and deltawt are due to the weight function not being
linear. All calculations are based on taking differences about the optimum.

Table 4. GSLOPE array.

GSLOPE ARRAY

DV dSkB/dDV dshB/dDV dstr/dDV dCrp/dDV diCB/dDV
h —0.1104 -1.4281 —0.0463 —0.0390 0.0099
12 —6.4130 -11.8218 —2.6923 —2.2653 —10.6503
tst -3.6700 -1.4574 —1.5418 -1.2971 —2.4030
b 0.6387 0.1288 0.0507 0.0426 0.1378
t -39.6311 -9.0021 —4.8850 —4.1480 —13.4095
w —0.1080 -0.2092 —0.0453 -0.0381 —0.9595
Gli] —0.00008* —0.00046* —0.63296 —0.68795 —0.00518*

* Denotes the driving constraints, which must be negative to be satisfied
GSLOPE = [G(1.01*DV)-G(DV)]/(1.01*DV-DV)
negative values of d( )/dDV indicate a safer design for an increase in DV

DV = design variable G[i] = constraint value
SkB = skin buckling ShB = shell buckling
Str = stress Crp = stringer crippling

ICB = 'I'-stringer coupled buckling

A negative value in GSLOPE indicates the design gets safer as the variable is increased.
This is because constraints must be less than 0 to be satisfied.



The signs of the GSLOPE values are used to determine the worst-case condition for each
individual constraint. Design variables with a negative GSLOPE are used at the given value, vari-
ables with a positive slope have their tolerance added. The I-stringer coupled buckling constraint
(dICB/dDV) has negative GSLOPE values for 12, tst, t, and W and positive values for h and b. The
constraint value used in the optimization is calculated using the given values of 12, tst, t, and W and
values with the tolerances added for h and b.

The additional tolerance array (table 5) checks to see if there is a safe area outside the
specified range. This information feeds directly into the NEW RANGES information that follows.

The DOT optimizer finds solutions with one or more constraints near, but not exactly zero. A
linear approximation is used to find the value of the design variable at which the related constraint is
exactly equal to zero. Negative numbers have no physical meaning, other than that the dimension
under consideration has no significant effect on that constraint. Also, constraints that are not driving
the design will tend to have negative additional tolerance values since they are starting at a rela-
tively large negative number.

Table 5. Additional tolerance.
ADDITIONAL TOLERANCE ARRAY

DV SB SB Str Crp ICB
h 1.4057 1.4061 —12.2652 -16.2549 1.9418
12 0.0400 0.0400 -0.1951 -0.2637 0.0395
tst 0.0400 0.0397 -0.3705 -0.4904 0.0378
b 3.4764 3.4798 15.9694 19.6152 3.5138
t 0.0639 0.0638 -0.0657 -0.1020 0.0635
w 24130 24116 -11.5513 -15.6270 2.4084

The ADDTOL array contains the values of the design variables at which the constraint is
equal to 0, assuming linear relationships.

ADDTOL = DV - G(DV)/GSLOPE

Negative values should be disregarded, since they indicate the design variable can be brought
past zero without violating that particular constraint.

New ranges (table 6) use the additional tolerance array to see if there is any benefit that can
be gained for the design. For the sample case the optimum calculated value of his 1.40639. Because
of numerical limitations on making the constraints exactly equal to zero, this can be reduced slightly
to 1.40607. However, h could be allowed to increase to 1.94183 without any constraints being vio-
lated, and only costing a maximum of 33.5 Ib. While over 0.5 in is an excessively large tolerance for a
1.5-in stringer, the designer is now aware that this tolerance can easily be made very loose. It is
important to note that the new tolerance band is calculated with a linear approximation. If a wider
tolerance is desired, it is important to rerun the optimization with the larger tolerance band as input.
Since the constraints are calculated at the bounds of the given tolerance, the design will always have
a positive margin of safety for the given tolerance range.

PROGRAM LOGIC

Note that all of the sensitivities calculated by CORSSTOL are based on individual design
variables. There is no consideration of interaction among the design variables. This assumption
should be acceptable as long as variations are small.

Additional code shown in appendix A but not included in the following flow diagrams is to
avoid repetition of an analysis, to normalize the variables, or to prevent divide by O errors.
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Table 6. New design variable ranges.

NEW RANGES for the Design Variables  (from the Additional Tolerance array)

Below Optimum ---- Above Maximum ----

L ower Weight Added Upper  Weight Added New Tol.

DV Limit Savings Toler. Limit  Penalty Toler. Band

h 1.40607 0.0206 0.00032 1.94183 335 0.52544 0.53576
12 0.03999 0.0478 0.00001 No constraint limits the upper bound
tst 0.03998 0.0481 0.00002 No constraint limits the upper bound
Nst  299.12608 0.0088 No constraint limits the upper bound

(b No limit on the lower bound 3.47635 0.00013  3.47635)
t 0.06385 0.0113 0.00000 No constraint limits the upper bound
W 2.41302 0.0479 0.00075 No constraint limits the upper bound

The only penalty for increasing design variables with no upper limit is an
increase in weight. Note that an unsatisfied constraint (G[i]>0) will
cause unredlistic results. For a feasible solution, no constraints will be
violated as long as the DV's are held within the limits specified in this
chart when ASSUMING LINEAR RELATIONSHIPS.

Figure 2 shows the operation of the main routine of the program. After the parameters for
DOT and the program are assigned, the initial evaluation is performed with the user input initial
design variables, X[i]. The constraint array, GJ[i], and the weight are calculated. The evaluation is
looped with DOT which controls the numerical calculation of gradients and jumps to new points in
the design space.

Set up DOT/Program
parameters

v

—>| Evaltol: G[j], Wt = f(X[i])

DOT

v

Optimized?

"y

Tolout

Y

CTfinalout

Figure 2. Main program routine.

DOT is a gradient optimizer that incorporates the gradients of the constraints so that it fol-
lows the constraint boundaries to an optimum point. A more thorough description of DOT can be
found in references 1 and 3.



Once the optimum has been found and the loop exited, the sensitivities of interest to the user
are calculated in “Tolout” and printed to an output file by “CTfinalout”.

Figure 3 shows the method used in “Evaltol” to evaluate the constraints, G[i] and the
weight, OBJ. The design variables that DOT operates on are copied into vectors that will change
during the evaluation. The initX array is used as a reference point, while XW is adjusted to provide a
worst-case set of design variables. The initial constraint array, initG[j], is calculated using initX.

Evaltol

v

XWIi] = initX[i] = X]il;

Vi

Eval: initG[j] = f(initX[i])

v

Calculate Gslope

for (i=0; i<NDV; i++)
{
XWIi] *= 1.01;
Eval: G[j] = f(XWI[i])
for (j=0; j<NCON; n++)
Gslope[j][i] = (G[j]-initG[j])/(XWI[i]-initX[i]);
XWIi] = initX][i];

v

for (j=0; [<KNCON; j++)
{

Calculate GW

for (i=0; i<NDV; i++)
if (Gslope[j][i]<=0) XWI[i] = initX[i];
else XWI[i] = initX[i] + Tol[i];
Eval: GWI[j] = f(XWTIi])

v

Weight = f(initX[i] + Tol[i])

}

Figure 3. Evauate with tolerances.
The GSLOPE array is calculated by sequentially perturbing each design variable and evaluat-

ing the constraints. The changes are referenced back to the initG and initX vectors to provide alinear
approximation of the slopes at that point.
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GW is the worst-case set of constraints and is the only constraint vector that DOT sees. In
order for a constraint to be satisfied, it must be negative. If GSLOPE for a given constraint and
design variable is negative that means increasing the variable makes the design more conservative.
Positive values for GSLOPE indicate that the design is less conservative as the design variable
increases. Based on the sign of GSLOPE, the XW vector is filled either with the minimum value
allowed or the minimum plus the given tolerance (the maximum). Since increases in design variables
may improve some constraints while decreasing others, each constraint value is evaluated for its
own worst case set of design variables.

Finally the maximum material condition weight is calculated to act as the objective function.

Figure 4 shows how “Tolout” calculates the sensitivities of interest to the user. The DOT
design variables, X, are copied into a working vector, XW. The optimum (minimum material condi-
tion) and maximum (maximum material condition) weights are calculated. Then a working vector of
tolerances, TW, is set to 0.

The weight is calculated as the tolerances are sequentially set to their user input value. From
that the weight difference due to each variable and a linear approximation of the slope of the weight
are calculated.

The final constraint values are never exactly equal to zero, and noncritical constraints may be
much less than zero. The AddTol array contains the design variable values at which the constraint is
zero. Note that this assumes a linear variation, which will generally only be accurate if the constraint
is near zero. Other values should be used as an indicator, but not considered a precise value.

New tolerance bounds are calculated using the AddTol array. The AddTol values for a given
design variable are directly compared to find the minimum and maximum.

CORSSTOL APPLIED

The benefits of CORSSTOL can be seen in table 7. The optimum design variables for each set
of tolerances are shown. The tolerances used were 0.030 applied to each variable, 0.010 to each
variable, a varying tolerance, and a zero tolerance. The design variable values shown are the opti-
mum (except b, which was fixed), to which the tolerances are added. The column with the varying
tolerance shows the optimum variable plus the tolerance band for that variable.

If the tolerances of a given cylinder are assumed to be normally distributed over the whole
surface, then the average of the minimum and maximum weights is the expected weight. The
“Increase” row is the percent increase of the average cylinder weight over the zero tolerance
weight.

The overall 0.030 tolerance increases the weight of the cylinder 29 percent above the opti-
mum, which is unacceptable for a light weight structure. Reducing the overall tolerance to 0.010
reduces the weight increase to 9.6 percent. By using the information provided by the 0.030 and 0.010
runs, the tolerances can be chosen so the weight increase is only 4 percent.

The weight sensitivity of stringer spacing, b, is very low and it has a very small impact on
weight. The stringer height, h, and width, W, have slightly higher weight sensitivities, but the overall
effect on weight is still small. Since the effect on the weight from these dimensions is small, they can
be given afairly loose 0.060 (or £0.030) tolerance.
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Tolout

XWIi] = X]

foptWT = f(XWI[i]) |

[maxWT = fXW[T] + Toll[]) |

Weight Sensitivity

for(i=0; i<NDV; i++)

{
TWIi] = Tol[i];
OBJH = f(XWI[i] + TWIi])
delWT][i] = OBJH - optWT;
Wslope[i] = delWT[i)//TWIi];
TWI[i] =0;

v

Additional Tolerance

for (i=0; i<NDV; i++)
for(j=0; <NCON; j++)

AddTol[j][i] = XWI[i] - GWI[jJ/Gslope[j][i];
if (Gslope[j][i]>0) AddTol[j][i] += Tolj];

}
v

Design Variable Minimum/Maximum

for(i=0; I<NDV; i++)
{
newDVs =0; newDVI=9999;
for (j=0; [<NCON; j++)
{
if ((AddTol[j]J[i]l<XWIi]) && (AddTol[j][i]>newDVs))
newDVs = AddTol[j][i];
if ((AddTol[j]J[i]>XWIi]+Tol[i]) && (AddTol[j][i]<newDVI))
newDVI = AddTolj][i];
}
DVmin[i] = newDVs; DVmax[i]=newDVI;
}

Figure 4. Output tolerance calculations.




The stringer thicknesses, 12 and tst, have a much greater weight sensitivity and impact on the
overall weight. If the assumption is that the stringers are integrally milled out of a plate, it may not
be possible to get very tight tolerances. However it is still necessary to keep them tight because of
the weight. A compromise tolerance of 0.005 was chosen, athough the actual value would be depen-
dent on the capability of the available shop equipment.

Skin thickness, t, has the highest weight sensitivity and impact, so it is most important to
keep its tolerance as tight as possible. With the assumption of an integrally milled plate, the skin
thickness would be easier to control than the stringer thicknesses because the skin cannot get
pushed away by the milling head. A tolerance of 0.002 (+0.001) was chosen. Again, this would be
dependent on the capability of the equipment.

Table 7. Effect of tolerance variation.

Tol[i]=.030 Tol[i]=.010 Tol[i] varies Tol[i]=0.000
h 1.4078 1.4064 1.4120 + 0.060 1.4050
12 0.0400 0.0400 0.0400 + 0.005 0.0400
g 0.0400 0.0400 0.0400 + 0.005 0.0400
b 3.4662 3.4662 3.4662 + 0.060 3.4662
t 0.0642 0.0639 0.0647 + 0.002 0.0640
W 2.4093 2.4138 2.4130 + 0.060 24119
Min Weight 594.78 594.70 596.04 596.10
Max Weight 947.47 711.99 644.20
Avg Weight 771.13 653.35 620.12
Increase 29.39% 9.60% 4.03%

Use of CORSSTOL in this case has produced a design for a stringer-stiffened cylinder. Toler-
ances have been intelligently assigned so that noncritical areas have a very large range, and only the
most critical dimensions have tight tolerances. Manufacturing costs can be concentrated on the criti-
cal dimensions to provide a good part for less cost.

CONCLUSION

CORSSTOL demonstrates a method that allows users to determine the sensitivity of their
designs to dimensional tolerances. While the method does not provide values for the tolerances of
the design variables, it does show the effects of user input tolerances. This method allows for toler-
ances to be assigned in a more analytic and functional manner, and gives insight to the designer for
deciding if a part made out of tolerance is still safe.

11
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APPENDIX A

Sample I nput
CORSSTol Sampl e
0 Screen output by DOT O=none 7=nost, | PRI NT
0 VETHOD 0O, 2=Mbd. Met h. of Feas.Dirs., 2=Seq. Li n. Prog
0 Qut put, O=final,1=final cal cs. +0, 2=dv/con+0, 3=dv/ con+1
.33 Poi sson's Ratio
10. 8eb Young's Modul us, conpressive
4. E6 Shear Mbddul us
111 density
63000 Utimte Tensile Strength, enter as positive
53000 Conpressive Yield Strength, enter as positive
165.5 radi us of cylinder
48 | ength of cylinder
0.0 extra nonoptimnm zed wei ght
I stringer type, '"H for hat stringers, 'I' for I-stringers
Y Al'l ow Local Elastic Buckling [Y/N]
0 | -str coupl ed buckling flag, O0=find bucket, #=search mrl to #
0. web angle in degrees, 0 is perpendicular to skin
0. hat to skin length (2/hat), or height of |I bottomflange
1 1 for external stringers, -1 for interna
1.50 ring cross sectional area
63.0 ring Monent OF Inertia
-1.0 ring centroid |l ocation
58.0 ring Polar Monent OF lInertia
0 nunber of internediate rings

410481.9 Applied Axial Force, positive is conpressive
91520000 Applied Bendi ng Monent, enter as positive

98372 Appl i ed Shear Force, enter as positive

0. 00 Axi al Pressure (i.e. tank ullage) +interna
-.087 Hoop Pressure (i.e. ullagethead) +interna
1.4 overal |l safety factor

1.0 skin buckling safety factor

.5 h mn, stringer height

1.5 h init

8. 375 h max

0.01 h Tol erance

.04 2 mn, hat: top flange length, |I: top flange thickness
.05 [2 init

. 4075 [ 2 max

0.01 | 2 Tol erance

0.04 tst min, hat: stringer thickness, |I: web thickness
0. 05 tst init

0. 4075 tst max

0.01 tst Tol erance

300 Nst m n, nunber of stringers

300 Nst init

300 Nst max

0.01 Nst Tol erance

0. 04 t mn, skin thickness

0. 05 t init

0. 4075 t max

0.01 t Tol erance

0.5 Wmn, hat: top flange thickness, I: width
2.5 Winit, hat: set min,init and max to O for
8. 375 W max, hats of constant tst

0.01 W Tol er ance
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APPENDIX B

Sample Output File

CORSS - Cylinder Optimzation of Rings, Skin and Stringers
NASA/ MSFC/ ED52 - Structural Devel opment Branch
Jeff Finckenor, Sep. 1993, ver. 2.1
Copyright (c) 1994 National Aeronautics and
Space Administration. No copyright clainmed in
USA under Title 17, U S. Code. Al other rights
reserved.

CORSSTol Sampl e

*kkhkhkkhkhkkhkhkkhkkhkkkhkhkkhkhkkhkhkkhkhkkkkx*k INPlJT VALUES *kkhkkkhkhkkhkhkkhkhkkkkhkkhkk*x*k
FLAGS

IPRINT = 0 No screen output by DOT

METHOD = 0 Modi fi ed Met hod of Feasible Directions

SSP =0 Fi nal CORSS out put only
Mat eri al Properties

nu = 0.330 Poi sson's Ratio

E = 1. 080E+007 Young's Modul us

SM = 4. 000E+006 Shear Modul us

rho = 0.111 Density

Stu = 63000.0 Utimate Tensile Stress

Scy = 53000.0 Yi el d Conpressive Stress
Cylinder Ceometry

r = 165.50 Radi us

I = 48.00 Length

fw = 0.00 Addi ti onal Wei ght

Stringer Paraneters
stype = | | Stringers
Local El astic Buckling I'S ALLONED
increase mfrom 1 while coupled buckling stress decreases

alp = 0. 000 Web Angl e
1 = 0. 000 bottom fl ange t hi ckness
MZs =1 Stringers external
Ri ng Paraneters
No Ri ngs
Loads
F = 410481.9 Axi al Conpression
M = 9. 152E+007 Bendi ng Monent
vV = 98372.0 Shear force
Pa = 0.000 Axi al pressure component
Ph = -0.087 Hoop pressure conponent
sf = 1.40 Safety factor
sfp = 1.00 Pl ate buckling safety factor
Desi gn Vari abl es
Var . M ni mum Initial Maxi mum Nane
h 0. 5000 1. 5000 8. 3750 Stringer height
|2 0. 0400 0. 0500 0. 4075 Top flange thickness
t st 0. 0400 0. 0500 0. 4075 Wb t hi ckness
Nst 300.0 300.0 300.0 Nurmber of stringers
t 0. 0400 0. 0500 0. 4075 Ski n thickness

W 0. 5000 2.5000 8. 3750 Stringer Wdth



Nunber of Iterations to Optimze = 4
CORSS using SGA optim zer

Cylinder Weight = 595.5
(Skin: 353.8, Stringers: 241.7, Rings: 0.0, Flanges: 0.0)

h = 1. 4064, Stringer Height

2 = 0.0400, | top flange thickness

tst = 0.0400, | stringer web thickness

Nst = 300.0, Nunber of Stringers, b = 3.4662

t = 0. 0639, Ski n Thi ckness

W = 2.4138, | stringer width

Stringer: | = 0.025774, J = 0.000081, Z = 1.164139, A = 0.151207

End Ring | should be at |east 10.8982
End Ring Area should be at |east 0.000439295*(r+2)

d] val ue

Skin: (Shear ratio)**2 + Stress ratio = 0.99470 < 1 -0. 00530
Applied Colum Stress (SF = 1.40) = 19343.3

Critical Coupled Buckling Stress (m = 1) = 19447. 4 - 0. 00535

Critical Stringer Crippling Stress = 63000.0 - 0. 69296

Critical Colum Stress = 19450.6 - 0. 00552
Applied Von Mses Stress (SF = 1.40) = 19187.4

Yi el d Conpressive Stress = 53000.0 -0. 63797

CGeneral Cylinder Buckling controlled by Critical Colum Buckling

---Tol erance Sensitivity Qutput for CORSS---

Desi gn Vari abl e Tol erances

ht ol = 0.0100 Stringer Height Tol erance

| 2tol = 0. 0100 Top Fl ange Thi ckness Tol erance
tsttol = 0. 0100 Stringer Wb Thi ckness Tol erance
Nsttol = 0. 0100 Stringer Spacing Tol erance

ttol = 0. 0100 Skin Thi ckness Tol erance

W ol = 0. 0100 Top Flange Wdth Tol erance

NEW OPTI MUM ANALYSI S
SENSI TI VITY ANALYSI S RESULTS

Opt i mum Maxi mum Delta
Cyl i nder Wi ght 594. 70 711.99 117. 30

Desi gn Variabl e Sol utions

DV Opti mum OPT+TOL dW / dDV dw
h = 1. 40639 1. 41639 63. 7512 0. 6375
12 = 0. 04000 0. 05000 3783. 3191 37. 8332
tst = 0. 04000 0. 05000 2177. 7588 21. 7776
(b = 3. 47622 3. 46622)

Nst = 299.13699 300. 00000 0. 8056 0. 6953
t = 0. 06385 0.07385 5538. 1045 55. 3810
W= 2. 41377 2. 42377 63. 7512 0. 6375
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Nunber of Stringers, Nst = 2*pi*r/b, b = stringer spacing

Smal | changes in b change the theoretical nunber of stringers used in
the anal ysis. As stringer spacing increases, the nunber of stringers
decreases. The design will have an integer number of stringers, but
the effect of the spacing tolerance is shown here. Any differences
bet ween the sum of the dW val ues and deltaW are due to the weight
function not being linear. Al calculations are based on taking

di fferences about the optinmm

GSLOPE ARRAY

Dv  dSkB/dDvV dshB/dDv dStr/dDV dCrp/dDv dl CB/ dDV
h -0.1104 -1.4281 - 0. 0463 -0. 0390 0. 0099
|2 -6.4130 -11.8218 -2.6923 -2.2653 -10.6503
t st -3.6700 -1.4574 -1. 5418 -1.2971 -2.4030
b 0. 6387 0.1288 0. 0507 0. 0426 0.1378
t -39. 6311 -9. 0021 -4.8850 -4.1480 -13.4095
W -0.1080 -0. 2092 - 0. 0453 -0. 0381 - 0. 9595

di] -0.00008* -0.00046* -0.63296 -0.68795 -0.00518*

* Denotes the Driving Constraints, which nmust be negative to be satisfied
GSLCOPE = [ 1.01*DV)-@ DV)]/(1.01*Dv- DV)
negative values of d( )/dDV indicate a safer design for an increase in DV

DV = Design Variable di] = Constraint Val ue
SkB = Skin Buckling ShB = Shel | Buckling

Str = Stress Crp = Stringer Crippling
ICB = "I'-stringer Coupled Buckling

ADDI TI ONAL TOLERANCE ARRAY
DV SkB ShB Str Cp | CB

h 1. 4057 1.4061 -12.2652 -16.2549 1. 9418
|2 0. 0400 0. 0400 -0.1951 -0. 2637 0. 0395
t st 0. 0400 0. 0397 -0. 3705 -0. 4904 0. 0378
b 3.4764 3.4798 15. 9694 19. 6152 3.5138
t 0. 0639 0. 0638 - 0. 0657 -0.1020 0. 0635
W 2.4130 2.4116 -11.5513 -15.6270 2.4084

The ADDTOL array contains the values of the design variables

at which the constraint is equal to 0, assunming |inear relationships.
ADDTOL = DV - @ DV)/ GSLOPE

Negati ve val ues shoul d be di sregarded, since they indicate the design
vari abl e can be brought past zero without violating that particular
constraint.

NEW RANGES for the Design Variabl es (fromthe Additonal Tol erance array)
Bel ow Opti num --- - Above Maxi mum - - - -

Lower Wei ght Added Upper Wei ght Added New Tol
DV Limt Savi ngs Tol er. Limt Penal ty Tol er. Band
h 1. 40607 0.0206 0.00032 1.94183 33.5 0. 52544 0.53576
2 0. 03999 0.0478 0. 00001 No constraint limts the upper bound
t st 0. 03998 0. 0481 0. 00002 No constraint limts the upper bound
Nst 299. 12608 0. 0088 No constraint limts the upper bound
(b No limt on the | ower bound 3.47635 0. 00013 3.47635)
t 0. 06385 0.0113 0. 00000 No constraint limts the upper bound
W 2.41302 0. 0479 0. 00075 No constraint limts the upper bound

The only penalty for increasing design variables with no upper limt is an
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increase in weight. Note that an unsatisfied constraint (i]>0) wll
cause unrealistic results. For a feasible solution, no constraints will be
violated as long as the Dvs are held within the Iinmts specified in this
chart when ASSUM NG LI NEAR RELATI ONSHI PS.
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APPENDIX C

C Language Source Code

FROM | nclude File CORSS.H
Anal ysis Code refered to but not shown here is included i n NASA TP- 3457

/* Clanguage include files for standard function definitions */
#i ncl ude <stdio. h>

#include <stdlib. h>

#i ncl ude <mat h. h>

#i ncl ude <string. h>

/* define pi for use in the program */
#idefine pi 3. 141592654

/* Variable Structures
Many often passed val ues are grouped into structures of related variabl es
stiffness - the sneared orthotropic cylinder properties used in General
Cylinder Buckling Cal cul ations
Ex, Ey, Exy - sneared extensional stiffnesses
&y - sneared shear stiffness
&, Cy, Xy, Kxy - smeared coupling constants
Dx, Dy, Dxy - sneared bending stiffnesses
material - the naterial properties fromthe input file
E - Young's Mbdul us
nu - poisson's ratio
rho - density
Scy - conpressive yield strength
G - Shear Mdul us
Stu - tensile ultimate strength
load - the loading paraneters fromthe input file
F - axial force, positive is conpressive
M - bendi ng nmonent
Pa - axial pressure (i.e. ullage), internal is positive
Ph - hoop pressure (i.e. ullagethead), internal is positive
sf - safety factor to be applied to | oads
sfp - skin buckling safety factor, assuned 1.0<=sfp<=sf
V - shear force
stringer - the variables that define the stringers
A - cross sectional area
I - Moinent of Inertia about the neutral axis parallel to the skin
J - The polar noment of inertia, |x+ly
N - the nunber of stringers (optimzed design variable)
Z - neutral axis distance fromthe skin
alp - web angl e
11 - hats: stringer to skin length, 2/hat; 1: bottomflange thickness
MZs - Z multiplier, 1 for external stringers, -1 for internal
h - stringer height (optimzed design variabl e)

12 - hat: top flange width, I: top flange thickness (design variabl e)
t - skin thickness (optinized design variabl e)
W- hat: top flange thickness, |I: stringer width (design variable)

b - stringer spacing
la - projected length of the hat stringer web on the skin
stype - stringer type identifier, Hfor hats, |I for I's
ring - ring paranmeters fromthe input file
A - cross sectional area
I - monent of inertia about the neutral axis parallel to the skin
- Polar Morrent of Inertia, Ix+ly
N - nunber of internediate rings (not end rings)
Z - neutral axis distance fromthe skin, + for external
d - ring spacing
cylinder - cylinder geonetry definitions
wt - additional weight, not optinized
I - length of cylinder

J
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r - radius of cylinder
t - skin thickness (optinized design variabl e)
**************************************************************************/
struct stiffness{float Ex, By, Exy, &y, Dx, Dy, Dxy, &, Cy, &y, Kxy; };
struct material {float E nu, rho, Scy, G Stu; };
struct | oad {float F, M Pa, Ph, sf, sfp, V; };
struct stringer {float A I, J, N Z alp, 11 Ms, h, 12, t, W b, |a;
char stype;};
struct ring {float A I, J, N

Z d };
struct cylinder {float fw, I, r .

t}

/*************************************************************************/
/************************* file CT C *******************************/
/*************************************************************************/

/* MAN starts the program initialized the variables and calls the
optim zation routine
called from DG5S command |ine
calls : readinput, pinput, initDVs, CALLeval, and corsstol
returns
argc, argv - the nunber and array of command |ine paraneters,
G - array of constraint val ues,
hap - position of stringer height in X
i - index,
in, out - handles for the input and output files,
| PRINT - DOT output flag,
| 2ap - position of top flange length in X
LEB - YYNflag to allow local elastic buckling of the stringer segments
METHCD - DOT et hod fl ag,
nflag - flag to control search of |-coupled buckling
NOON - nunber of constraints,
NDV - nunber of design variables,
Nstap - position of nunber of stringers in X
BJ - weight,
SSP - QOCORSS out put flag
tap - position of skin thickness in X
Title - title of run,
Tol - array of tolerances associated with X
tstap - position of stringer thickness in X
Wap - position of | width: Htop flange thickness in X
X, XL, XU - array of design variables, and | ower and upper limts,
Xinit - array of initial variables for nornalizing,

************************************************************************/

/* comineerr is called if thereis an error with the coomand line. It
prints the correct usage message and exits the program

called from NAN

calls :

returns

************************************************************************/

void conineerr();

/* initDVs controls the renoval of variables fromthe design variabl e arrays
called from NAIN
calls . Xadust
returns s modified X XL, XU, Xinit arrays, and hap, | 2ap, t st ap, Nst ap, t ap, Vap
i ndi ces and the new nunber of design variabl es

i - incrementing index

NDV - nunber of design variabl es

pos - current X array position
************************************************************************/
long int initDvs(float XL[], float X], float XU], int *hap, int *|2ap,

int *tstap, int *Nstap, int *tap, int *Wap, float Xinit[],
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long int ndv);

/* Xadj ust nani pul ates the design variable arrays so that only the needed
desi gn variables are iterated upon
called from initDVs
calls
returns : next avail able design variable array position
k - index
**************************************************************************/
int Xadjust(int newpos, int pos, long int *NDV, float X], float Xinit[],
float XL[], float XU]);

/*************************************************************************/
/************************* file CTCPT C ****************************/

/*************************************************************************/

/* DOT is the nunerical optimzer program

called from ctopt

returns : new val ues for X
**************************************************************************/

void fortran DOT(long int *I NFQ long int *METHCD, |long int *I PR NT,

long int *NDV, long int *NCON f1 oat X1,

fl oat XL[], f1 oat XJ], f1 oat *CBJ,

long int *M NVAX, fl oat d], fl oat RPRM ],
long int IPRM], float WK ], long int *NRW
long int 1VWK[], long int *NR WK);

/* CALLeval uses the X array and the 'ap' variable to prepare the variabl es
for the analysis of EVAL
calls : eval
returns :
**************************************************************************/
void CALLeval (struct stringer S, struct ring R struct material M
struct load L, struct cylinder C float 0], float X],
float Xinit[], float *CBJ, FILE *out, int SSP, int hap, int |2ap,
int Nstap, int tap, int tstap, int Wap, int nflag, char LEB);

/* ctopt controls the optinization calls to eval and DOT
called from MAIN
calls : CALLeval and DOT
returns :
INFO - DOT conpletion flag
IPRM W, RPRM WK - DOT working arrays
M NVAX - DOT m ni m zati on/ maxi m zation flag
NRW NRK - W and W sizes
**************************************************************************/
void ctopt(int SSP, FILE *out, float X[], float Xinit[], int hap,
int 12ap, int tstap, int Nstap, int tap, int Wp, struct stringer S
struct ring R struct material M struct load L, struct cylinder C
float 9], float *OBJ, long int *METHCD, |long int *I PR NT,
long int *NDV, long int *NOON, float XL[], float XU], int nflag,
char LEB);

/*************************************************************************/
/************************* file EVAL C ****************************/

/*************************************************************************/

/* EVAL is the function that controls the anal ysis

called from CALLeval

calls . stringer, skinbuck, getScrip, colstress, Bcal ¢, stresscheck,
and fi nal out
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returns : Garray val ues

Anew - cylinder area wth buckl ed skin,

Faxial, Faxialp - axial stress fromF and Pa only, w sf and sfp

ganF - general cylinder buckling knockdown factor for axial |oads

ganM - general cylinder buckling knockdown factor for bendi ng

QGB - flag for identifying the shell buckling failure node

i - index

lo - cylinder total nonent of inertia

ndrv - the critical wavel ength value for |-coupled buckling

mycb, ngcb - half axial and hoop waves for Nx

N - knockdown adj usted applied line | oad

Nx - critical general cylinder buckling Iine |oads

ncr - hoop waves for Pcr

Pcr - critical general cylinder buckling pressure

rasl, risl - radius average skin line, inner skin line

St - applied tension stress

Scol, Scrstcol - applied and critical stringer/columm stress

Scripl/2, - crippling and | ocal buckling critical stresses

ScripS - weighted average of inelastic crippling stress

Scrpl, Sskbd - skin stresses: crit. skin buckling, skin buck. driver

Ssk - maxinumstress in the skin

tau, taucr, tauskbd, tauO - shear stresses: maxi mum skin buckling

critical, skin buckling driver, mninmm

theta, dtheta - angle and angl e between stringers

Yst, Ysk - stringer and skin y distances fromcylinder center
************************************************************************/
voi d eval (struct stringer S, struct ring R struct material M struct |oad L,

struct cylinder C, float ], float *CBJ, FILE *out, int SSP,

int nflag, char LEB);

/*************************************************************************/
/************************* file G O C ************************/

/*************************************************************************/

/* finalout prints the last set of output data

called from eval

calls

returns

************************************************************************/

void finalout(struct ring R struct stringer S, struct material M
struct load L, struct cylinder C float ], float ganf, float ganM
char G3B, int ngcb, float N int ncr, int ngcb, float Nx, float obj,
FILE *out, float Pcrush, float Scol, float Scripl, float Scrip2,
float Scrstcol, char LEB, int mdrv, float lo, float Faxial);

/* cinput, finput, iinput read a character, a float and an integer,
respectively fromthe input file then skips to the next |ine

called from readi nput

calls :

returns : a character, float, or integer

************************************************************************/

char cinput (FILE *infile);

float finput(FILE *infile);

int iinput(FILE *infile);

/* pinput, repeats the information fromthe input file so that input and
out put are always kept toget her

called from main

calls

returns

************************************************************************/

voi d pinput(struct stringer S, struct ring R struct nmaterial M
struct load L, struct cylinder C long int IPRINT, long int METHOD,
FILE *out, int SSP, float X], float XL[], float XJ], int nflag,
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char LEB);

/* readinput, reads the information in the input file

called from nain

calls

returns : all input information

************************************************************************/

voi d readi nput (char Title[], FILE *in, long int *I PRINT, long int *METHOD,
int *SSP, struct material *M struct cylinder *C struct stringer *S
struct ring *R struct load *L, float XL[], float X], float XU],
float Tol[], int *nflag, char *LEB);

/*************************************************************************/
/************************* file CI}E%H(L c ************************/

/*************************************************************************/

/* CALLeval CT arranges the CCRSSTCL information and calls the anal ysis
called from EVALTCL
calls . eval
returns : array of constraints for DOT
************************************************************************/
void CALLeval CT(struct stringer S, struct ring R struct naterial M
struct load L, struct cylinder C float ], float XW],
float *CBJ, FILE *out, int SSP, int nflag, char LEB);

/* corsstol controls the optimzation |loop of the sensitivity study
called from main
calls : CIPinput, EVALTQ,, DOr, TAQLQUT, and CTfi nal out
returns :
INFO | PRM I VKK, j , M NVAX, NR WK, NRWK, RPRM W, CBJ - as in ctopt
Gsl ope - d(constraint)/d(design variable)
GN- array of worst condition constraints, used in DOT
V¢l ope - d(wei ght)/d(design variable)
Xnorm- array of design variable normalizing val ues
AddTol - additonal tol erances gai ned by constraints not equal to 0
del W - delta weights fromeach design variabl es tol erance
Dvimi n, DVimax - new design variable tol erance linits, based on AddTol
CPTW - the Mninum Material Condition weight
NSTnin - the mni mumnunber of stringers within the tolerance;
************************************************************************/
void corsstol (struct stringer S, struct ring R struct material M
struct load L, struct cylinder C int hap, long int |PR NT,
int 12ap, long int METHOD, long int NOON long int NDV, int N ng,
int Nstap, FILE *out, int SSP, int tap, float Tol[], int tstap,
int Wap, float X], float XL[], float XY],int nflag, char LEB);

/* CTPinput prints the tolerances to the output file
called from corsstol

calls

returns

************************************************************************/

voi d CTPi nput (char stype, float Tol[], FILE *out);

/* CTfinalout prints the tol erancing infornation
called from corsstol
calls
returns
i,j - indices
ERR - used to nmark driving constraints
stringl,string2 - used for outputing diffent strings
NSTmax - maxi mum nunber of stringers within the tol erance
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************************************************************************/

voi d CTfinal out (fl oat CPTWI, float NMAXW,

float WBLCPE[], float DELWI], float Gslope[][6],
float GN], float ADDTAL[][6], float DM N ],
float DVUMAX ], char stype, FI LE *out,

float Tol[], float R fl oat h,

float |2, float tst, float b,

float t, float W float Nst, float NSTmn,
char LEB, long int NOON);

/* EVALTQL controls the sensitivity anal ysis
called from corsstol
calls : CALLeval , VEIGHT
returns : weight, GSLCPE, and GN
f - worst case control flag
G - working constraints
Gsign - array indicating positive or negative slope of GSLCPE
GANone - conpl eted GNcal cul ating flags
INNTG - reference set of constraint val ues
INTX - reference set of design varial bes
j.i,k - indices
BJ - dummy wei ght variable
XW- worst case set of design variables for a given constraint
************************************************************************/
float EVALTO (struct stringer S, struct ring R struct material M
struct load L, struct cylinder C float GSLOPE][6], float GN],
int hap, int |2ap, int Nstap, FILE *out, int tap, float Tol[],
int tstap, int Wap, float X], float XNORM], int SSP, int nflag,
char LEB, long int NOON);

/* TALQUT perforns the sensitivity cal cul ations
called from corsstol

calls . VEI GHT
returns : AddTol, del W, additional max and nin design vari abl es,
the mninummaterial condition weight, and WSLCPE
i,j - indices

MAXWT - maxi num mat erial condition wei ght

NEWDVS, NEVDVL - nini num and maxi mum hol di ng vari abl es for additional
desi gn vari abl e range

Nmn - used to calculate sensitivities to stringer spacing

OBJH - comparison weight for calcul ati ng wei ght sl opes

TW- array of worst tol erances

XW- working design variable array, Nst is replaced by b

************************************************************************/

void TALQUT(fl oat ADDTQL[][6], float ALP, float AR float DELWI],
float DVMAX ], float DVWIN], float PAT, float L,
float GSLCPE[][6], float GN], float L1, float NRNG
float *COPTW, float R float RHO char STYPE,
float T[], float WALCPE[], float X ], float ZR

int harpos, int |2arpos, int tstarpos, int Nstarpos,
int tarpos, int Warpos, float NSTmin, long int NOON);

/* WNEI GHT cal cul ates the wei ght of the cylinder
called from EVALTQ,, TQ.QUT,
calls :
returns : weight of the structure
float ALPHA HA AS RASL, Rl SL;
ALPHA - web angle in radians
HA - web slant length
AS - stringer cross sectional area
RASL - radius at the center of the skin
RISL - radius at the inner skin line

************************************************************************/

float WEIGHT (float A float C float D float EE, float FF,
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float FPW, float L, float L1, float NRNG float P,
float R float RHQ float stype, float ALP, float AR
float ZR);

File CTMAIN.C

“

#include “../corss/corss. h”
void nmai n(argc, argv)

int argc;

char *argv[];

FILE *in, *out;

long int NDV, NOQ\, | PR NT, METHCD
float X 12], XL[6], X 6],d 5], OBJ;

float Xinit[12], Tol [6];

char Title[80], LEB;

int i,SSP, hap, | 2ap, tstap, Nstap, tap, Vap, nfl ag;
struct material M

struct |oad L;

struct stringer S

struct ring R

struct cylinder C

printf(“\nnain\n");

NDV = 6; NCON = 5;

if ( (in=fopen(argv[l],”rt”)) == NUL)

printf(“\ncan't open input file, First parameter nust be input file");
comineerr();

if (strcrmp(argv[1l],argv[2]) == 0)

printf(“\ninput filenane is the same as output filenane”);
comineerr();

}
if ( (out =fopen(argv[2],”wt”)) == NUL)

printf(“\ncan't open output file, Second param nust be output file”);
conmineerr();

}
fprintf(out,”CORSS - Cylinder Qptimzation of Rngs, Skin and Stringe”);

fprintf(out,”rs\n NASA/ MBFC/ EDB2 - Structural Devel opnent Branch”);
fprintf(out,”\n Jeff Finckenor, Sep. 1993, ver. 2.1");
fprintf(out,”\n Copyright (c) 1994 National Aeronautics and”);
fprintf(out,”\n Space Administration. No copyright clained in”);
fprintf(out,”\n USA under Title 17, U S. Code. Al other rights”);
fprintf(out,”\n reserved.\n”);

printf(“CORSS - Cylinder ptimzation of Rngs, Skin and Stringe”);
printf(“rs\n NASA/ MSFC/ ED62 - Structural Devel opment Branch”);
printf(“\n Jeff Finckenor, Sep. 1993, ver. 2.1");

printf(“\n Copyright (c) 1994 National Aeronautics and”);
printf(“\n Space Administration. No copyright claimed in”);
printf(“\n USA under Title 17, U S. Code. Al other rights”);
printf(“\'n reserved.\n\n");

readi nput (Title,in, & PR NT, &ETHDD, &SSP, &M &C, &S, &R &L, XL, X, XU, Tol , &nf | ag, &.EB) ;
fcl ose(in);

fprintf(out,”\n%", Title);

if (0=RN { RA=.001; Rl =.001; RZ=.001; RJ=.001; }
pi nput (S, R M L, C | PR NT, METHOD, out , SSP, X, XL, XU, nf | ag, LEB) ;

if ( (Sstype!="H) & (S.stype !'="1") )

{

printf(“\n\n% is not a valid stringer type\a\a\a’, S. stype);



exit(4);

if ( ("H==S.stype) & (' N !=LEB) ) NOO\ -;
NDV = initDVs(XL, X, XU, &ap, & 2ap, & st ap, &\st ap, & ap, &ép, Xi nit, NDV);
if (NDV!=0)
ctopt (SSP, out, X, Xi ni t, hap, | 2ap, t st ap, Nstap, tap, Vap, S, R ML, C G
&COBJ, &VETHOD, & PRI NT, &N\DV, &NOON, XL, XU, nf | ag, LEB) ;
fprintf(out,”\n");
fputs(Title, out);
if ( (SSP==1) || (SSP ==3) ) SSP = 4; else SSP = 5;
CALLeval (SRML,C G X X nit, &RBJ, out, SSP, hap, | 2ap, Nst ap, t ap,
t st ap, Vép, nfl ag, LEB) ;
for (i=0; i<NOON i++)
if (di]>0)
{

fprintf(out,”\n\n** WARNNNG J%l] (=%.5f>0) IS NOT “,i,di]);
fprintf(out,”SATISFIED, THS IS NOT A VALID SCLUTION ") ;

}
if ( (Tol[0]!=0) || (Tol[1]!=0) || (Tol[2]!=0) || (Tol[3]!=0) ||
(Tol [4]!'=0) || (Tol[5]!=0) )
{

for (i=0; i<NDV; i++)
{ X[i] *=Xinit[i]; XJi] *=Xnit[i]; Xi] *=Xnit[i]; }
corsstol (S, R ML, C hap, | PR NT, | 2ap, METHOD, NOCON, NDV, R N, Nst ap, out ,
SSP, t ap, Tol , t st ap, Wap, X, XL, XU, nf | ag, LEB);

/* corsstol nust define IPRVM IW, MNVAX, NRRW, NRW&, RPRV W */

fcl ose(out);
printf(“\ala\a”);

} /********************************************************* end rral

File CT.C
#include “..\corss\corss. h”

void corsstol (struct stringer S, struct ring R struct material M
struct load L, struct cylinder C int hap, long int |PR NI,

n */

int 12ap, long int METHOD, long int NOON long int NDV, int N ng,

int Nstap, FILE *out, int SSP, int tap, float Tol[], int tstap,

int Vp, float X[], float XL[], float X],int nflag, char LEB)

long int INFO | PRV 20], | WK 110], j , M NVAX, NRI VK, NRVAK:
float RPRM 20], VK[ 450]

float Gslope[5][6], GN5], Vé¢lope[6], Xnornjl2], AddTol [5][6], del W[6],

DVm n[ 6], DVimax[ 6], CBJ, CPTW, NSTnin;
int i;
SSP = 0;
for (j=0; j<20; j+4+)
{

RPRM j ]
}I PRM ]
NRWK =  450; /* mnake the dinension of |VWK and VWK t he sane
NRW = 110;

M NVAX = -1;

I NFO = 0;

CTPi nput (S. stype, Tol , out);

for (i=0; i<NDV, i++)

0;

0.
0;

{
Xnornfi] = Xil;
XL[i] = XL[i]/Xnornfi];
XUi] = XJi]/Xnornji];
Xil =1,

}

for (i=NDV; i<12; i++) Xnornji]=1.;
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if (NDv==0)
BJ = EVALTAL(S, R ML, C Gsl ope, GN hap, | 2ap, Nst ap, out, t ap, Tol , t st ap,
Wap, X, Xnor m SSP, nf | ag, LEB, NOQN) ;
el se

I NFO = 0;
do

BJ = EVALTOL(S, R ML, C Gsl ope, GN hap, | 2ap, Nst ap, out , t ap, Tol , t st ap, Vp,
X, Xnor m SSP, nf | ag, LEB, NOQN) ;
DOT( & NFQ, &VETHCD, & PRI NT, &\DV, &NCON, X, XL, XU, &BJ, &M NVAX, GN RPRM | PRV
WK &NRWK | VK, &NRI VK) ;
} while (INFQ =0);

printf(“\nTol eranced ptinization Conpl ete, Max Wight = %", CBJ);
for (i=0; i<NDV: i++) Xi] *= Xnornji];
NSTmn = 2*pi *C.r/ (2*pi *C.r/ X[ Nst ap] +Tol [ 3] ) ;
for (i=0; i<NOON\ i++) GNi] -= 1.E-5;
TALAQUT( AddTol , S. al p, R A del W, Dvitax, Dvim n, C fwt, C |, Gsl ope, G S. | 1,
R N &PTW, C. r, Mrho, S. stype, Tol , VI ope, X, R Z, hap, | 2ap, t st ap,
Nst ap, t ap, Vp, NSTm n, NCON) ;
CTf i nal out (CPTW, GBJ, V| ope, del W, Gsl ope, GN AddTol , DVm n, DVinax, S. st ype,
out, Tol, C r, X hap], X | 2ap], X[tstap] 2*pi *C. r/ X[ Nst ap] ,
X tap], X{ véap] , X[ Nst ap] , NSTni n, LEB, NOQN) ;

} /****************** end ms‘l’o_ ****************/

float WEIGHT (float A float C float D, float EE float FF,
float FPW, float L, float L1, float NRNG float P,
float R float RHQ float stype, float ALP, float AR
float ZR

{

float ALPHA HA AS RASL, R SL;
ALPHA = (ALP*pi)/180.0;
if ('H==stype)

HA = (AD-P)/(cos(ALPHA) ) ;
AS = (2.0*(L1*D)) + (2.0*(HA*D)) + (CP);
}

el se

HA = (A-GL1)/(cos(ALPHA));
(PL1) + (D'HY) + (P*O);

}

RASL = R (FF/2.0);

R SL = R FF;

return (((pi*2.0*RASL*FF*L) + (AS*L*EE) + ((AR*NRNG2.0*pi) *
(RSL+ZR)))*RHO + W) ;

} /************** end V\BI ght ********************/

float EVALTO (struct stringer S, struct ring R struct material M
struct load L, struct cylinder C float GSLOPE][6], float GN],
int hap, int |2ap, int Nstap, FILE *out, int tap, float Tol[],
int tstap, int Wap, float X[], float XNCRM], int SSP, int nflag,
char LEB, long int NCON)

float INTE5],d 5], INTX6], XW6], B, Gsi gn[ 3] ;
int j,i,k,f,GMone[5];
printf(“ \nEVALTCL)

XWO0] = INTXO0] = X hap]*XNCRM hap] ;

XW1] = INTX1] = X1 2ap]*XNRM | 2ap] ;

XW2] = INTX2] = Xtstap] *XNCRM tstap];

XW3] = INTX3] = 2*pi *C r/ (X Nst ap] *XNCRM Nst ap] ) ;
XW4] = INTX 4] = Xtap] *XNORM tap] ;



XWS5] = INTX5] = X Wap] *XNORV Vip] ;

for (i=0; i<NOON i++) Gsign[i]=0;

CALLeval CT(S,R ML, C IN TG I N TX &3BJ, out, SSP, nfl ag, LEB) ;
printf(* GSLCPE’);

for (j=0; j<6; j++)

{

XWjl *= 1.01;
CALLeval CT(S,R M L, C G XW&®BJ, out, SSP, nfl ag, LEB) ;
for (i=0; 1<NOON i++)

{
GSLCPE[i 1 [j] = (Qil-INTGi])/ (XWj]1-INTY]);
it (GSLCPE[i][j]>0) Gsign[i]+=pow(10,]);

}
XWjl /=1.01

printf(“ GMrst”);

for (k=0; k<NOON k++) GAone[k] = O;

for (i=0; i<NOON i++)

{ =0

r (k=0; k<i; k++) if (Gsign[k]==Gsign[i]) f++
(0 =f)

r-H— — —h

for (j=0; j<6, j++)
if (GSLCPHi][]j]<=0) XWJ] = |ND<[]]; .
else XWj] = INTX[j]+Tol [j];
CALLeval CT(S,R M L, C, G XW &®BJ, out, SSP, nf | ag, LEB) ;
GNi] =di] + 1.E5;
GMone[i] = 1;
for (k=i+1; k<NCON k++)
if ( (Gignk]==Gsign[i]) & (GMone[k]==0) )

GNk] = K] +. 005;
GMone[ k] = 1;

}
} /** end if f==0 **/
} /* end for i */
return ( VEIGHT(INTX[ 0] +Tol [ O], INI TX[ 1] +Tol [ 1] , I N TX] 2] +Tol [ 2],
2*pi *Cr/INTX 3], INTX 4] +Tol [4],Cfw,C1,S 11, RN
INTX5]+Tol [5],Cr,Mrho,S.stype,S.alp,RARZ );

} /******************** end evaltol ***********************/

void CALLeval CT(struct stringer S, struct ring R struct naterial M
struct load L, struct cylinder C float ], float XW],
float *CBJ, FILE *out, int SSP, int nflag, char LEB)

{
S.h = XWO0];
S 12 = XW1];
S N=2*pi*C.r/ XW3];
St = XW2];
Ct = XW4];
S. W= XW5];
eval (S RML,C G @BJ,out, SSP, nfl ag, LEB);
} /***************************************** end OALLEVBJCT ******/
void TOQLQUT(fl oat ADDTQL[][6], float ALP, float AR float DELWI],
float DVNAX], float DVWMN], float PAT, float L,
float GSLOPE][6], float GN], float L1, float NRNG
float *CPTW, float R float RHO char STYPE
float T[], float WBLCPE[], float X], float ZR
int harpos, int |2arpos, int tstarpos, int Nstarpos,
int tarpos, int Warpos, float NSTmin, long int NOON)
{
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float TW6], CBJH NBEWVS, NEWDVL, XW6], MAXW, Nmin;

int i,j;

printf(“\nTOQLQUT");

XWO] = X harpos];

XW1] = X | 2arpos];

XW 2] X t starpos];

XW 3] 2*pi *R X[ Nst ar pos] ;

XW4] = Xtarpos];

XW5] = X Warpos];

*OPTWE = VEI GHT( XW O] , XW 1], XW 2] , NSTmi n, XW 4] , P, L, L1, NR\NG XW 5],

R RHQ STYPE, ALP, AR ZR) ;

printf(“ WSLOPE and DELW™);

printf(“\nWBLCPE about naxi num (for conparison only)”);

for (i=0; i<6; i++) TWi] = TA[i];

MAXWE = WE|l GHT( XW O] +TQL[ 0] , XW 1] +TQL[ 1] , XW 2] +TQL[ 2] , X[ Nst ar pos] ,
XW 4] +TQL[ 4] , PWT, L, L1, NRNG XW 5] +TOL[ 5] , R RHQ STYPE, ALP, AR, ZR) ;

for (i=0; i<6; i++)

if (3==i)
{
if (TA[i]!=0)
{
CBIH = WEI GHT(XW 0] +TCL[ 0] , XW 1] +TQL[ 1] , XW 2] +TQL[ 2] , NSTni n,
XW 4] +TOL[ 4], PW, L, L1, NRNG XW 5] +TAL[ 5] , R RHQ STYPE, ALP, AR ZR);
DELWITi] = MAXW - OBIH
WBLCPEi] = DELWITi]/ (X Nstar pos] - NSTmi n) ;

el se

CBIH = Wl GHT( XW O] +TCL[ 0], XW 1] +TCL[ 1], XW 2] +TCL[ 2] , . 99* X[ Nst ar pos] ,
XW 4] +TCL[ 4] , FW, L, L1, NRNG XW 5] +TQL[ 5], R RHQ, STYPE, ALP, AR ZR) ;

DELWITi] = MW - BIH

WBLCPE[i] = DELWITi]/(.01*X Nstarpos]);
}
el se

{
if (TA[i]==0) TWi] = -.01*XWi]; else TWi] = 0;
OBIH = WEI GHT( XW 0] +TW O] , XW 1] +TW 1], XW 2] +TW 2], X[ Nst ar pos] ,
XW 4] +TW 4], PWT, L, L1, NRNG XW 5] +TW 5], R RHQ, STYPE, ALP, AR ZR) ;
DELWI[i] = MAXW - CBIH
if (TQ[i]==0) WBLCPE[i] = DELWI[i]/(.01*XWil);
el se WBLCPE[i] = DELWITi]/TA[i];

}
if (TQ[i]==0) DELWITi]=0;
printf(“\nDv=i =%d, Wi =98.2f, DELWIi =98. 2f, TQLi =% .5f, WBLCPH =98. 2f ",
i, CBJH DELWITi], TQ[i], WBLCPHi]);
TWi] =TAfli];
} /* end for i */
printf(“\nWBLCPE about opti num (used in calculations)”);
for (i=0; i<6; i++) TWi] = 0;
for (i=0; i<6; i++)

if (i==3)
if (TAL[i]!=0)
CBJH = WEl GHT( XW 0], XW 1] , XW 2] , X[ Nst ar pos] ,
XW 4], PAT, L, L1, NRNG XW 5], R RHQ STYPE, ALP, AR ZR);
TWi] = X Nstarpos]-NSTm n;
el se

OBJH = WWEI GHT( XW O] , XW 1] , XW 2] , 1. 01* X[ Nst ar pos] ,

XW 4], P L, L1, NRNG XW 5], R RHQ STYPE, ALP, AR ZR) ;
TWi] = .01*X Nstarpos];
}
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}

el se

{
if (TA[i]!'=0) TWi] = TA[i]; else TWi] = .01*XWi];
CBJH = Wl GHT( XW 0] +TW 0] , XW 1] +TW 1] , XW 2] +TW 2], NSTni n,
XW 4] +TW 4], PWT, L, L1, NRNG XW 5] +TW 5] , R RHQ, STYPE, ALP, AR ZR);

}
DELWITi] = OGBJH - *CPTW,
WBLCPEi] = DELWITi]/TWi];
if (TA[i]==0) { DELWITi]=0; TWi]=0; }
TW3] =TA[3];
printf(“\nDv=i =%, Wi =98. 2f, DELWIi =98. 2f, TCLi =%.5f, WBLOPEH =98. 2f ",
i,OBJH DELWITi], TWi], WLCPHI]);
TWi] =0;
} /* end for i */
printf(“\nCal cul ate ADDTQL");
for (j=0; j<6; j++)

for (i=0; i<NOON i++)
{

if (fabs(GSLCPHi][j])<le-5) ADDTAL[i][j] = -99;
_else ADDTQL[i][j] = XWj] - Gfi]/GSLOPE[i][j];
if (GSLCPEi][j]>0) ADDTQL[i][j] += TQ[j];
} /* end for i */
} /* end for j */
printf(“ DV N and DVNAX');
for (j=0; j<6; j++)

NEVWDVS = 0.0;
NEWDVL = 9999. 0;

for (i=0; i<NOON i++)
{

if ( (ADDTOL[iJ[j]<XWj]) && (ADDTQL[i][]]>NEVVS) )
'I\EV‘D\/S:ADD.TC]_'[I][j];. . o
if ( (ADDTOLLiJ[j]1>(XWj]+TQL[j])) && (ADDTQL[i][]j]<NEWDML) )
NEWDVL = ADDTQL[i ][] ];

} /* end for i */

DWMNj] = NEWVS;

DUWWAXj] = NBWDWL;

} /* end for j */

} /************************* end tol OUt ********/

voi d CTPi nput (char stype, float Tol[], FILE *out)

fprintf(out,”\n\n\n---Tol erance Sensitivity Qutput for CORSS---");
fprintf(out,”\n\nDesign Variabl e Tol erances”);

fprintf(out,”\n ht ol = 9%0. 4f Stringer Height Tol erance”, Tol [0]);
if ("H ==stype)
fprintf(out,”\n | 2t ol 9%20. 4f Top Fl ange Length Tol erance”, Tol [1]);

fprintf(out,”\n tsttol 9%20. 4f Stringer Thickness Tol erance”, Tol [2]);
el se
{

fprintf(out,”\n I 2tol = 9%0.4f Top Fl ange Thi ckness Tol erance”, Tol [1]);

fprintf(out,”\n tsttol = 9&0.4f Stringer Wb Thi ckness Tol erance”, Tol [2]);
fprintf(out,”\n Nsttol = 920.4f Stringer Spacing Tol erance”, Tol [3]);
fprintf(out,”\n ttol = 9&0. 4f Skin Thi ckness Tol erance”, Tol [4]);
if ("H==stype)

fprintf(out,”\n W ol = 920. 4f Top Fl ange Thi ckness Tol erance”, Tol [5]);
el se

fprintf(out,”\n W ol = 920. 4f Top Flange Wdth Tol erance”, Tol [ 5]);
fprintf(out,”\n\n\nNNEW CPTI MM ANALYSI S");

} /******************* end CTpl nput *******************[
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void CIfinal out (fl oat CPTWI,

float NAXW,
float WABLCPE[], float DELWI],

float Gslope[][6],

float GN], float ADDTQL[][6], float DVM N,
float DUNAX[], char stype, FI LE *out,
float Tol[], float R float h,
float 12, float tst, float b,
float t, float W float Nst, float NSTm n,
char LEB, long int NOON)

int i,j;

char ERR[5], stringl[80], string2[80];
float NSTmax;
fprintf(out,”\n\n\nSENSI TIM TY ANALYSI S RESULTS’);
fprintf(out,”\n\n\t\t\tQptimum Maxi mum

Delta’);

fprintf(out,”\nCylinder Wi ght\tod5.2f 9d0.2f 9%40. 2f ", GPTW, MAXWT, MAOXWT- CPTW) ;

fprintf(out,”\n\nDesign Variable Sol utions”);

fprintf(out,”\n Dv ot i mum CPT+TCL

fprintf(out,”\n h = 9%0.5f %24.0. 5f %4.0. 4f
h, h+Tol [ 0] , WBLCPE[ 0], DELWIT Q] ) ;

fprintf(out,”\n 12 = 9%0.5f 24.0. 5f %.0. 4f
12,12+Tol [ 1] , WBLCPH| 1] , DELWIT 1] ) ;

fprintf(out,”\n tst = ©940. 5f 24.0. 5f 24.0. 4f

tst,tst+Tol [ 2], WBLCPE[ 2], DELWI[ 2] ) ;

fprintf(out,”\n (b = °%0.5f %940. 5f) ", b+Tol [ 3],

fprintf(out,”\n Nst = 9d0. 5f 24.0. 5f 24.0. 4f
NSTm n, Nst, WSLCPE[ 3] , DELWI[ 3] ) ;

fprintf(out,”\n t = 0940. 5f %24.0. 5f %4.0. 4f
t,t+Tol [ 4], WBLCPH 4], DELWIT 4] ) ;

fprintf(out,”\n W = ©90.5f 24.0. 5f 2%4.0. 4f

W WTol [ 5], WBLCPE[ 5], DELWIT 5] ) ;

dw/ dDv
9%.0. 4f ",

9%.0. 4f ",
%40. 4f ",

b);
9%40. 4",

9%.0. 4f ",

9%.0. 4f ",

dw™);

fprintf(out,”\n\nNunber of Stringers, Nst = 2*pi*r/b, b = stringer spacing”);

fprintf(out,”\n\nSmall changes in b change the theoretical nunber of

fprintf(out,”stringers used in\nthe anal ysis. As stringer spacing “);

‘)

fprintf(out,”increases, the nunber of stringers\ndecreases. The design “);
fprintf(out,”w |l have an integer nunber of stringers, but\nthe effect “);
fprintf(out,”of the spacing tol erance is shown here.”);

fprintf(out

,” Any differences\nbetween the sumof the dW val ues

“);

fprintf(out,”and deltaW are due to the wei ght\nfunction not being linear.”);
fprintf(out,” Al calculations are based on taking\ndifferences about “);

fprintf(out,”the opti mum”);
fprintf(out,”\n\nGSLCPE ARRAY");
fprintf(out,”\nDv  dSkB/dDV dshB/ dDV dStr/dDv *“);
if (stype=="H)
if (LEB=="Y') fprintf(out,”dCp/dDV');
else fprintf(out,”dLBF dDv dLBWdDV');
el se
if (LEB=="Y) fprintf(out,”dCp/dDv dl CB/ dDV');
else fprintf(out,”dLBF dDv dl CB/ dDV');
fprintf(out,”\nh *);

for (i=0; i<NOON i++) fprintf(out,” 9®.4f", Gslope[i][0]);

fprintf(out,”\nl2 “);

for (i=0; i<NOON i++) fprintf(out,” 98.4f", Gslope[i][1]);

fprintf(out,”\ntst”);

for (i=0; i<NCON i++) fprintf(out,” 9. 4f", Gslope[il[2]);

fprintf(out,”\nb

for (i=0; i<NOON
fprintf(out,”\nt

for (i=0; i<NOON
fprintf(out,”\nW
for (i=0; i<NOON
/* determine criti
for (i=0; i<NOON

“);

i++) fprintf(out,” 9. 4f", Gsl ope[i][3]);

“);

i++) fprintf(out,” 98.4f", Gsl ope[i][4]);

‘)

i++) fprintf(out,” 9®.4f", Gsl ope[i][5]);

cal constraints */

i++) if (QNi]>.05) ERRi]="*";

fprintf(out,”\n\ndi]");
i++) fprintf(out,” 98.5f%",GNi],ERRi]);

for (i=0; i<NOON

else ERRi]=
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fprintf(out,”\n\n* Denotes the Driving Constraints, which nust be negative to “);
fprintf(out,”be satisfiedinGSLCPE = [@ 1.01*DV)-@ DV)]/(1.01*DV-DV) ") ;
fprintf(out,”\nnegative values of d( )/dDV indicate a safer design for an “);
fprintf(out,”increase in DAnDV = Design Variable\t\tdi] = Constraint Value”);
fprintf(out,”\nSkB = Skin Buckling\t\tShB = Shell Buckling”);
fprintf(out,”\nStr = Stress”);
if (stype=="H)

if (LEB=="Y') fprintf(out,”\t\t\tQp = Stringer Oippling”);

el se fprintf(out,”\nLBF = Local Buckling, Flange\tLBW= Local Buckling, Veb");

el se

if (LEB=="Y') fprintf(out,

“Nt\t\tOp = Stringer Oippling\nlCB = "I"-stringer Coupled Buckling”);
el se fprintf(out,
“\nLBF = Local Buckling, Flannge\tl B = 'I"'-stringer Coupl ed Buckling”);
fprintf(out,”\n\nADD TI ONAL TOLERANCE ARRAY");
fprintf(out,”\nDV SkB ShB Str “);
if (stype=="H)
if (LEB=="Y) fprintf(out,”Op “);
else fprintf(out,”LBF LBW);
el se
if (LEB=="Y) fprintf(out,”Op 1CB");
else fprintf(out,”LBF ICB);

fprintf(out,”\nh *“);

for (i=0; i<NOON i++) fprintf(out,” 9®.4f", ADDTQL[i][0]);
fprintf(out,”\nl2 “);

for (i=0; i<NOON i++) fprintf(out,” 98. 4f", ADDTOL[i][1]);
fprintf(out,”\ntst”);

for (i=0; i<NOON i++) fprintf(out,” 9®.4f", ADDTQL[i][2]);
fprintf(out,”\nb *“);

for (i=0; i<NOON i++) fprintf(out,” 9®.4f", ADDTQL[i][3]);
fprintf(out,”\nt *“);

for (i=0; i<NCON i++) fprintf(out,” 98.4f", ADDTOL[i][4]);
fprintf(out,”\nW “);

for (i=0; i<NOON i++) fprintf(out,” 9®.4f", ADDTQL[i][5]);
fprintf(out,”\n\nThe ADDTCL array contai ns the values of the design “);
fprintf(out,”variables\nat which the constraint is equal to 0,");
fprintf(out,” assumng linear relationships.”);

fprintf(out,”\nADDTCL = DV - @ DV)/ GSLCPE');

fprintf(out,”\nNegative val ues shoul d be di sregarded, since they “);
fprintf(out,”indicate the design\nvariable can be brought past zero “);
fprintf(out,”w thout violating that particular\nconstraint.”);
fprintf(out,”\n\n\nNNEW RANGES for the Design Variables”);

fprintf(out,” (fromthe Additonal Tol erance array)”);

fprintf(out,”\n\n Bel ow Qoti num - --- Above “);
fprintf(out,”Maxi mum----\n Lower Wi ght Added Uoper “)s
fprintf(out,” Vi ght Added New Tol . \ nDV Limt Savings “);
fprintf(out,” Toler. Limt Penal ty Tol er. Band”) ;
sprintf(string2,” No constraint limts the upper bound”);

fprintf(out,”\nh 9. 5f 98.4f 9®.5f “,
DW N 0], (h-DvM N O] ) *WBLCPE[ O] , h-DVM N O] ) ;
if (DVMAX[0]==9999) fprintf(out,”%",string2);
el se fprintf(out,”%0.5f %90.4G %0.5f 9%40.5f", DVUWAX 0],
(DVWAX 0] - Tol [ O] - h) *WBLCPE[ O] , DVWWAX[ O] - Tol [ O] - h, DUWWAX[ O] -DVM N[ O] ) ;
fprintf(out,”\nl2 99.5f 99.4f 9®.5f “,
DWW N 1], (1 2-DVW N 1])*WALCPEH 1], 2-DVM N 1] ) ;
if (DVMAX 1] ==9999) fprintf(out,”%",string2);
el se fprintf(out,”%0.5f %90.4G %0.5f 9%0.5f", DUMAX 1],

(DVWWAX 1] - Tol [ 1] -1 2) *WBLOPE[ 1] , DWAX[ 1] - Tol [1] -1 2, DWAX[ 1] -DVM N 1] ) ;
fprintf(out,”\ntst 9%.5f 99.4f 9®.5f “,

DY N 2], (tst-DVM N 2] ) *WBLCPE[ 2] , tst-DVM N 2] ) ;
if (DVNAX 2] ==9999) fprintf(out,”9%",string2);
el se fprintf(out,”%0.5f %90.4G %40.5f %0.5f", DUWNAX 2],

(DVWAX 2] - Tol [ 2] -t st) *WBLCPH] 2], DVWAX] 2] - Tol [ 2] -t st, DUWWAX 2] -DVWM N 2] ) ;
if (DY N 3] <le-4) NSTnax = 9999; else NSTnax = 2*pi *RRDVW N 3] ;
fprintf(out,”\nNst 99.5f 98. 4f

2*pi *R DVWWAX 3], (NSThi n- 2*pi *R DVVAX 3] ) *WBLCPE[ 3] ) ;
i f (NSThax==9999) fprintf(out,”9%”,string2);
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el se fprintf(out,” %40.5f 940.4G, NSTmax, ( NSTmax- Nst ) *WSLCPH[ 3] ) ;
if (DVWN3]==0) fprintf(out,”\n(b No linmt on the | ower bound”);
el se
fprintf(out,
“\n(b 98. 5f 9%.5f “, DV N 3], b-DvM N 3]);
fprintf(out,” 940. 5f 940. 5f 940.5f)",

DVVAX 3], DWAX 3]-Tol [3]-b, DUWWAX[3]-DVM N 3]);

fprintf(out,”\nt 9®. 5f 98. 4f 9®.5f “,
DW N 4], (t-DYM N 4] ) *WBLCPE[ 4] , t-DVM N 4] ) ;
if (DVNAX 4] ==9999) fprintf(out,”9%",string2);
el se fprintf(out,”%0.5f %90.4G %40.5f 9%0.5f", DUNAX 4],
(DVWAX 4] - Tol [ 4] -t ) *WBLCPH 4], DUWAX[ 4] - Tol [4] -t, DUNAX 4] -DVM N 4] ) ;
fprintf(out,”\nW 99.5f 98.4f 9®.5f “,
DW N 5], (WDW N 5] ) *WSLCPE[ 5] , WDV N 5] ) ;
if (DVMAX5]==9999) fprintf(out,”9%",string2);
el se fprintf(out,”%0.5f %0.4G %40.5f %0.5f", DVUWMAX 5],

(DVWAX] 5] - Tol [ 5] - W *WELCPE| 5] , DVWAX] 5] - Tol [ 5] - WDVWWAX[ 5] -DVM N 5] ) ;
fprintf(out,”\n\nThe only penalty for increasing design variables wth”);
fprintf(out,” no upper lint is an\nincrease in weight. Note that an “);
fprintf(out,”unsatisfied constraint (di]>0) will\ncause unrealistic “);
fprintf(out,”"results. For a feasible solution, no constraints will be”);
fprintf(out,”\nviolated as long as the DVs are held within the limts “);
fprintf(out,”specified in this\nchart when”);
fprintf(out,” ASSUM NG LI NEAR RELATIONSH PS. ") ;

/*************** end C'l'fl nal OUt ******************/
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