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SUMMARY

An analytical and experimentai evaluation was performed for several promising
structural concepts to provide the basis of minimum total-system-cost for selection
of the best concepts for the design of 2 hypersonic vehicle wing.

Results, procedures, and principal justification of results are presented in
reference 1. Detailed substantiation data are given herein. Each major analysis
is presented in a separate section. Vehicle loads and temperatures are given with
each structural analysis that influences weight. In addition to the weight analysis,
fabrication cost, performance penalties (surface roughness drag), reliability, and
total-system-cost analyses are presented.

Reference 1. Plank, P. P.; Sakata, 1. ¥.; Davis, G. W.; and Richie, C. C.:
Hypersonic Cruise Vehicle Wing Structure Evaluation, NASA

CR-1568, 1970.
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INTRODUCTION

The utility of a hypersonic cruise vehicle depends upon a low structural mass
fraction in a high-temperature environment. Unfortunately, this requirement exceeds
the limits of state-of-the-art structures. The only hypersonic structures flown to date
have been the X-15 research airplane and the ASSET unmanned lifting reentry test
vehicle, both of which are unsuitable for cruising flight.

For the past several years, the NASA Langley Research Center and other
agencies have been investigating promising structural concepts, such as those
discussed in references 2, 3, and 4, and the 1967 Conference on Hypersonic
Aircraft Technology (ref. ©) was devoted to the subject.

An evaluation was performed of promising wing structure concepts to the same
in-depth analyses, including all known envi.onmental structural considerations that
could affect the four evaluation factors: weight, cost, performance, and reliability.
These factors were then interacted in a total-system-cost study for a system range-
payload capability of 205 billion ton-miles to provide the basis for selecting the best
structural concept for the wing structure of minimum total-system-cost.

Results of this structural evaluation are reported in reference 1. This
reference also includes the procedures and principal justification of results,
whereas this report gives detailed substantiation of the results in reference 1.
Principal analytical and test efforts are presented in separate sections. This
report is bound as three separate volumes.

REFERENCES

Heldenfels, R. R.: Structural Prospects for Hypersonic Air Vehicle ICAS
paper, 1966.

Lo

3. DPlank, P. P.; and MacMiller, C. L.: Analytical Investigation of Candidate
Thermal-Structural Concepts Applicable to Wing, Fuselage, and Inlet
Structure of a Manned Hypersonic Vehicle. AFFDL-TR-66~15, 1966 (conf).

4. Plank, P. P.: Hypersonic Thermal-Structural Concept Trends. SAE paper
660678, 1966.

NASA-SP-148 (Conf). Conference on Hypersonic Technology, Ames Research
Center, 1967,
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Section 23

COST ANALYSIS

The basis fc evaluating and rating the structure concepts is minimum
total systenn cost; therefore, manufacturing cost information for the various
vehicle components of the baseline vehicle (gross weight = 550 000 1b). The
cost estimates fexpressed in 1968 dollars) were determined for engineering
purposes only, using current lsbor rates and material prices. The data gener-
ated are considercd sufficiently accurate to provide valid cost information so
that a relative comparison of concepts can be made.

Facilities and process development costs were not included. It was further
assumed that clean-room conditions would be avallable for fabricating the
vehicle components, that suitable controlled-atmosphere furneces asnd process
baths have been installed, and that required special equipment and machine tools
will have been developed and installed.

Initial Panel Screening Costs

Comparativ. costs for the candidate structural panels and hesat shield
combinations, as applicable, were determined on the basis of the aforementioned
premise. These costs were determined by a detailed production cost analysis
of typical panels sized for representative hypersonic crulse vehicle loads and
included recurring and nonrecurring costs encompassing material, labor, ana
tcoling for 1000 production units. The costs presented in table 23-1 include
panel closeouts and applicable menufacturing methods using Rene’ 41 and Haynes 25
alloys. The semimonocoque spanwise concept panel costs reflect representative
values for the statically determinate concept. The manufacturing methods for
the monocoque waffle and honeycomb are discussed earlier in the monocoque
weights eertion (section 13). The semimonocoque concepts reflect production
techniques discussed in section 27.

Heat Shield Costs
Cost information was determined for two refurbishable and two permenently
attached heat shield conzepts discussed in detail in the heat shield sizing
and weights sectlion (section 20). All heat shield concepts were evaluated on
the tubular panel (size: 92 inch x U6 inch),
The refurbishable heat shield included the following:
1. Corrugated skin with multiple supports

2. Tlat skin dimpled-stiffened clip-supported

23~-1



The permanently attached heat shields included the two variations of the
modular heat shield concept:

1. Modular, simply supported
2. Modular, cantilevered

This cost study was conducted in sufficient detail to estimate the tool-
ing required for fabrication and assembly. Figure 23-1 indicates relative
costs of the four concepts evaluated, including labor and material. Table 23-2
r.esents costs in dollars per square foot for 100 vehicles. The results of
this cost evaluation indicate that the corrugated heat shield is lowest in
cost.

Leading Edge Costs

The evaluation of leading edge concepts was made for both the continuous
and segmented designs. The leading edge cost data encompassing labor, material
and total cost requirements considering 100 vehicles is presented in table 23-3
in terms of $/1b and $/linear foot. These data indicate that the segmented
leading edge concept provides the lower cost.

Wing Segment Costs

Manufacturing costs of the wing structure concepts were determined on the
basis of detailed analysis of a typical manufacturing segment using 1968 labor
rates and material prices. The detailed cost analysis included (1) substructure
fabrication and assembly; (2) panel fabrication, assembly, and installation;
and (3) heat shield fabrication, assembly, and installation with tooling re-
quirements amortized over 100 vehicles.

To facilitate costing, the vehicle structure was divided into typical
manufacturing segments as shown in figure 23-2, with the detailed snalysis
confined to the main wing menufacturing segment. A typlcal arrangement and
geometry for the main wing menufacturing segment is shown in figure 23-3.

This segment (one-half shown) consists of 1874 square feet of planform area
located between Station 2136 and Station 2506. The segment is further divided
into 3 zones (A, B, and C). These zones represent typical types of structures
found in the segment as determined by detailed structural analysis. The basic
elements consist of the substructure, structural panels, and heat shields
(including insulation). This latter was costed in detail for the heat shield
cost evaluation presented earlier and the results applied to each structure
concept, as appliceble. The distribution of the substructure costs to the
various zones is based on the volume contained by each zone (i.e. the product
of surface ares and depth). These distribution factors are 44.5 percent,

31.1 percent, and 24.h4 percent for zones A, B, and C, respectively. The
structural panel costs are distributed on the basis of planform area with
distribution factors of 33.4 percent, 27.9 percent, and 38.7 percent for zones
A, B, and C, respectively. The heat shield costs are distributed in proportion
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to the area of applicability of the heat shields. The basic arrangement for
the six structural concepts is presented in figure 23-4, showing ribs, spars,
number of intersections, etc. The weights for each zone are based on umit
weight results of the detailed structural analysis presented in section 13 and
summarized in table 23-k.

Substructure Costs. — The substructure costs consist of (1) chordwise
ribs, (2) spenwise spars, (3) a leading edge spar, and (4) a breakline spar.
The assembly costs for the substructure are based on the number of spar-rib
intersections in the main wing segment and a costing factor used to account
for the type and complexity of the joint involved.

To determine substructure costs for all concepts, a detailed cost analysis
of the monocoque waffle concept was made. These data were then applied as
applicable (i.e., linear feet of spar, rib) to determine the appropriate cost
for the fabrication and assembly of the substructure for the main wing manufac-
turing segment.

For the substructure of the monocoque concepts, the chordwise ribs were
considered continuous from Station 2136 to Station 2506 (30.8 feet). The rib
assembly consisted of continuous caps of 30.8-foot length, with the web
elements running between the spanwise elements. Bach of the web elements was
considered to be fabricated in a sequence of operations as shown in figure 23-5.
Fabrication of the caps was based on the assumption that the material was
purchased as coil stock and slit to appropriate width. This stock would be
straightened, formed, and cut to a 30.8-foot length. The chordwise rib fabricatior
involved joining of the segmented webs and continuous caps by melt-through
welding the cap to the webs, using a tracer-controlled gantry-mounted welded
head. The fixture for this operation was also used as the assembly fixture for
the wets and caps as illustrated in figure 23-6. After the melt-through weld-
ing operation, the overlapping edges of the webs are spotwelded for the depth
of the beam.

Fabrication of the spars was planned to follow a procedure similar to that
described above, except that the web had a slightly different configuration
and the length of the spar segment, as assembled, was a function of the spacing
of the chordwise ribs (figure 23-7).

The substructure assembly was febricated by loading the chordwise ribs
and spanwise spar segments into a horizontal fixture, and locating these
elements at appropriate places to maintain contour and spar/rib spacing.
Figures 23-8 through 23-10 present typical intersections used for this study.
The various substructure elements were secured at the intersections by resist-
ance welding supplemented in certain areas by mechanical fasteners. An esti-
mated total of 14 200 resistance spotwelds and 1 015 mechanical fasteners were
required in the study area. Appropriately designed splice plates were added
to the upper and lower spar/rib at each intersection. An additional 6 800
resistance welds were required to secure the splice plates., 1t was assumed
that the substructure would be aged and oxidized as a unit prior %o fit-up and
asscmbly of the structural panels.
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The structural penel costs, including fabrication assembly and installation,

were determined for each concept based on penel details presented In the primary
structure sizing and weights section (section 13). The manufscturing cost for
the monocoque waffle is based on electrochemical milling (ECM), "stresskin"
panels for the noneycomb sandwich, and the menvfacturing techniques discussed

in section 27 for the semimonocoque and statically determinate concepts.

Monocoque Concept Costgs. — The wing substructure costs for the minimum-
weight waffle concept (AR = 1.8) and the honeycomb copcept were obtained from
the following data developed for the monocoque waffl=s aspe-t ratio study.

Aspect ratio study: Aspect ratios of 1, 2, 3, and 4, as well as 1.8 and
3.6, were investigated to determine the sensitivity of this parameter with
respect to weight and cost. A schematic for the various aspect ratios studied
is shown in figure 23-11. The substructure, panel, and totel weight variation
with aspect ratio 3 shown in figure 23~12. TFor all aspect ratios evalusted,
a constant chordwise rib spacing of 22.3 inches was assumed (b = 20.0 + 2.3).
The aspect ratio of 1.8 and 3.6 minimizes the complexity at the breakline spar
intersection by providing repeatable panels and substructure details.

The substructure costs were developed in detail for the aspect ratio of
1.8. These costs were then factored to develop costs for each of the other
aspect ratios. Substructure fabrication labor and material costs were factored
as a ratio of linear feet of structural elements to the linear feet in the
1.8 aspect ratio. Substructure assembly lebor and material costs were factored
as a ratio of the number of structure intersections. Tooling costs for the
spanwise, diagonal (one-third high point), and leading edge beams were assumed
to be constant. Tooling for the choriéwise members was factored by the ratio of
linear feet of structure, compensating for the impact that the similarity of
the ribs within the fuselage area would have on this tooling cost. Substructure
assembly tooling costs were assumed to be constant, since the major part of
this cost results from the massive assembly fixture required to mate the various
structure elements.

The monocoque waffle substructure menufacturing costs are presented in
table 23-5, These data show the increase in total cost with the decrease in
aspect ratio due to the increase in number of spars, as well as assembly com-
plexity. Further comparison of substructure costs for aspect ratio 1.8 to 2.0
indicates that the increase in spanwise beam cost exceeds th.. cost due to the
complexity of the substructure assembly, for AR = 2,0; thus total substructure
costs for AR = 1.8 is 1 percent to 2 percent greeter then for AR = 2,0. Sub-
structure weight shows a similar trend with the lowest weight coming from the
aspect ratio of k4.

The waffle panels were assumed to be machined from plate stock, utilizing
electrochemical milling (ECM) equipment with a power of 20 Q00 emperes avail-
able at the cutting surface. A cutting rate of 0.1 in./in.e/lOOO amperes was
used to establish ECM machining costs. A study of & panel layout used for the
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MBO by hSO pattern indicated that a minimum of five ECM tools would be required
for a regular sized panel. Special panels, such as occur along the leading
edge beam, would require additional tooling. After ECM machining of the panel
pockets, a secondary wmachining operation was performed to remove the risers in
the flanged attaching areas. After aging, panels were fitted to the sub-
structure, trimmed to size, drilled, and assembled, using Rene’l4l plate nuts
and flush screws on the lower surface with Hi-Iok fasteners for the upper
surface attachment. Teble 23-6 presents the panel febrication and installation
costs, with tooling costs amortized over 100 units. Minimum-cost results from
the aspect ratio 1 panels, vwhich also result in minimum panel weight. Com-
parison of panel menufacturing costs for AR = 1.8 and AR = 2.0 indicates
that, although the panel fabrication cost is less for the former, the instal-
lation costs due to the increased linear feet for attachments more than offset
the gains for panel repeatability.

The total manufacturing cost variation with aspect ratio was obtained by
combining the information for the substructure (table 23-5) with panel fabrica-
tion and installation date (table 23-6) and heat shield data (table 23-2). The
elemental costs for the substructure, panel, and heat shield/insulation are
presented for the various aspect ratios in table 23-7. The total cost variae-
tion with aspect ratio indicates a decreasing cost trend for the greater aspect
ratios. This difference, however, is small, indicating minimum-weight con-
siderations to be more impartant then cost for the waffle concept.

A surmary of cost date for the waffle concept aspect ratio study is pre-
sented in table 23-8. Iebor, material, and nonrecurring costs are itemized
separately to show the effect of each on total cost. The data are presented
in dollars, dollars per square foot, and dollars per pound. For the minimum-
weight arrangement (AR = 1,8), labor costs account for approximately 31 percent
of the total cost, with material cost accounting for 65 percent. Tooling costs
amortized over 100 units account for 4 percent of the total cost.

The effects of number of vehicles o: these ceosts are presented in figures
23-13, 23-14, 23-15, and 23-16. The decrease in lebor costs with increase in
aspect ratio is indicated in figure 23-~13. That the material cost increases
with aspect ratio is evident in figure 23-14. The tooling cost variance with
the number of vehicles is swall for all numbers considered and becomes almost
negligible with 100 or more vehicles, as shown in figure 23-15. Total manu-
facturing cost variance with aspect ratio is shown in figure 23-16. When 100
or more vehicles are considered, the decrease in labor cost with aspect ratio
is offset by the increase in material cost with aspect ratio, resulting in
approximately the same cost for all aspect ratios.

Concept costs: The substructure fabrication and lebor cost for the
minimum-weight waffle concept (AR = 1.8). which is used as the basis for deter-
mining ubstructure costs for the other srrangements, ig presented in table 23-9.
The total honeycomb concept substructure cost for the main wing manufacturing
segment is approximately 60 percent of the waffle concept cost. This cost is
attributed to a 50 percent reduction in lineer feet of ribs and spars, coupled
with the reduced substructure agsembly coste due to the lower number of rib-
spar intersections.
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The monocoque concept penel fabrication end installation costs are
presented in teble 23-10. The waffle concept costs are the results of the
aspect ratio study (teble 23-6). The honeycomb concept costs reflect basic
panel costs (as purchased from Stresskin Products Co., Santa Ana, California)
with subsequent panel processing and installation accomplished in & major
febrication and aessembly area. This processing entails the machining of the
core to accept the inner closer channel, channel fabrication, spotwelding,
and chem-milling the face sheets to the specified thickness. Panel installgtion
includes locating the panels in the substructure, locating the cover strips,
drilling, deburring, final trimming to size, installating the plate nuts ?as
specified) and installing the flush fasteners. Panel fabrication cost reflects
the major impact of labor for the honeycomb, whereas the material cost provided
the major cost for the waffle panels. Panel installation costs are a function
of the substructure grid arrangement, accounting for the added complexity
involved in the honeycomb closeout design. Total penel costs indicate honey-
comb costs to be approximately 60 percent of the ECM waffle penels with a
36 percent weight reduction.

The combined substructure, psnel, and heat shield febrication, assembly,
and installation costs for the monocoque concepts are shown in table 23-11.
Tris table summarizes the information on tables 23~9 and 23-10, in addition te
providing heat shield data. Total cost comparison indicetes that the honey-
comb concept is approximately 62 percent of the waffle concept. The summary
on table 23-12 presents the main wing menufecturing segment costs in terms of
labor, material, and tooling for the substructure, panels, and heat shields.
For the waffle concept, labor accounts for epproximetely 31 percent and
material approximately 64 percent of the total, with 5 percent for tooling.
For the honeycomb design, lebor is approximately 45 percent of the total cost,
48 percent for materials, and 7 percent for tooling. TFor both concepts, the
tooling cost is insignificant.

To provide cost information for each zone (4, B, and C) of the wing,
appropriate distribution factors are applied to the total costs previously
calculated., Substructure costs for labor, meterial, end tooling for each
zone are presented in table 23-13. These costs with appropriate weights and
areas, as indicated, provide unit costs for sach zone. The average cost for
the waffle concept is $90 per square foot, w. th unit cost varience between
$57 per square foot for the outboard s.«a to $120 per square foot for the
center area. Honeycomb concept unit wosts ($/£t2) are approximetely 63 percent
of the waffle costs.

Penel fabrication end installation costs, including heat shield information,
is provided in teble 23-14. The distribution factor is a function of area;
thus the resulting unit costs (ﬂyfte) are constent for each concept. Since
both the cost and weight for the honeycomb concept are approximetely 64 percent
of the waffle concept, the resulting unit costs are similar with the average
being approximately $90 per pound.
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A summary of the monocoque concept totel menufacturing costs for each
zone is presented in table 23-15. For the main wing segment, the honeycomb
concept cost is approximetely $500 per square foot compared to the waffle con-
cept cost of $779 per square foot. The cost difference is attributed primerily
to material cost which is directly associated with weight; thus, the importance
of minimum weight is emphasized.

Semimonocoque concept costs. — The wing substructure costs for the span-
wise-tubular, spanwise-beaded, and chordwise convex beaded/tubular concepts
were obtained from the detailed costing information developed for the monocoque
waffle roncept reported earlier,

The substructure fabrication labor and material costs were factored as a
ratio of the linear feet of structural elements, as indicated in figure 23-4
and table 23-16, to the linear feet in the AR = 1.8 monocoque arrangment (table
23~5., Substructure assembly labor and material costs were factored as a ratio
of the number of structure intersections (tables 23-5 and 23~16) considering
the complexity of the Jjoint involved (figure 23-4). Tooling costs for the
spanwise, breakline, and leading edge spars were assumed to be constent. Tool-
ing costs for the chordwise ribs were factored by the ratio of linear feet of
structure, compensatirg fo:' tue impact that the similerity of the spars within
the fuselage area would have on this tooling cost. Substructure assembly tocling
costs were assumed to be constant, since the msjor part of this cost results
from the massive assembly fixture required to mate the various structural elements.

The lowest substructure cost is associated with the spanwise concepts,
the chordwise concept is 26 percent costlier, due to its closely spaced spars
which result in a large number of spars and rib-spar joints.

The fobricated sheebtmetal structural panels were costed iu detail with
variations appropriate to the uniqueness of each panel concept. For example,
the tubular panel designs were assumed to be formed in two halves with each
requiring a three-gtage forming operation with two interstage snneals. An-
nealing wes assumed to be performed in a controlled-atmosphere furnace with
subsequent bath cooling. Panel halves, as formed, were assembled with blanked
doublers and spotwelded to form a complete structural penel, Heat shield com-
ponents were added as appropriate, and the complete assembly sged and oxidized.
Panel assemblies were fitted to the substructure, trimmed, drilled, end as-
sembled. Typical penels with appropriate heat shields were .osted for each
zone (A,B, and C) of the wing surface, considering changes in material ussge
and shepe of panel. Other panel manufacturing was accomplished in a similar
menner with appropriate variations for the particuler panel concept (i.e., one
fornied panel for the beeded concept, or speciel forming tools along the leadiug
edge of the panel for the chordwise concept), Although very high initial tool-
ing costs are required for the beaded panels, this panel results in lowest cost,
with approximately 21 percent of the fabrication cost attributed to labor,

64 percent for materisls, and 15 percent for tooling. Since the material costs
are related directly to weight, the importance of minimum weight is indicated
by these date., The data also indicate at spproximately 60 percent of the panel

23~T



fabrication and installetion costs are for installation. Concepts with larger
substructure grids result in fewer fasteners and minimize installation costs.
Cost comperison of the total panel fabrication and installation requirements
indicates that the beaded concept is lowest in cost, with the tubular concept
2.5 percent greater and the chordwise concept 41 percent greater than the beaded
concept. The latter is attributed to the impact of closely spaced spars requir-
ing more closeouts per linear foot of panel, as well as grester installation
costs due to the increased linear feet of attachments.

A summary of the semimonocoque concept menufacturing costs -.compassing
substructure, panel, snd heat shield (including insulation) fabrication, as-
sembly, and installation is presented in table 23-17. The substructure and
panel cost data are from tables 23~16 and 23-18, respectively. The heat shield
(insulation) cost is basged on the date from teble 23-2, with heat shield being
used on the exposed wing for the spanwise concepts and lower surface only for
the chordwise concept. Minimum cost results for the spanwise beaded concent,
with the spanwise tubular b.ing approximately 2 percent costlier and the chord-
wise concept being 23 percent costlier.

A labor, material., and tooling cost summary is presented in table 23-19 for
the semimonocoque concepts. For the lowest cost beaded concept, the labor
costs account for approximately 40 percent of the totel; material costs 45 per-
cent and emortized nonrecurring costs 15 percent, Total unit costs range from
$291/£t2 to $358/£t° and $58/1b o $53/1b for the minimum-weight to maximum-
weight concepts, considering the basic structural elements of the mair wing
menufacturing segment,

The substructue manufecturing costs for eac’ of the zones (A,B, end Cj
are presented in table 23-20. Appropriate distribution factors, weight, and
geometry data are used to develop unit costs for each zone as indicated. Basic
date from takle 23-17 and appropriaste weight tebles are used (teble 23-4),

The panel fabrication and installation costs for each zone are presented
in table 23-21. Cost date from table 23-18 are used with the appropriate dis-
tribution factors noted and appropriate panel weight date irom table 23~k to
obtain the unit cost dats.

The hea* shield and insulation menufacturing cost data for each zone is
presented in teble 23-22, Distribution factors are based on area of applica~-
bility (i.e., zone A represents heat shield on the lower surface only) with
weight information taken from tebles 23-4 to obtain the unit cost data for the
heat shields.

A summary of manufacturing costs and unit costs for each zone is presented
in table 23-23. These manufacturing costg are based on dete from tebles 23-20
2321 and 23-22, The costs reflect the menufacturing requirements for the basie
structural elements only, Additionel cost factors are essential to develop unit
costs that would be representative of the totel wing.
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Statically determinate concept costs. — The wing substructure manufactur-
ing costs, excluding the impact of the slip-joint sssemtlies, are presented ln
table 23-24, The basic arrangement of substructure is representzd by the grid
presented in figure 23~k and includes additional spars as indicated. The detall
costing information for the substructure presented earlier is used with eppro-
priate linesr feet and nunber of intersection ratios to obitain the cost dats
presented. Comparing the substructure cost date with the sywenwise beaded con-
cept indicates a 16 percent incresse in cost with a 12 percent increase in sub-
structure weight. The cost increase is attributed to an increase in spar
requirement end resulting increase in the effective number of spar-rib inter.
sections., A further iteration of the stetically determinate concept could
possibily yleld an increase in spar spacing and a corresponding cost reduction,
The impact of the slip-joint assemblies is not included in the aforementioned
percentages.

The statically determinate concept paunel manufacturing costs presented in
table 23-25 indicate similar fabrication costs and slightly greater installation
cost in cowparison to the semimonocoque spanwise beaded concept. Imcrease in
instaellation costs is the result of panel attachment details in which additional
fasteners are used along the panel spanwise joints.

A summery of substructure, panel, and heat shield (including insuletion)
costs for labor, material, and tooling is presented in teble 23-26, Total man-
ufacturing costs for the basic structural elements excluding the slip-joint
assemblies are approximately 18 percent grester than for the minimum-cost semi-
monocoque concept. The impact ol labor, materials, and tooling on the manufac-
turing cost of this concept is presented in teble 23-27., Iabor and material
dollars each account for approximately 43 percen: of the total, with heat shield
cost approximstely 13 percent of the total manufacturing cost. The unit cos*
($/£t=) of the basic structure (less slip-joint use~ublies) ie 18 percent
greater then the minimum-cost semimonocoque concept with a dollers-per-pound
inerease of 1. percent also indiceted.

The menufacturing costs encompassing labor, materials, and tooling for
each zone (A,B, and C) are presented in table 23-28.for the substructure, penel
and hesat shields. The datse ere based on resulbts shown in table 23-26, using
appropriate distribution factors discussed earlier and welght informetion from
table 23-4, Table 23-29 summarizes the lsbor, material, and tooling 2sts for
the main wing segment, as well as presenting the unit costs ($/1b end ¢/ft2) for
each zone. These data, with appropriate cost factors to account for the slip-
Joint assemblies and other cost items to reflect total wing costs, are used as
inputs tc the interaction emelysis discussed in section 26.

Wing segment cost summary. - A summary of manufecturing costs for the main
wing segment Is presented in ubles 23~30 and 23-31, These costs are total
costs for the combination of concepts including primery structure gnd hesat
shields/insulation. Total cost, welght and unit costs ($/1b, $/ft<) are pre-
sented for each zone (table 23-31) as well as for the total main wing segment.
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The statically determinate costs do not include the impact of the slip-
Joint assemblies; and encompass the basic elements of the wing structure only.

The minimum-cost concept is the semimonocoque-beaded at $291 per square
foot with the semimonocogue-tubular next at $5.00 per square foot greater.

The monocoque- concepts are the costliest, with the waffle snd honeycomb being
percent and 65 percent greater, respectively, then the lowest-cost beaded
concept. It is emphasized that these costs reflect menufacturing costs for only

the basic structure of a representative manufacturing segment (main wing) and
only provide a cost comparison for & relative ranking of the concepts., It is
further noted that the statically determinate concept costs do not include the
impact of the slip-joint assemblies. Factors to account for machined and sheet-
metal parts, as well as other machined parts and miscellanecus structures are

added S0 these costs to provide cost data to obtein the total wing manufacturing
costs discussed later.

Total Wing Costs

Cost estimating relationships (CERs)for labor, material, and tooling were
seveloped for each concept, using the detailed main wing segment msnufacturing
costs as the bases. These CERs, presented in $/1b, provide a factor which,
vhen multiplied by the estimated weight of the total wing, results in the incre-
mental manufacturing cost (i.e., lebor, meterial, tooling) of the total wing.
Wing geometry for the baseline vehicle, with reference areas, is presented in
figure 23-17. Wing weights for the baseline vehicle are itemized in table 23«32,
and are used to obtain the manufacturing costs for the totel wing.

Experience has indicated that for a given materiel and design concept
selection, there is a predictable relationship between total vehicle msnufactur-
ing hours and hours required to perform various activities during this period
of manufacturing. The main wing segment costing is as detailed as possible
considering the depth of design available. The costing involves the faebrication
and assembly of the basic structure of the wing (i.e., panels, substructure,
heat shield) which for most concepts are sheetmetal components, the exception
being the ECM waffle concept panels and the slip-joint assemblies of the static-
ally determinate concept. The actual manufacturing of the complete wing would
introduce other sheetmetal and machined parts, particularly at the interfaces
between manufacturing segments of the vehicle (i.e., wing-to-wing, wing-to-
fuselage, ete.). Tue developed CERs for the wing include factors which account
for these unknown elements.

The detailed costing relationships developed for the supersonic transport
(38T), which, from a technological stendpoint was quite similar to the hypersonic
cruise vehicle, indicated an estimated cumuletive average cost at 100 units of
768 100 total meanufacturing hours. A breakdown of this total included 357 000
hours for machined parts, or 49 percent of the total manufacturing hours. For
the purpose of this study, it was assumed that this relationship would exist for
the semimonocoque chordwise concept, since it is the most similar to the con-
struction proposed for the SI7 (i.e., multispar, chordwise gtiffened). Other
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assumptions made to develop the CERs for each concept include the following:

(1)

(2)

(3)

()

(5)

(6)

(7)
(8)

(9)

(10)

To provide a more common basis of comparison of HCV (chordwise
concept) to SST, the heat shield/insuletion labor and material
costs were deleted from the chordwise concept costs to arrive
at the machined parts cost.

ILebor and material costs were increased by 25 percent to account
for additional sheetmetal parts (i.e. stiffeners, clips, etc.)
but were not costed in deteil.

Calculated weights were increased by 10 percent to account for
the uncosted items. These sheetmetal perts are assumed to be
relatively light in weight.

A lavor rate of $12/hr was used to obtain the time involved in
mechining.

A material removel rate for Rene’l4l of 0.266 1b/hr was used.

An overgll titenium machining material removal rate of 1.33 lb/hr
has been developed from actual experience with titanium. An
analysis of the comparative machinebility of Rene’ kil versus
6A1-L4V titanium for the various types of machining done during
aircraft menufacture indicates that Rene’ 41l is approximately

five times as difficult to machine as titenium. Therefore, a
meteriel removal rate of {1.33/5) pounds per hour was assumed

for Rene”lil.

A buy-to-net factor of 2 for sheetmetal costs was used to ac-
ccunt for losses due to rejected parts and other scrap.

A buy-to-net factor of 11 was used for machined parts.

Net material after machining was estimated as 10 percent of
estimated material removed.

Total raw material purchased was estimeted as equal to the
product of the net-to~buy factor for machined parts and the
estimated net material, or 1.10 times the estimated meterial
removed.

Machined parts raw material cost wes based on $25/lb.

The machined parts estimeted labor and materiel costs are presented in

table 23-33.

These cost estimates are for the semimonocoque chordwise concept

based on the assumptions mede sbove. The total ecosts for labor and materiels
for the machined parts are $262 614, Since the machined parts required are
primarily a function of substructure arrengement end complexity, the mechined
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parts labor and material costs for the other concepts are assumed to be pro-

" portional to the substructure labor and material costs for esch concept (table
23-34). The statically determinate concept machined parts and added sheetmetal
costs include the cost for the special slip-joint fitting assemblies at each
spar-rib interface, special furselage-to-wing interface Fittings, and the re-
quired sheetmetal elements as casculated in table 23-35. The labor and : a-
terial costs for the slip-joint assemblies are $73/ft2 and $39/ft2, res
tively, based on cost results of table 23-35.

Iabor and material cost estimating relationship. — The total labor an.
material costs are determined (table 23-3%4) for each concept by estimating cost
increases (25 percent) due to additional sheetmetal elements and appropriate

factors for machined parts labor and material. Unit costs ($/1b) are calculated,

using the costed structure weight increased by factors used to account for the
additional sheetmetal elements as well as machined part weights. The final
labor and material CERs presented in table 23~34) are -used to determine the

cost for manufacturing the complete wing. The CERs result in approximately twice

the labor costs and 2.5 times the material cost developed for the main wing
manufacturing segment.

Wing structure labor costs. — The total wing structure labor costs for
each zone (A,B, and C) are presented in table 23-36. The labor factor is the
ratio of the labor cost relationship determined for the overall wing to the
Jabor cost for the main wing wanufacturing segment. The labor factor 1s used
as a multiplying factor to determine total labor costs for each zone of the
wing. Total labor costs for the wing concepts vary between 2.36 million dol-
lars for the minimum-weight beaded concept to 4.25 million dollars for the
monocogue waffle concept.

Wing structure material costs. — The total wing structure material costs
for each zone are presented in table 23-37. The material factor is the ratio
of the material cost relationship determined for the overall wing to the wa-
terial cost for each zone of the wing. Total material costs for the wing
concepts vary from 3.96 million dollars for the minimum-weight beaded concept
to 1l1.1 million dollars for the monocoque waffle concept.

Tooling cost estimating relationship. — The tooling cost estimates deter-
mined for the mwain wing manufacturing segment are used to calculate the tooling
unit cost ($/1b) for the various structure concepts (table 23-38). Tooling
costs for the estimated sheetwetal and machined parts are based on this same
unit cost; thus, the total tooling cost is increased spproximately 15 percent
above initial calculated values. The wing tooling CER for each concept (table
23-38) is used to compute overall tooling costs.

Tooling CERs for the fuselage and empennage are based on estimates avail-
able from the SST program. Estimated tooling costs on the SST program were 85
hours per pound for the wing, 131 hours per jound for the fuselage, and 185
hours per pound for the empennage. As in the case of wachined parts costs,
these estimates are assumed to be directly applicaeble to the semimonocoque
chordwise concept. Appropriste values for the tooling CER for the fuselage
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and empennage for this concept, based on the estimated tooling cost for the
SST, are shown in table 23-39. This tooling CER was assumed to be constant
for the fuselage and empennage for the various concepts.

The total structure tooling cost (table 23-39) for each structural seg-
tent (wing, fuselage, and empennage) was determined by the product of the
toeling CER and the respective segment weight., The structure CER, as indicated,
is obtained by dividing the summation of toolini; cost by the total weight.

In addition to the above tooling costs, final mate and assembly (FM & A)
tooling costs must be included in the overall tooling costs. Experience on the
P-3 program and the estimate for the SST program indicate that about 19 per-
cent of the total tooling costs result in this area; thus, FM & A tooling costs
are assumed to be 19/81 or 23.4 percent of the structure CER.

The tooling costs estimated to this point represent what is usually refer-
red to as initial tooling. This is the basic tooling required to produce the
vehicle prototypes. Once a production program is begun, additional tooling
(production tooling) is required to meet an established production rate. On
past programs, a ratio of total tooling (initial tooling plus production tool-
ing) to initial tooling has been estimated, using a Rand formula, at about
2.2. The SST program extimates indicated a ratio of 2.82. Since it appears
that the tooling required for this program is simpler, a ratio of 2 has been
assumed. The resulting data indicate that the overall tooling cost estimating
relationship (overall tooling CER) varies between $1416 per pound for the
monocogque waffle concept to approximately $2000 per pound for the statically
determinate concept.

Total wing cost summary. — The manufacturing costs for the total wing
structure for each concept were determined for the baseline airplane (GW =
550 000 1b). The total wing costs (table 23-40) are based on the cost estimat-
ing relationships for labor, material, and tooling, and the total wing weights,
as shown in table 23-37, 23-38, and 23-39.

Results given in Table 23-40 indicate that the semimonocoque spanwise
tubular is the next lowest-cost concept. This concept is 6 percent heavier
than the beaded concept for the baseline vehicle, but the wing cost is only
2 percent greater than the beaded concept. The cost results for the other
concepts, in order of the cost, are semimonocoque chordwise; monocoque honey-
comb statically determinate and monocoque waffle. The cost order is similar
to that calculated for the main wing segment (table 23-30) except for change in
order of the honeycomb and statically debterminate conceptse.

Vehicle Production Costs

To determine vehicle production costs, a comparison of the overall wing
structure cost estimabing relationships with those developed for the SST pro-
gram was made. These date provide a ratio indicating the relative complexity
of the structural technologies between the SST and hypersonic cruise vehicle.
Using this ratio and valuc-engineering estimsting techniques, cost est mating
relationships were developed for each of the structural and subsystem segments
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of the hypersonic cruise vehicle typified by figure 23-18. Development of
other subsystem requirements (i.e., avionics, controls, etc.) were obtaiaed
from data taken from the Electra, P-3, F-104, FX, and SST programs. These
relationships, as presented in table 23-41, are in terms of labor and material,
and were developed from historical data accumulated from previous production
and development contracts.

For each of the structural concepts studied, it was assumed that these
cost estimating factors would remain constant for all segments other than the
wing and leading edge table 23-42). Tt was assumed that overall cost differ-
ences associated with the various structural concepts would be reflected by the
application of these cost estimating factors to varying vehicle segment weights.

Total vehicle production costs (labor and material only), less engines,
were developed, utilizing these cost estimating factors. Total vehicle costs
shown in table 23-43 indicate that the semimonocoque spanwise beaded concept
is minimum cost. The semimonocoque spanwise tubular concept is next, being
less than 1 percent costlier. The other concepts, in order of cost, are the
semimonocogue chordwise, monocoque honeycomb statically determinate, and the
monocoque waffle.

The calculated dollars per pound ($/16) main wing manufacturing costs
information for each zone, as discussed in the concept cost sections and sum-
marized in tables 23-15, 23-23, and 23-29, are used with the appropriate cost
faaetors as inputs to the interaction analysis discussed in section 26.
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TABLE 23-1

INITTIAL SCREENING COSTS OF STRUCTURAL PANELS

Primary structure concepts Material Costh
1000
Units
2
$/1t
Monocogue ™ Waffle grid unflanged - Ren€ 41 229
59 x hgo Haynes 25
Waffle grid flanged - Rend Ll 291
45° x Ls° Haynes 25
Waffle grid unflanged - Ren€ Ll 25k
0° x 90° Heynes 25
Waffle grid flanged - Ren€ Ll 293
0° x-90° Haynes 25
loneycomb sandwich René L1 35k
Haynes 25
Truss-core sandwich Rene b4l 123
Haynes 25
Semimonocogue? Tubular René 4l 69
(spanwise) Haynes 25 55
Corrugation stiffened René Ll Th
Haynes 25 82
Trapezoidal corrugation Rend bl 45
Haynes 25 LL
Beaded Rene’ hl 56
Haynes 25 55
Semimonocoqu.eb Convex beaded Rend 41 55
(chordwise) Haynes 25 50
Trapezoidal corrugation Rend 41 54
Haynes 25 b7
Beaded René Ll 56
Haynes 25 5k
Notes: - i B
a

bre

ref

8 g = 940 ft:; Panel size:
3 = 9.0 ft 3 Panel size:

A T- T N

26 in, x 49,8 in.
30 in, ¥ b43.2 in.
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TABLE 23-2

SUMMARY OF HEAT SHIELD COST EVALUATION FACTOR DATA
FOR 100-VEHICLE PRODUCTION RUN

Heat-shield concept

Cost . Permanently
evaluation Refurbishable attached
factor
Corrugated skin Flat-skin dimple- Simply | Canti-

multiple supports | stiffened clip-supported | supported| levered

Material and labor,

9 24,50 40.10 44, 20 36.40
$ per it

-
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TABLE 23-3

LEADING~-EDGE COST EVALUATION FOR WING EVALUATION
AREA WITH 100-VEHICLE PRODUCTION RUN

Leading-Edge Primary Dollars/1b Dollars/linear ft
Concept structure Labor Materialb Total | Labor |Material] Total
a Monocogque 22.90 77.55 |100.45| 97.40} 329,60 {427.00
Segmented
Semimonocoque and
Statically deter- 19,90 67.40 | 87.301 97.40] 329.60 |427.00
minate
Monocoque 51.33 | 199.13 [250.46387.01| 501.34 |888.35
Continuous
Semimonocoque and
Statically deter- 47.50 | 180.22 1227.72]394,79] 497.68 | 892.47
minate

290-in. segments,

brp Nicr.
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TABLE 23-4

WEIGHTS FOR MAIN WING MANUFACTURING SEGMENT

2
Primary structure concept W, lb/tt Wa’ 1b
) A B c A B C 2
Monocoque waffle concept
~ Panel 7.81 9.13 6.68 2824 | 2269 { 2294 | 6 887
Substructure 2.90 2.90 1.69 976 821 690 | 2 4938
Thermal protection 0 0 1.07 0 0 380 380-
Heat shield (0. 92) (330)
Insulation (0.15) (50)
Total 10.71 [12.03 | 9.44 | 3300 | 3090 | 3370 | 9 760
Monocoque honeycomb
concept
Panel 4,73 | 4.83 | 4.76 | 1460 | 1240 | 1700 | 4 400’
Substructure 1,52 1.52 0.92 470 390 330 | 1190
Thermal protection 0 0 1.07 0 0 380 380 ¢
" Heat shield 0.92) (330) ;
Insulation (0. 15) - 50) )
-Total 6.25 6.35 6.75 1930 | 1630 | 2410 | 5970
Semimonocoque, spanwise
tubular
Panel 2.89 2.91 2.78 891 748 992 | 2 631
Substructure 1.37 1,57 1.08 422 404 386 | 1212
Thermal protection 0. 56 1.13 1.83 172 290 663 | 1115
Heat shield 0.56) | (1.13) | (1.53) (546)
Insulation (0.30) (107)
Total 4.82 | 5.61 | 5.69 | 1485 | 1442 | 2 031 | 4 985
Semimonocoque, spanwise
begded
Panel 2,52 | 2.68 | 2.46 | 776 | 689 | 878 | 2343
Substructure 1.37 1.57 1.08 422 404 386 | 1212
Thermal protection 0.56 1.13 1.83 172 290 653 | 11156
" Heat shield 0.56) | (1.13) | (1.53) (546)
~ Insulation (0. 30) 7 7 (107)
Total o 1 | 1370 J1383 | 1917 | 4670
a5, = 308 % 8, = 267 #%; S, =367 % 8, = 922 2.

Total
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TABLE 23-4

MAIN WING SEGMENT WEIGHTS (CONCLUDED)

. W, Ib/t? W, Ib
Primary structure concept A B C A B C v
Semimonocoque chordwise
convex beaded tubular
Panel 3.47 3.39 3.52 1070 R70 11260 ] 3200
Substructure 2.85 2.78 1.54 880 720 550 [ 2 150
Thermal protection 0.61 0.61 1.28 180 160 460 800
Heat shield (0.61) § (0.61) } (0.99) (180) | (160) | (350)| (690)
Insulation 0 0 (0. 29) (120) ] (110)
Total 6.93 6.78 6.34 2130 |1750 [2270 | 6150
otatically determinate
spanwise beaded
Panel 2.76 2.89 2.46 850 743 878 | 2 471
Substructure 1.56 1.63 1.29 481 419 460 { 1 360
Thermal protection 0.56 1.13 1.54 172 290 5560 | 1012
Heat shield (0.56) | (1.13) | (2.54)
Insulation 0) ) (0) .
Total 4.88 5.65 5.29 1503 |1 452 1888 | 4 843
23~19
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TABLE 23-9

MONOCOQUE CONCEPT SUBSTRUCTURE
MANUFACTURING COST2 (DOLLARS)

(Main Wing Segment)
Structure concept Monocoque
Waffle Honeycomb

1. Chordwise ribs

Linear feet ft 502 263

Labor $ 3 930 2 060

Material $ 21 300 11 160

Nonrecurring $ 1 290 650 835 050

Subtotalb $ 38 136 21 570
2. Spanwise beams

Linear feet ft 273 142

Labor $ 3 220 1670

Material $ 12 120 6 300

Nonrecurring $§ 313 080 313 080

Subtotalb $ 18 471 11 101
3. Leading edge and breakline beams

Linear feet ft 68 68

Labor $ 380 380

Material $ 1850 1 850

Nonrecyrring $ 156 190 156 190

Subtotal $ 3 792 3 792
4. Substructure assembly

No. of intersections 613 212

Labor $ 6 950 2 410

Material $ 3 520 1 220

Nonrecyrring § 1 217 450 1 217 450

SubtotalP $ 22 644 15 804
5. Total Cost $ 83 043 52 267
6. Substructure

Weight b 2493 1190
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TABLE 23-10

MONOCOQUE CONCEPT PANEL FABRICATION AND
INSTALLATION COSTS2 (DOLLARS)

(Main Wing Segment)
Monocogue
Structure concept Waffle Honeycomb

1. TFabrication

Labor $ 65 300 83 130

Material $ 358 500 151 994°

Nonrecurring $ 186 500 -

Subtotalb $ 425 665 235 124
2. Installation

Linear feet ft 843 473

Labor $ 139 150 1035 990

Material $ 54 860 32 190

Nonrecurring $ 53 720 34 033

Subtol:alb $ 194 547 138 520
3. Total panel cost $§ 620 212 373 664
4. Panel weight b 6 884 4 400

2For one-half of the main wing segment = 922 £t2
bNonrecurring costs amortized over 100 units.

®Includes basie honeycomb panel purchased from Stresskin Products Co.,
Santa Ana, Calif.
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TABLE 23-11

MONOCOQUE CONCEPT SUBSTRUCTURE, PANEL,
HEAT SHIELD (INCLUDING INSULATION) FABRICATION,
ASSEMBLY AND INSTALLATION COSTS2 (DOLLARS)

(Main Wing Segment)

Monocoque
Structure concept Watfle Honeycomb
1. Substructure $
Labor $ 14 480 6 520
Material $ 38 790 20 530
Amort. NR $ 29 773 25 217
Subtotal $ 83 043 52 267
2. Panel $
Labor $ 204 450 189 120
Material $ 413 360 184 184
Amort. NR $ 2 402 340
Subtotal $ 620 212 373 644
3. Heat shield/insul.$
Labo. $ 3 100 3100
Material $ 9 250 9 250
Amort. NR $ 2 950 2 950
Subtotal $ 15 300 15 300
4. Total cost $ 718 555 441 211
5. Total weight lb 9 760 5 970

3For one-half the main wing segment.
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TABLE 23-12
MONOCOQUE CONCEPT

MAIN WING SEGMENT COST

Structure concept Monocoque
Waffle Honeycomb
Planform area ft2 922 922
Total weight 1b 9 760 5 970
Labor $ 222 030 198 740
$/1t2 241 216
$/1b 23 33
Material $ 461 400 213 964
$/82 500 232
$/1b 47 36
Nonrecurring $ 35 125 28 507
(Amort over $/5t2 38 31
100 units) $/1b 4 5
$ 718 555 441 211
Total cost $/£t> 779 480
$/1b 73 74
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TABLE 23-16

SEMIMONOCOQUE SUBSTRUCTURE MANUFACTURING COSTS? (DOLLARS)
(Main Wing Segment)

Spanwise Chordwise
truc
ks Tubular | C Beaded | Convex beaded (U)
Tubular (U)
1. Chordwise ribs
Linear feet ft 259 259 146
Labor $ 2 030 2030 1144
Material $ 10 990 10 990 6 198
Nonrecurring $ 902 420 902 420 653 070
Subtotall $ 22 044 22 044 13 873
2. Spanwise beams
Linear feet it 119 119 434
Labor $ 1 400 1 400 5120
Material $ 5 280 5 280 19 270
Nonrecurring $ 313 080 313 080 313 080
SubtotalP ® 9 811 9 811 27 52°
3. Leading edge and
breakline beams
Linear feet ft 68 68 68
Labor $ 380 380 380
Material $ 1 850 i 850 1 850
Nonrecurring $ 156 190 156 180 156 190
Subtotal? $ 3 792 3 792 3 792
4. Substructure
assembly
No. of intersections 186 186 400
Labor $ 2106 2 106 4 531
Material $ 1067 1 067 2 295
Nonrecurring $ 1 217 450 1 217 450 1 217 450
Subtotal $ 15 347 15 347 19 000
5. Total cost” 50 994 50 994 64 186
6. Substructure 1b 1212 1212 2 150
weight

3por one-half of main wing area = 922 ftz.

b

23-32

Nonrecurring costs amortized over 100 units.




TABLE 23-17

SEMIMONOCOQUE

SUBSTRUCTURE, PANEL, HEAT SHIELD (INCL INSULATION)
FABRICATION, ASSEMBLY AND INSTALLATION COSTS? (DOLLARS)

(Main Wing Segment)

Structure Spanwise Chordwise
concept Tubular Beaded Convex Beaded (U),
Tubular (L)
1. Substructure
Labor $ 5 916 5 916 11 175
Material b $ 19 187 19 197 29 613
Amort. NR $ 25 891 25 891 23 398
SubtotalP $ 50 994 50 994 64 186
2, Panel
Labor $ 90 151 84 598 126 830
Material b $ 75 199 69 252 1100680
Amort. NR 3 3 362 10 576 3 230
Subtotalb $ 168 712 164 426 230 740
3. Heat shield/Insula.2
Area ft 1536 1535 922
Labor $ 16 375 16 375 10 033
Material b $ 32 514 32 514 20 448
Amort. NR 3 4 458 4 455 4 455
SubtotalP $ 53 344 53 344 24 936
4, 'Total cost $ 273 050 268 764 329 862

4por one-half of main wing area = 922 fl:z.

b

23-33
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TABLE 23-18

SEMIMCNOCOQUE PANEL FABRICATION AND INSTALLATION
COSTS?* (DOLLARS)

(Main Wing Segment)
Structure Spanwise Chordwise
concept Tubular Beaded Convex beaded (U)
Tubular (L)
1. Fabrication
Labor $ 16 531 13 448 19 860
Material $ 45 939 41 202 58 510
Nonrecurrivg $ 301 900 1 024 300 274 900
Sut .otalb $ 65 489 a4 893 81 119
2. Installation
Linear feet ft 446 431 648
Labor $ 75 620 71 150 166 970
Material $ 29 260 28 050 42 170
Nonrecurring § 34 260 33 300 48 140
Subtotal? $ 103 223 99 533 149 621
3. Total panel cousts $ 168 712 164 426 230 740
4. Panel weights 1b 2631 2 343 3 200

2For one-half of main wing area = 922 ftz.

233l

bNonrecurring costs amortized over 100 units.




TABLE 23-19
SEMIMONOCOQUE CONCEPTS MAIN WING SEGMENT COSTS

Spanwise Chordwise
Structure concept
Convex beaded (U)

Tubular Beaded Tubular (L)
Planform area  fto 922 922 922
Total weight 1o 4 958 4 670 6 150
Labor $ 112 412 106 889 148 038
$/ft2 122 116 160
$/1b 23 23 24
Material $ 126 900 120 953 150 741
$/ft2 138 131 164
$/1o 26 26 24
Nonrecurring $ 33 708 40 922 31 083
Conort. ;"er $/8t 36 44 34
$/1b 7 9 5
$ 273 050 268 764 329 862
Tgf;lt $/8t° 296 201 358
$/1b 55 58 53
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TABLE 23-24
STATICALLY DETERMINATE SUBSTRUCTURE MANUFACTURING COSTS?
(Main Wing Segment)

Spanwise
Structure concept Boaded
1. Chordwise ribs
Linear feet ft 227
Labor $ 1 774
Material $ 9 620
Nonrecurring $ 946 180
SubtotalP $ 20 856
2. Spanwise beams
Linear feet ft 274
Labor $ 3 240
Material $ 12 200
Nonrecurring $ 313 800
SubtotalP $ 18 578
3. Leading edge anu
breakline beams
Linear feet ft 68
Labor $ 380
Material $ 1 850
Nonrecurring $ 156 190
Subtotal® $ 3 792
4. Substracture assembly
No. of intersections 221
Labor $ 2 510
Material $ 1270
Nonrecurring $ 1 217 450
Subtotalb 15 954
5. Total cost 59 180
Substructure weight 1b 1 360

& For one-half of main wing segment = 922 ft2 .

bNonrecurring costs amortized over 100 units.
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TABLE 23-25

STATICALLY DETERMINATE PANEL FABRICATION AND
INSTALLATION COSTS2 (DOLLARS)

(Main Wing Segmerd)

Structure concept Spanwise
Beaded
1. Fabrication
Labor $ 13 784
Material $ 43 500
Nonrecurring $ 1121 852
Subtotal® $ 68 502
2. Installation
Linear feet ft 599
Labor $ 98 900
Material $ 39 000
Nonrecurring $ 43 300
Subtotalb $ 138 333
3. Total panel costs § 206 R35
4. Panel weights 1b 2 471 )

2por one-half of main wing segment = 922 #2,
bNonrecurring costs amoriized over 100 units.
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TABLE 23-26

STATICALLY DETERMINATE CONCEPT TOTAL SUBSTRUCTURE, PANEL,
HEAT-SHIELD FABRICATION, ASSEMBLY, AND INSTALLATION
COSTS?2 (DOLLARS)

(Main Wing Segment)

Structure Spanwise
concept Beaded
1. Substructure
Labor $ 7 904
Material $ 24 940
Aot NB® § | 26 336
Subtotal $ 59 180
2. Panel
Labor $ | 112 vsa
Material $ 82 500
Amort. NRb 3 11 651
Subtotal $ 206 835
3. Heat Shields
Labor $ 15 865
Material $ 30 184
Amort. NRb $ 4 455
Subtotal $ 50 504
4. Total cost $ 316 519

2 one-half of main wing area = 922 ft2 .

bNonrecurring costs amortized over 100 units.
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TABLE 23-~27

SUMMARY
STATICALLY DETERMINATE CONCEPT
MAIN WING SEGMENT COSTS

Spanwise
Structure concept Beaded
Planform area ft2 922
Total weight Ib 4 843
Labor $ 136 453
$/ft2 148
$/1b 28
Material $ 137 624
$ /87 149
$/1b 28
Nonrecurring $ 42 442
2
(Amort. over $/1 46
100 units $/1b 9
$ 316 519
Total 10,2
cost $/R 844
$/1b 65
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TABLE 23-31
SUMMARY — STRUCTURE CONCEPT? MANUFACTURING COSTS
(Main Wing Manufacturing Segment)

Total cost,| Weight, { Area,}] $ 3

Structure concept Zone 3 b £t b ftz

Monocogque A 244 105 3 300 308 74 793

wafile B 198 865 309 | 257 65 | 773

C 275 585 3 370 357 82 772

X 718 555 5 760 922 73 779

Monocoque A 148 070 1 93¢ 308 7 481

honeycomb B 120 453 1630 | 257 74 | 469

C 172 688 2 410 357 72 483

= 441 211 5 970 922 74 480

Seminionocoque A 89 710 1 485 308 60 291
spanwise

tubular B 80 799 1 442 257 56 314

C 102 541 2 031 357 50 287

= 273 050 4 958 922 55 296

Semimonocogque A 88 279 1 370 308 64 285
spanwise

beaded B 79 604 1 383 257 58 310

C 100 381 1 917 357 b3 282

= 268 764 4 670 922 58 292

Semimonocoque A 117 299 2 130 308 55 | 382
chordwise

convexbeaded/ B 94 086 1 750 257 54 366

tubular C 118 477 2 270 357 52 332

hy 329 862 6 150 922 54 358

Statically A 105 519 1 503 308 70 342

determinate

spanwise B 93 071 1 452 257 64 362

beaded C 117 929 1 888 357 62 330

z . 316 519 4 843 922 66 344

aPrimary structure and heat shield/insulation.

Does not include the impact of the slip-joint assemblies.

23-l7




TOTAL WING WEIGHT SUMMARY?

TABLE 23-32

(Baseline - G. W. =

550, 000 Ib)

Structure concept Location (ref figure 23-17) Totalb
A B C D

Monocogue 23 213 | 38 780 | 21 054 | 16 829 | 99 876
waffle

Monocoque 13539 | 20472 | 15 098 | 13 539 | 61 568
honeycomb

Semimonocoque 13 421 | 22 853 | 12 408 | 12 089 | 60 771
spanwise tubular

Semimonocoque 12436 | 21 93¢ | 11 682 | 11 339 | 57 391
spanwise beaded

Semimonocoque

chordwise 15 461 | 24 764 | 14 023 | 14 409 | 68 657
beaded/tubular

Statically Determ.

spanwise beaded | 14513 | 24 686 | 12 052 | 11 919 | 63 170

aPounds.
b

Does not include leading edge.
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TABLE 23-33

MACHINE PARTS ESTIMATED LABOR AND MATERIAL COSTS FOR
OVERALL WING STRUCTURE2

Ttem Operation/ref. Results

1 Total labor costs — main wing (Table 23-19) $148 038

2 Heat shield/insulation labor costs (Table 23-17) 10 033

3 Labor costs — basic structure (@- & 138 005

4 Estimate total labor costs e 3D 172 506

5 Total material costs — main wing) (Table 23-19) 150 741

6 Heat shield/insulation material costs (Table 23-17) 20 448

7 Material costs — basic structure (Bl-[h 130 293

8 Estimated net material .25 [7]) 162 870

9 Buy-to-net factor - 2
10 Total estimated material ([Elx 3 325 740
11 Total labor and material — basic structure (3 + o $498 246
12 Total machined parts labor @9/51 [4]) $165 726
13 Total machined parts hours Rate of $12/hr 13 810 hr
14 Estimated material removed Rate of 0.266 lb/hr 3 673 1b
15 Buy-to-net factor - 11
16 Estimated net material 0.10 ) 367 1b
17 Estimated total raw material purchased ( X ) 4 037 1b
18 Machined parts raw material costs - $24/1b
19 Machined parts estimated material costs ( X ) $ 96 888
20 Total labor and material — machined parts (2] + ) $262 6142

2pstimated cost for semimonocoque chordwise concept based on assumptions specified.
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TABIE 23-41

VEHICLE COST ESTIMATING FACTORS

Costing factors Units Value

CPAV = cost per pound of avicnics $/1b 1590
CECSL = laber cost for ECS $/1o 30
CECOM = material cost for ECS $/1b 192
CHL = labor cost for elevons $/1b 63
CEM = material cost for elevons $/1b 110
CELRL = labor cost for electrical $/1b 89
CELRM = material cost for electrical $/1b 93
CFEQL = labor cost for furnishings and equipment $/1o AN
CFEQM = material cost for furnishings and equipment $/lb 48
CFCL, = labor cost for flight controls $/lb 75
CFCM = material cost for flight controls $/1b 385
CFINL = labor cost for fins $/1b 153
(FINM = material cost for fins $/1b 126
CFSL = labor cost for fuel system $/1b 151
CFSM = material cost for fuel system $/1b 289
CFUSL = labor cost for body structure $/1b 65
CFUSM = material cosc for body structure $/1b 46
CHYDL = labor cost for hydraulic $/1b 120
CHYDM = material cost for hydraulic $/1b 342
CINLL = labor cost for inlet $/1b 219
CINIM = material cost for inlet $/1b 325
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TABIE 23-41

(Concluded)

Costing factors Units Value
CINTL = laber cost for instruments $/1v 29
CINTY = material cost for instruments $/1o 186
CLEL = labor cost for wing leading edges $/lb *
CLFM = material ccst fer wing leading edges $/lb *
mWLA = labor ccst for wing siructures - A $/10 *
CMWLB = labor cost for wing structures - B $/1b *
CMWLC = labor cost for wing structures - C $/Ib *
CMWMA = material cost for wing structures - A $/lb *
CMWMB = material cost for wing structures - B $/1v *
CMWMC = material cost for wing structures - C $/10 *
C™L = labor cost for nose cap $/1b 105
CNCM = material cost for nose cap $/10 350
CPLG = labor cost for landing gear $/10 2
CPUGM = material cost for landing gear $/lb 29
TCPAV = installation cost per pound of avionies $/1b 154,0
NTRJ = number of engines per vehicle .0

#Reference table 23-42,
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TABLE 23-43

TOTAL VEHICLE PRODUCTION COSTS”

(100 VERICLES)

Primary structure concept Dollars ($)
Monocoque waffle 51.745 x 106
Monocoque honeycomb 46.273
Semimonocogue spanwise tubular 44,255
Semimonocoque spanwise beaded 44,032
Semimonocoque chordwise conve:é
beaded, upper; tubular, lower 45.814
Statically determinate spanwise beaded 46.835

&1Labor and material, less engines.
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— 4=1/4 in. tooling heles

] .0 —

I lat
b
-

'“‘LT.‘:‘"’*T"

L8t ation .A’.L““*“ o= 47.0 Net length —

block 9,4 operationiblock
Amount of material

Develop blank,
0.02in. x 44.4x49 inches? x 0.298 Ib/in.° = 12.97 Ib

Net part
10,02 in. x 2087 inches” x 0.298 Ib/in.3 = 12.44 b

AX&;el:ialggostw
. 2 * L 2
2176 inches” x 0.08M  $/in.“ = $175.82
‘broduction time T T T Tomommrw

ECH Ref. Operation Set=-up time Run time

10.220 Shear strip, blank and pierce, burr,

clean, and 1D 3.43 0.348

10.220 Verson form 1st block 0.05 0.085

10.220 Verson form 2nd block 0.05 0.085

1.106 Shear ends to net trim

(remove added trim and T.H.,'s) 0.13 0.145

Total (hours) 3.66 0.663

T (hours)

* Ref; Engineering Cost Handbook (ECH)

Figure 23-5. Circular-arc Corrugation Web element Fabrication
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Section 2k

PERFORMANCE ANATYSTS

The performance analyses consisted of evalusting the primery structures,
heat shields, and leading edges for performence degradation (aerodynamic dreg
losses) due to surface roughness and wing distortion.

METHODS AND PARAMETRIC DESIGN DATA

Methods and parametric design data were established for evaluating per-
formance degradation (aerodynemic drag loss) in tecms of fuel increment due to
surface roughness and wing distortion (due to deflection). Performence degra-
jation was investigated for the following types of roughness and distortion of
the wing

Uniformly Distributed or Eguivalent Sand Grain Roughness

This type of roughness results from the unpolished condition of the wing
skin, coatings on the wing skin, spotwelds, or anything else that mars the fin-
ish of the wing skin. The uniformly distributed roughness increases the fric-
tion drag throughout the entire flight regime.

The incrementel drag contribution due to the uniformly distributed (sand
grain) roughness was assessed with the computer program described in ref-
erence 24-1, This program, which was developed at NASA Iangley Research Center,
combines the Sommer end Short T' method (ref. 24-2) and Godderd's method
(ref, 24-3) to compute skin friction dreg coefficients on & flat plate with
variasble and sand grain roughness. All portions of the wing were presumed to
have the same surface roughness. The drag increments due to various degrees
of surface roughness were assessed over the nomingl flight profile. Perform-
ance losses due to partisl areas of roughness are determined by reducing the
fuel increment using the ratio of the partial area to the total surface of the
wing.

Sheet Metal Joints and Fasteners
Surface protrusions and cavities are produced by various sheet metal

joints and fasteners. These surface imperfections produce pressure dreg at
all flight speeds.

2h-1



As suggested by Hoerner in reference 2h-4 (Chepters 5 and IT), the esti-
mation of the drag contributions due to the sheet metal joints and fastenrrs
was based on the local flow properties within that part of the boundery layer
affecting the protuberance or cevity. An appropriate form drag coefficient
based on the shape of the surface imperfection and the locel Mach number wes
determined. This drag coefficient, combined with the local dynemic pressure,
was used to estimate the drag contributions of the sheet metal joints and
fasteners.

Two-dimensional Surfece Waviness in Which the Wave Crests sre
Perpendiculer to the Wing Chord

This type of wing distortion may result from fabrication tolerances and
deflections in the wing skin due o air loads and thermal effects. The surface
waviness contributes pressure drag primarily during transonic and supersonic
flight.

The pressure drag contributions of the surface waves.were estimated with
the linearized inviscid theory presented in reference 24-5. The drag estimates
vroduced by the inviscid theory are expected to be slightly conservative.

Test data reported in reference 24-6 indicate that the drag contributed by two-
dimensional surface waviness on an ogive cylinder decresses from velues pre-
dicted by the inviscid linearized theory as the ratio of the boundary layer
height to the wavelength is increased. Unfortunately, there is insufficient
test data available at this time to quantitatively establish the effects of
the boundary layer on the drag contribution of the surface waviness. However,
the ratio of the average depth of the boundary layer to the length of the
surface waves (distence between SPars) for the cendidate wing concepts of this
program is less than the ratio that existed for the tests of reference 24-6.
Therefore, the effects of the boundary layer upon the drag produced by the
surface waviness should be less than those observed by the test results.

Thus, the inviscid theory, although slightly conservative, will produce valid
estimates of the drag due to surface weviness for the candidate wing concepts.

The performance degradation due to two-dimensional surface waves with
wave crests perpendicular to the wing chord wes determined., The surface waves
were taken to be sinusoidal in cross section shape, If the waves assumed the
shape of & circular-arc, the performance degradation would be 8 percent
greater than that produced by the sinusoidal waveform. The additional fuel
required to perform the fixed range mission is parametrically illustrated as
& function of the height of the wave, € , and the wavelength, A . Surface
waves with constant values of €/) were assumed to exist over the entire wetted
area of the wing. Performence degradstion due to partial areas of surfece
vaviness are calculated by multiplying the fuel increment by the ratio of the
area of the distorted portion of the wing to the total wing surface ares.

Three~Dimensional Surface Bumps oxr Depressions
Air loeds, thermal effects, or fabrication tolerances msy produce this
type of distortion in surface panels whose outer edges are attached to rigid
structure. Pressure drag in the transonic and supersonic speed regime is pro-
duced by the surface bumps.

o2



Performance losses due to three-dimensionel depressions or bumps were
defined using the linearized inviscid theory of reference 24-5. The fuel
increment required to compensate for the surface distortion is presented as
a function of € /A, where A is the length of the depression meamsured parallel
to the wing chord (the chordwise length of the wing panel) and € is the dis-
placement of the wing surface at the center of the panel. Again, the bumps
or depressions were assumed to exist over the entire wing surface. If only
a portion of the wing surface ares is distorted by the depressions, the per-
formance losses are calculat=d by applying the distorted area/totel area ratio
to the fuel increments.

Surface Corrugations Parallel to the Wing Chord

This source of roughness is the result of the beading or corrugations
incorporated into the design of the wing skin and heat shield. These surface
corrugations contribute pressure drag at transonic and supersonic speeds and
increase friction drag at all speeds.

The performence degradation due to the corrugations incorporsted into
she wing skin was determined for the applicable concepts, using the linearized
inviscid theory of reference 24-5. The corrugations are parallel to the wing
chord. The wave drag due to this form of roughness is generated et the front
and rear face of the end closeout of the bead or trough. Skin friction drag
is increased due to the increase in wetted arees resulting from the corrugations.
The fuel increment required to compensate for the drag caused by this class of
roughness is presented as a function of ¢ /A and L/A, where A is the width and
€ is the height or depth of the bead or trough and L is the distance between
the end closeouts. When the end closeouts occur at the leading and traeiling
edge of the wing, an effective length of 80 ft is used to determine the L/A
value. If there are no end closeouts, & value of » is taken for L/A param-
eter. Constant values of €/A and L/A were assumed to exist continuously
over the entire wing surface. When a flat area exists between adjacent beads
or troughs, the fuel penalty is determined by multiplying the fuel increment
by the corrugated area/total wing surface area ratio. The corrugeted surface
area is the sum of areas of the individual corrugations, vhere the area of a
single bead or trough is LA. In the case of the corrugated heat shield, the
corrugations incorporated & single low drag end. closeout on or near the lead-
ing edge. The performance degradation dve to this type of closeout was deter-
mined for each individusl candidate wing concept based on linearized invisecid
theory.

Deformation of the Primary Wing Structure
Thermal and sir loads produce spenwise and chordwise deflections of the
primery wing structure. This type of wing distortion increases the zero-lift

drag and alters the induced drag characteristics of the vehicle throughout the
flight regime.
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Distortions of the wing were determined at the Mach 8 cruise condition.
These distortions were assumed to exast threoaghout the entire mission. The
increased drag due to the various typ:3 of roughness and wing distortion were
assessed over the entire speed regime, using the computer program described
in reference 24-7. The performsnce penalties resulting from the increased
dreg were determined for the vehicle using the nominel acceleration schedule
for the climb-acceleration flight mode and the nominal speed-altitude schedule
for all phases of the ~‘igssion, The takeoff weight of the vehicle remained et
550 0CO 1b.

Paras -~sic Design Deta

varamelei. design curves for various types of roughmess, as discussed
eaclier, are shown in figures 24~1 “hrough 2u4-lL.

Evaluatinn Approach

The incremental drag changes duc to the six types.of roughness and dis-
tortion represent the drag iifference brtween the rough, distorted wing and an
"leally smooth wing. The wing of the nominal vehicle was defiusd to have an
amount of roughness and distortion that would produce a drag increase equsl to
10 percent of the smooth wing friction drag.

The nominal wing roughness would be equivaelent to a fuel penaliy of
1110 %, and was compensated for the nominal mission performance. Therefore,
the fuel penelty used in the concepts evaluation procedure is the difference
between the fuel increment determined for the candidate wing concept and the
fuel increment of 1110 1b resulting from the roughness and distortion that was
gssumed for the nominal wing.

Performance degradation due to surface roughness and waviness wes evalu-
ated for the heat shield and leading edge concepts, such that & final selec-
tion of the heat shield and leading edge concepts could be accomplished.

A performance degradation evaluation was conducted for each of the six
structural concepts, including the thermal protection system and leading edge
for constent mission range. A performance comparison was conducted by com=
paring all of the structurel concepts in terms of fuel/payload increment.

The fuel increment for each of the six concepts was input into the interaction
factor evaluation.

PRIMARY STRUCTURES

The performance penalties resulting from the combined roughness and
distortion of the wing are summerized in teble 2.1 for the cendldaete struc~
tural concepts.



Monocoque Waffle

The surface finish of the wing skin of the concepts evaluated is smooth
enough to result in no performence losses due to uniformly distributed (send-
grain) roughness. The waffle penels undergo three-dimensionsl surface dis-
tortion, which results in a fuel increment of 31 1b. The waffle panels are
connected with e butt joint every 43 in., measured in the chordwise direction.
The corrugated heat shield has a lap joint every 43 in. These sheet-metal
joints, plus those of the segmented leading edge, produce a fuel penalty of
19 1b. The corrugated heat shield and the end closeouts for the heat-shield
corrugations result in a fuel loss of 118 1b. The wing deflections (figs. 24-5
through 24-8) for the cruise-limit loads were used to determine the fuel penalty
due to wing deformation, which is 611 1b., The total fuel increment due to the
combined roughness and distortion of the monocoque wing concept is 779 lb.

Monovoaue Honeycomb Sandwich

The fuel penalty caused by three-dimensionel distortion of the honeycomb
panels is 282 1b. This value is larger than that for the mounocoque waffle con-
.ept because of larger thermal deflections (thermal gradients) imposed on the
honeycomb sendwich. The joints, fasteners, and the segmented leading edge
cause a fuel penalty of 155 1lb., The corrugated heat shield in the lower out-
board. surface results in a fuel increment of 118 1b. The fuel penalty attri-
buted to the wing distortion is 458 1lb (figs. 24~9 through 24-12). The total
fuel increment required to compensate for the roughness and deformation of
this wing concept is 1013 1b,

Semimunocoque Spanwise Tubular

This concept has corrugated heat shields on all exposed surfeces and a
segmented leading edge. The fuel penalty caused by three-dimensional penel
distortion is 73 lb. The lap joints of the heat shield, spaced every 90.0 in.,
and the sheetmetal joints of the leading~edge have a fuel penalty of 23 lb.

The fuel penalty due to the corrugations on the upper ard lower heat shield is
427 1b. The fuel penalty attributed to the wing distortion is 314 1b

(figs. 24-13 through 24-16). The total fuel penslty for the combined rough~
ness and wing distortion is 837 lb.

Semimonocoque Spanwise Beaded Skin

This primary structure concept incorporates the corrugated heat shield
and a segmented leading edge. The fuel penalties resulting from the sheet-
metel joints, corrugations, and primary-structure deformetions are identical to
those of the previous primery-structure concept. The surface psnels of these
wing concepts are subject to three-dimensionel distortion, which introduces an
81-1b fuel penalty. The total fuel penalty for the concept due to the rough-
ness and distortion of the wing is 845 1b.
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Semimonocoque Chordwise Convex-Beaded/Tubular

This candidate wing concept has convex-oeaded panels on the upper sur "ace
of the wing, which r~ uire no heat shield, and tubular panels with a corrugated
heat shield on the lower wing surface. The fuel penalty produced by three-
dimensional distortion is 159 1lb. The lap joints of the heat shield, speced
every 24 in., and the shees metal joints of the segmented leading edge instal-
lation introduce a fuel loss of 3| 1lb. The convex besds of the upper wing
skin have an end closeout every 2h in. The fuel penalty due 4o che corruga-
tions of the upper wing skin and the corrugations of the lower surface heat
shield is 1841 1b. The fuel increment attributed to the wing distortion is
521 1b (figs. 2L-17 to 2Lh-20). The total fuel increment regquired. to compen=-
sate for the roughress and deformation of this wing concept is 2553 1b.

Statically Determinate

This ccuncept has the leading edge and corrugated heat shield employed by
the spanwise~stiffened semimonocogque conczpts. The lap joints of the heat
shield result in a fuel penalty of 30 1b for the shee: metal joints and fas-
*eners. The surface panels distort three-dimensionally, producing e fuel
penalty of 195 1b. The fuel penal’y for the wing deformation (figures 24-21
to 2h-2L4) is 383 pounds, and the total fuel incremen: required to rompensate
for the roughness and distortion of the wing is 1040 1b.

Fuel Tnecrement Summery

The performence penalties resulting from the -warious types of roughness
and. distortion of the wing are summarized for the six candidate wing coneapts
in table 24-1, The total fuel increment for the combined roughness and dis-
tortion of each of the candidate wing concepts is compered to the fuel incre-
ment of 1110 1b, allowed to compensate for the assumed roughness of the nomi-
nal wing. The net difference between the fuel increment delerwrined for a
wing and the nominal 1110-1b fuel increment is also listed in table 24-1 for
each of the candidate wing concepts. As ghown in teble 24-1, the concept fuel
in incremente are less than the nominal fuel increment except for the chord-
wise concep*

The fully heat-shielded surfa~es heve no apprecisble drag increase over
& relatively smooth (partially shielded) con~ept, such as the waffle. However,
unshielded upper surface panels wi*h brads (chordwise coucept) protruding into
the air streum provide the most drag, -—en though the beads are oriented in
the direction of flow.

Using the net fuel increments for each concept; the fuel mass fractione

for the baseline vehicle shown in table 24-1l were determined for input into th-
interaction evaluation factor investigetion.
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HEAT SHIFLDS

The performance degradation resulting from tie surface roughness, sheet-
metal joints and fasteners, surface waviness, corrugations, and deformation
of the primary wing structure hes beer evaluated for the four heat shields
used with the spanwise tubuler structure. The eveluations are summerized in
table 24-2, Wing deflection drag (deformation of primary structure) is
incinded to indicate relutive drag of heat shields.

The corrugated sheet metsl heat shield on the upper and lower wing sur-~
faces was considered first., The surface finish on this snd all of the other
heat shield concepts is sufficiently smooth to cause no pesrformance penalties,
but the surface of the corrugeted heat shields suffers three-dimensional wave
distortion, resulting in & fuel penalty of 73 lb., In addition, the skin of
this heat shield has a rear-facing lap Joint every 90 in., vhich along with
the joints and fasteners associated with the segmented leading edge, cause a
fuel penalty of 23 lb. The corrugations of the hegt shield and the end close-
outs of the corrugations near the Zeading edge wesult in a fuel penelty of
k27 1b. Since all heat-shield concepts were applied to the same primary struc-
ture, the fuel increment of 31k 1b due to the deformation of the primary struc-
ture is common to all concepts. The total fuel increment due to the roughness
and distortion of the wing for the corrugated heat shield concept is 837 1b.

The second concept counsiders . has a flat, dimple-stiffened skin oen the
upper and lower surfaces. These panels are subjic :t to three-dimensional wave
distortion, and the fuel increment due to this surface waviness is 43 1lb.

The ranels also have a chordwise butt joint every 15.3 in. The fuel penslty
due to these sheet«metal joints and those of the segmented leading edge is

31 1. The total fuel increment for the cormbined roughness and distortion of
the wing with the flat skin, dimple-stiffened heat shield is 388 1b.

The third heat shield concept consists of the simply supporied, modular
heat shield on the upper wing surface and the corrugated heat shield on the
lower sw face of the wing. Agein, the panels incur three-dimensional wave
distortion. The fuel penalty resulting from the surface vwaviness is 5 1b.

The skin of the modular concept has & resr-facing chordwise lap joint every
10.% in., and the lower surface has a lap joint every 90 in. These sheet-
metal joints, combined with the joints and fasteners of the segmented leading
edge, result in a fuel penalty of 58 lb., The corrugations on the lower surface
heat shield cause & fuel peunalty of 231 1b., The to%al wing fuel penalty for
the simply supported moduler heat shield is 603 pounds.

The fourth arrangement, the cantilevered modular heat shield, is used
on the upper surface. The surface waviness is identicael to that of the third
concept. The cantilevered modular heat shield has a rear-facing choriwise
lap joint every 2.61 in. The fuel penslty for the lap joints and the sheet-
metal joints of the leadiug edge is 149 1b. The total fuel increment result-
ing from the rouginess and distortion of this wing concept is 699 1b.
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The fuel increments required to compensate for the combined roughness
and distortion of the four wing concepts are all less than the 1110-1b Tuel
increments initially sllowed to compensate for the assumed roughness and
distortion of the nominal wing. As & result, the net fuel increments c.
paylcad decrements used in the evaluation procedures have negative values
for each of the candidete heat-shield systems.

LEADING EDGE

The performence degredation resulting from the sheet-metal joints and
fasteners, end the corrugation and closeouts have been evaluated for the
segmented and the continuous leading-edge concepts. The end closeouts for
the corrugated heat shield are located in the leading edge for the continuous
leading-edge concepts. The segmented leading edge is cylindrical in shape,
requiring that the end closeouts of the corrugations be located in the heat
shield just behind the leading edge. The geometric characteristics of the end
closeouts are the same for both of the leading-edge concepts and result in
identical performance degradation. Because of & joggle joint at the attach-
ment of the leading edge with the wing panel, there is a fuel penalty of 10 1b
for either concept. In addition to the joggle joint, the segmented leading
edge has an expansion gap between each 20-in. segment. ¥ach segment is fas-
tened to the wing structure with flush-mounted screws. Because of the drag
contributed by the expansion gaps and the flush-mounted screws as well as load
deflection, the fuel penalty associated with the segmented leading edge adds
another 10.2 1b, Therefore, the fuel/pa;load increments for the continuous
and segmented leading edges are 10 lb and 20.2 lb, respectively.
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Section 25

RELIABILITY

The reliability analysis consisted of selecting a range for factor of
safety and calculating structural weight for low, nominal, and high levels
of factor of safety. The key factors, involving safety, creep, fatigue, and
maintainability were evaluated in this study.

METHOD OF EVALUATION
The primary factors affecting structural relisbility are:

1. The physical enviromment within the operating limits
of the wvehicle

. Design accuracy, including accountability for all
possible contingencies

3. Consistency of the reproduced articles to engineering
requirements

L.  Maintainability.

A numerical approach to a sta’ istical probability evaluation is not
possible because data do not exist to substantiate this approach. Instead,
the basic approach must establish a consistent reliability standard, adequate
for mission performance over the vehicle life span, which all concepts must
satisfy. Therefore, to satisfy the primary relisbility factors discussed
above, a structural reliability evaluation method was established which
consists of parametric variation of the key factors affecting the relative
reliability (sensitivity) of the structural concepts, as measured by weight.
These key factors, involving factors of safety, creep, fatigue, and main-
tainability, were used for three levels of structural reliability (low,
nominal design, and high) and three flight load conditions (-0.5-g,+2.0-g,
and cruise) as shown in table 25-1. Also, figure 25-1 presents the overload
and operative boundaries for the low, nominal, and high levels of factors of
safety.

The design limit load factor of safety of 1.30 was specified for the
flight load conditions. Normal aircraft design practice sets this factor at
a value of 1.00., Normel aireraft factors were considered the minimum (low)
acceptable levels the required value of 1.30 was the nominal value; and an
arbitrary design limit load factor of safety of 1.67 was chosen for the high
value. Similarly, factors of safety on thermal strain of 1.10, 1.30 (required),
and 1.50 were used. Creep and fatigue factors of safety operating time were

25-1



selected at 1 (low), 1.5 (nominal), and 2 (high).

The fourth primary reliatility factor, maintainability, concerned with
long life, damage tolerance, and slow crack growth (for long inspsction
intervals), is provided for by the sensitivity measured by the design factors
of safety variations discussed above. In addition, repairability was assessed
by evalua*ing refurbishment requirements of leading edges and heat shields.
Accessibility for interior wing inspection and repair was satisfied by using
mechanical fasteners that permitted the wing panels to be removed.

Using the established reliability method, a parametric evaluation was
conducted to establish the sensitivity of each concept (weight) for the three
levels of reliability (low, nominal design, and high). After evaluating one
concept (waffle) for the key sensitivity factors listed in table 25-1, it
was determined that the 2.0-g load condition was the most critical load
condition, with creep and fatigue not governing the design. Therefore, all
the concepts were evaluated for the 2.0-g load condition and the three levels
of factors of safety. These concepts encompassed heat shields, leading edges,
and primary structures.

HEAT SHIELD RELIABILITY

Results of the heat shield reliability evaluations are shown in
table 25-2, with heat shields applicable to a typical spanwise tubular panel
(46 in. by 92 in). For each load factor, the optimum heat shield consists
of minimum-gage skin with the support spacing decreased to allow for increased
pressure loading. Thus, variation in the equivalent thickness panel (t) is
dv only to changes in support spacing. The multisupported corrugated heat
shield, for example, has support spacing of 15.3 in., 13.1 in., and 11.5 in.
for the three levels of reliability.

Panel sizes for the flat-skin, dimple-stiffened concept are 23 in.,
15.3 in,, and 15.3 in. Because only heat shield sizes that are multiples of
the primary-structure panel size are considered in the heat shield evaluation,
the support spacing and t for nominal and high factors of safety are identical.
The next larger size (23 in.) would have larger oending moments thin allowed
by minimum-gage design.

The weights of the two modular concepts are not affected by variations
in factor of safety, since they are not influenced by the support spacing of
the primary structural panel.

The results indicate that reliability (sensitivity) had little influence
upon final selection of the heat shield concept.
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LEADING EDGE RELIABILITY

The leading edge reliability evaluation results are shown in table 25-3.
As indicated, the segmented leading edge provides considerably more flights
than the continuous concept; and the nominal design for the segmented leading
edge more than satisfies the vehicle desigw life of 8110 flights. The con-
tinuous leading-edge concept does not meet the life requirements for any level
of reliability studied.

PRIMARY STRUCTURE RELIABILITY

Relative structural reliability (sensitivity) was based on average unit
weights for the entire wing cross section. To determine average unit wing
weights, a spanwise distributicn based on total wing cross section weights
in the center (A), inboard (B), and outboard (C) wing areas was used for the
wing-‘nvestigation area. Then total weights were obtained. The wing weights
inelude upper and lower surface panels, spar caps and webs, rib caps and
webs, heat shields, insulation, panel closeouts, oxidation penetration, corner
posts, fasteners, As an example, tables 25-l through 25-6 present a summary
of component weights for the monocoque waffls concept for the three leveis of
reliability.

The reliability evaluation results for the six primary structures are
shown in table R5-7 for the wing-investigation area end the total wing. The
monocoque waffls results show constant variation in average wing weight of
about 1.0 1b/ft* between levels of reliability. For the monocoque honeycomb~
sandwjich concept, the constant variation in average wing weight is about 0.20
1b/ft~ between levels of relisbility. For the spanwise tubular concept, the
results indicate variaticns in wing weight of abouv* 0.30 1b/ft<, For the
beaded~skin concept, a constant variation of aboutu,hO 1b/ft< was indicated.

The chordwise concept results indicate variations in wing weight of
about 0.65 1b/ft~ between the low and nominal reliability levels and about
0.45 1b/ft2 between the nominal and high reliability levels. The statically
dejgr%inate concept results indicate variations in wing weight of about 0.40
1b/ft~.

For the fatigue reliability evaluation, discrete loading spectra were
used to arrive at a loading distribution (actual nutber of cycles applied at
discrete load levels) for cumulative damage analysis. A fatigue-life versus
allowable stress plot, based on the Palmgren-Miner cumulastive demage theory,
provided a direct-reading method of determining the potential penalty (reduced
allowable stress) for increage in lifetime. Results of the fatigue-reliability
evaluation are shown in figure 25-2. TFatigue life requirements for low,
nominal, and high levels of reliability were based on scatter factors of 1.0,
1.5, and 2.0, respectively, applied to the specified vehicle life of 10 000
hours at 1400°F. Between low and nominal lewvels of reliability, the allowable
mean stress at cruise decreased 6 ksi.
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The effect of creep on primary structural panel design was determined
for the cruise condition loads and temperatures, and scatter factors corres-
ponding to low and high levels of reliability were applied to the total
cruise time. The resulting structures, optimized for creep only, accounted
for only 70 percent of the weight of structures designed for the maneuver
conditions and checked for creep life. Therefore, creep conditions must be
evaluated, although they are not critical to the design.

SUMMARY OF CONCEPT RELIABILITY EVALUATION

Reliability--valuation results for the selected monocoque, semimonocoque,
and statically determinate primary structure concepts are sumrarized in
figure 25-3 for the wing investigation area and in figure 25-4 for the total
wing. As shown, for low, nominal, and high levels of reliability, they
represent ultimate factors of safety of 1.5, 2.0, and 2.5, respeclively.
Average unit wing weights were based on loads for the +2.0-g maneuver condition.

As shown in figure 25-3, the chordwise concept is lower in weight than
*he honeycomb-sandwich for the low, but not high, reliability. This is due
to the minimum-gage restraint of the honeycomb-sandwich.

The total wing weight evaluation of fi .re 25-4 indicates that the
minimum-gage honeycomb-sandwich is heavier than the statically determinate
concept for the low reliability. However, the honeycomb-sandwich is lower
in weight than both the statically determinete and tubular concepts at high
(2.8) factors of safety, which indicates greater honeycomb efficiency in the
higher load ranges.
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TABLE 25-1

SUMMARY OF RELIABILITY PARAMETERS

-0.5-g and +2. 0-g load conditions Life criteria for primary structure
(applied to operating limit loads) (fatigue and creep allowables)
. . a b
Reliability | UIHMate | 1y4imate thermal Reliability | Lotigue | Creep
level load strain factor level scatter scatter
factor factor factor
Low 1.5 1.1 Low 1.0 1.0
Nominal 2.0 1.3 Nominal 1.5 1.5
High 2.5 1.5 High 2.0 2.0

aApplied to fatigue spectra.

PCruise limit loads; 0. 5-percent total creep tensile strain; creep buckling based on
isochronous stress-strain curves.
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LEADING-EDGE RELIABILITY EVALUATION

TABLE 25-3

Leading-edge life (number of flights)

Level of reliability ) ®) €©)

Structural
arrangement Low Nominal High
scatter scatter scatter
factor =1.0 factor =1.5 factor = 2.0

Segmented leading

edge
'NOSE = 0.125 in. 6 5 5
¢ 10.0x 10 11.9x 10 2.5x 10

FIAT = 0.030in.

Length = 20.0 in. @
Continuous leading

edge 74 12 2

t

NOSE 0.625 in.

I

'PLAT = 0.060 in.

AScatter factor applied to low-cycle fatigue strain allowable.

bFatigue quality index, KQ = 2, applied to limit elastic thermal strain.

CAnalysis of end effect based on reference 41.

dyor cumulative fatigue damage analysis, =0.5-g and +2.0-g conditions
are assumed to occur for one of ten flights.




TABLE 25.}
SUMMARY OF COMPONENT WING WEIGHTS FOR LOW, NOMINAL,AND HIGH LEVELS OF
RELIABILITY, CENTER AREA (A)

(Monocogue wallle concepl: partial heat shield at outboard area lower surface
with insulation; a = 40 in., b = 20 in.)

Equivalent Thickness, in,
Ttem Low i Nominal High
factor . factor factor
Jpper 0.06172 0.07082 0.07925
Dore oo Lover 0.056:h 0.0657 0.07511
ot 0.11797 0.13657 0.15h36
Jpper rib direction 0.016h3 0.018:x¢ 0.01984
Upper spar direction 0.00821 0.00913 0.00993
Pot: h6! 2'7) oy
- fotal 0.0:h6h 0.02'7h0 0.00978
closeout - Lower rib direction 0.01 3 0.015h7 001408
single
shear Lower spar directiun | 0.0067: 0.007( 0.0085h
Total 0.02C17 0.0231Y 0.0756::
Total 0.04u81 0.05055 0.05540
Rib web 0.0363 0.0363 0.0363
Rib and
Spar web 0.0182 0.0182 0.0182
spar webs
Total 0.,0545 0.0545 0.05L5
Web intersection | Total 0.00225 0.00225 0. 00225
Insulation - - -
bynufllex o e e
insulation Packaging B - -
Total - - -
Corrugation - - -
Corrugated :
heat shield ClLip - - -
Total - - -
Oxidation Total 0.000498 0.000498 0.000498
Fastener Total 0.00541 0.005h41 0.00541
Total equivalent thickness 77Q.22§hh 0.24975 0.27130
Totel unit weight, 1b/ft° 9.67 10.72 11.6k
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SUMMARY OF

COMPONENT

TABLE 75-5

WING WEIGHTS FOR LOW, NOMINAL,AND HIGH LEVELS OF
RELIABILITY, INBOARD AREA (1)

(Monocoque waftle concepb: partial heal shie d at outboard area lower surfacce

with insulation; a = 40 in., b = 20 in.)
Taquivalenl Thickness in,
Low Nominal High
Item factor factor factor
Upper 0.06889 0.07904 0.08852
Panels Lower 0.07035 0.08224 0.09395
Total $.13924 0.16128 0.18247
Upper rib direction 0.01776 0.01975 0.021h7
Upper spar direction 0.00888 0.00988 0.0107L
Cap and Tctal 0.02664 0.02963 0.03221
§§§Zi:ut - Lower rib direction 0.01560 0.01791 0.01981
shear Lower spar direction 0.00780 0.00895 0.00991
Total 0.02340 0.02686 0.02972
Total 0.0500k4 0.05649 0.06193
Rib web 0.0363 0.0363 0.0363
#ib and Spar web 0.0182 0.0182 0.0182
spar webs
Total 0.0545 .05hy 0.05h5
Web intersection | Total 0.00225 0.00225 0. 00225
Insulation - -~ -
Dynaflex .
" Packagin - - -
insulation §Lne
Total - - -
Corrugation - - -
Corrugated : - - .
heat shield Clip
Total - - -
Oxidation Total 0.000498 0.000498 0.000498
Fastener Total 0.005h1 0.,00541 0.00541
Total equivalent thickness 0.2519h 0,28043 0.3059k4
Total unit weight, lb/ft- 10.63 12,03 13.13
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TABLE 9%-0
SUMMARY OF COMPONENT  WING WEIGHTS FOR LOW, NOMINAL,AND HIGH LEVELS OF

RELIABILITY, OUTBOARD AREA (C)

(Monocoque waitle concepl: partial heal shield al oulboard arca lowsr surface
with insulation, a = 40 in., b = 20 in.)

Boguivalent Thickness in.,
Low Nominal High
Ttem factor factor factor
Upper 0.05962 0.06840 0.07660
e Lower 0.03871 0.0h5.25 0.05169
Total 0.09833 0.11365 0.12829
Upper rib direction 0.01Y4H) 0.0L729 0.018%9
Upper spar direction | 0.0077%H 0.0086:: 0.00930
Cap and Total 0.0:23°6 0.02587 0.0:789
t- ‘o k [ NK
BeSirse Lower rib direction | 0.00927 | 0.01006% 0.01178
shear Lower spar direction | 0.00h6h 0.00532 0.00589
Total 0.01391 0.01597 0.01767
Total 0.03717 0.04284 0.04556
Rib web 0.0182 0.0182 0.0182
Rib and
spar webs Spar web 0.0091L 0.0091 0.0091
Total 0.0273 0.0272 0.0273
Web intersection | Total 0.001125 0.001125 0.00112%
Insulation 0.00146 0.001h6 0.00Lh6
bynublex Packaging 0.00202 0.00202 0.00.0:
insulation
Total 0.00348 0.003h8 0.003h8
Corrugation 0.01660 0.01660 0.01660
Corrugated . = )
hest shield Clip 0.00485 0.00485 0.00485
Total 0.02145 0.02145 0.02145
Oxidation Total 0.005664 | 0.005664 0.00566k4
Fastener Total 0.00541 0.00541 0.00541
Total equivalent thickness 10.19993 0.21992 0.23828
Total unit weight, Llb/ft° 8.58 9.y 10.23




.Nﬁ G60 ‘0T = ®Baa® wﬁ?a
qyStom a8pa-3urped] ss9] SIYSIom 3ulm O1SBQ puUB UOAI[D sapnjouy,,

116°9 £€9% 69 z16°g Sty

cLe'9 08¢ 99 0¢G'S TeurTwoN ABUTWI O
2029 209 29 681°¢ MOY Aqreonyess
209°L gvL 9L as USTH

812 "L L98 2L 999°9 TeurwoN 9STMPIOYD
1899 000 L9 696 °¢C Mmog enbooouowTuIog
91% "9 99L %9 6189 Y81H

€00°9 109 09 090°S TeurwoN uns-peperog
e39°s 8GL 99 079 Mmog asauedg
8L9°9 8T¥ L9 GGL'S YStH

8669 186 €9 9.8 °G TeutTwoN JBhaqng
$S0°9 PIT 19 860 °S MOT astaueds
€19°9 96L 99 6€L°9 YSiH yompues
LIv "9 811 %9 oLy "9 TeurwioN quIODAdUOY
992 °9 $63 £9 682 "9 MO anbooouoy
€€6°01 €18 011 20% 11 Y3

eIz "0t 980 €01 6% 01 TeuroN aFem
0¢¢E "6 88¢ ¥6 9%% °6 Mnoy anbooouo

.9 z8/a g dl g3/t [9A9]
Iy31om jrun ‘ySrom ‘JySroM jun -8y Annqerrey 3doouod feanjonyg
o8eioae Sum [BIOL Summ 18101 Boay uoryedrsoaug

ATIOTHHAA ANTTASYVE HOd SLHDIAM ONIM NOILLVATVAY ALTTIGVITHY

L-Gg A1dVL

95.12



4

CG load factor, n

2

CG load factor, n

z

CG load factor, n

»
o

~N
.
[=]

o
o

o
I

L
o

&
o
n

[24]
.
(=

N
-
o

-—
.
(=]

]

L
:
°

[
L]
o

4.0

3.0

-2.0
Figure 25-1 Safe overload boundaries and operating boundaries for
low, nominal, and high level increase in structural

L

Failure region

A. Low=ultimate design
factor = 1,50

Failure region

Failure region

Safe.overload region

8. Nominal-ultimote
—————————————— design factor = 2,00

_________________ Speed
Safe overload region /

Failure region

Failure region

Safe overload region

C. High=ultimote
design factor = 2,50

-

- reliebility

Fatlure region

25-13



100
Material: Rene 41

(Fy, = 170 000 psi min at RT)

90 Fotigue quality index, Ky = 4,0
\ Reliability levels  Scatter factor

80 Low 1.0
" Nominal 1.5
--'\’2~ 70 High 2.0
u.g \\ Temperature = 1400°F
w 60
]
¢ \\5
L)

S\

L 50
s e
o 40 ~_
pr
3 ——
=2 30
«

20 A A

Reliobility
levels
10 ‘/ A \
L<.>w NorPinal Hligh
) 10 20 30 x 10°

Lifetime, hr

Figure 25-2 Alloweble tensile stress for fatigue, René 4l

£5-14



12

1 el

-4

(\°?V
10 W
N T .
9 Semimonocoque chordwise--
Monocoque I |
honeycomb - core sundwich7

8 Staticaily determinate —]

Spanwise tubular
2 Spanwise bended-—;—l

Average unit weight, lb/hz

)

S s

==
|

4
3 1 p
Low Nomina! High
! ] L
1.0 1.5 2.0 2.5

Factor of safety (ultimate)

Figure 25-3 Wing investigation area: aversge unit rates vs factor
of safety

25-15



12
1 -
«é“
o“-\“'
10 “0‘\@6 ]
9

, Statically determinate

®

Semimonocoque chordwise |
=

Honeycombecore sandw ichj

pnseseey

=

mE=

Average unit weight, lb/f'2
~

— Spanwise tubular
|— Spanwise beaded
L

3 ]
Low Nominal High
4
3
1.0 1.5 2.0 2.5

Factor of sofsty (ultimate)

}‘1

Figure 25-b  Total wing: aver .r

sht vs factors of safety



Section 26

RATING FACTOR INTERACTION

by

I.F. Sakata, R.D. Mijares, D.E. Sherwood

26-1






PRECEDING PAGE BLANK NOT FILMED.

CONTENTS

INTERACTION PROCEDURE
Vehicle Weight-Cost Sizing Method
Cost Model Summary
Initial Investment
Total Operation Cost
Cost Model Program
INTERACTION RESULTS
Baseline Vehicle
Minimum Total System Cost Vehicles
Constant Weight Vehicles
INTERACTION SUMMARY

REFERENCES

26~111

Page
20~1
26=1
262
26=-3
263
26
26l
26=6
26-7
26=8
26~9
2610






PRECEDING PAGE BLANK NOT FILMED.

TABLES

Table

26-1 Summary of initial investment cost elements

26-2 Indirect onerating expense constants

26-3 Cost model cowmputer program

26-4 Nomenclature for cost model

26-5 Cost breskdown in dollars for each primary structure
at each level of reliability

26-6 Cost breskdown In cents per ton-mile for each primary
structure ut each level of rellability

26 =T Group weight statement of sized vehicles

26-8 Baseline airplane mass fractions

26-9 Geometry and des’gn parameters for baseline vehicles

26-10 Cost results for baseline vehicle

26-11 Group weight statement of optimum-sized vehicles

26-12 Optimum~-size airplane mass fractilons

26-13 Geometry and design parameters for optimum-sized
vehicles

26-14 Cost results for optimum-sized vehicles

26-15 Summary — structure concept design and cost date

26-16 Summary — wing weights end percentages for increase

in wing weight and total system cost

26-v

Page
26-11
26-12
26-14

26-21

26-29

26-30
26-31
26-32
26-33
26-3k4
26-35
26~36

26-37
26-38
26-39

26-40






PRECEDING PAGE BLANK NOT FILMED.

TLLUSTRATIONS

Figure Page
26-1 Interactior. factor evaluvation computer program 26-41
26-2 Total system cost for optimized vehlcles of various

wing constructions 26-42
26-3 Total system cost for varlous gross welght vehicles

for the candidate wing constructions 26-43
26=4 Total system cost variation with vehicle size —

monocoque waffle concept 26-L4
26-5 Payload and fleet size variation with vehlecle size --

monocoque waffle concept 26-45
26-6 Total system cost variations with vehicle size —

monocoque honeycomb sandwich concept 26-46
26-T Payload and fleet size variations with vehicle size -

monocoque honeycomb sandwich concept 26-47
26-8 Total system cost variation with vehilcle size —

semimonocoque spanwise tubular concept 26-48
26-9 Payload and fleet size variation with vehicle size —

gsemimonocoque spanwise tubular concept 26-49
26-10 Total system cost veriation with vehicle size —

semimonocoque spanwlse beaded concept 26-50
26-11 Payload and fleet size variation with vehicle size -

semimonocoque spenwise beaded concept 26-51
26-12 Total system cost variations with vehicle size ~

semimonocoque chordwise tubular concept 26-52
26-13 Peyload and fleet size variations with vehicle size —

semimonocoque chordwise tubular concept 26-53
26 =14 Total system cost variation with vehicle size -

statically determinate beaded concept 26-5k

26-vii



Figure
26-15

26-16
26-17
26-18

TLLUSTRATIONS (Cont.)

Payload and fleet size varlation with vehlcle size -
statically determinate beaded concept

Total system cost variation with vehlele gross weight
Total system cost varlation with operational fleet size

Total system cost variation with nominal wing unit
weight for constant gross welght vehicle

26-viii

Page

26-55
26-56
26-57

26-58



DOC
GTOW

I0C

ov

RDT&E

REF
TOC

TSC

PL

ATSC

SYMBOLS

Direct operating cost

Gross takeoff weight

Indirect operating cost

Initial investment cost

Operational veuicle

Research, development, test and evalustion cost
Actuel wing area

Reference wing area

Totel operation cost

Total system cost

Vehicle weight

Weight of payload

Unit wing weight expressed in Ib/ft2

Difference in total system cost

26~1x



Section 26

RATING FACTOR TNTERACTION

A rating factor interaction evaluation was conducted by interrelating
the total wing factors of weight, cost, performeance, and reliability to =
total vehicle system cost for each wing structurel concept.

INTERACTION PROCEDURE

A common denominator, minimum total system cost (TSC), was selected as
the basis for evaluating and comparing the wing-structure concepts. The
baseline mission range requirement of 4000 nautical miles and a fleet size
of 200 vehicles (550 000 1b each) with a payload of 55 000 pounds satisfying
10 000 hours of life (8110 missions) for 10 years resulted in a fleet payload-
renge requirement of 205 billion ton-miles (statute) for each concept.

The total wing weights and costs for the three levels of reliability and
fuel mass fractions associated with roughness drag performence (resulting in
payload changes for the wing structure concept of the baseline 500 000-l1b
vehicle) were submitted for integration into a whole vehicle system. Except
for the staticelly determinate concept, which requires additional fuselage
weight, identicel weight and cost scaling relationships were used for the
remeining portion of the vehicle. The vehicle integration was slmulated by
an analytical vehicle welght-cost sizing evaluation model.

Vehicle Weight-Cost Sizing Method

A vehicle weight~sizing analysis procedure (ref. 26-1) was coupled with
a cruise transport economics model (ref. 26~2). Basic input date included
weight and volume coefficients, propulsion-system date, specific geometrical
characteristics, and cost coefficients.

For the vehicle weight-sizing analysis, the baseline vehicle gross
weight (W), reference wing ares (SREF), and total fuel weight to vehicle
gross weight (fuel fraction) were used. These baseline vehicle data are
presented in section 22. The vehicle configuration was assumed to be geo-
metrically similar and to have a constant teke-off wing-loading for all sizes
of vehicles.

Airplane procurement costs were established through use of the economics
model of reference 26-2 end an economics subroutine employing supersonic trans-
port cost model techniques to determine the direct and indirect operating
costg,

26-1



The established baseline-vehicle cumulative cost estimates per unit for
100 vehicles was used. The labor cost was then factored along a learning
curve to obtain labor costs for any required number of aircraft. Material
costs were similarly factored along a learning curve. (A learning curve is
an expression of the rate at which production cost per wmit decreases as the
number of units produced increases.) The learning curves cited here are
based on airframe industry standards (ref. 26-3). Total tooling costs were
amortized over the appropriate production quantity. A summation of airframe
menufacturing labor and materisl, avionic, and propulsion costs provided total
vehicle costs for the established production quantity. One-time investment
costs, including spares, facilities, and production tooling required to bring
the system to operational status were then added to obtain the initial invest~
ment cost for the established number of operational vehicles,

In addition to these data, payload (Wpy) extreme values were bounded,
as presented in figure 26-1l., All these constraints were put into the weight-
scaling synthesis model loop, in which wing reference area is the primary scal-
ing parameter. As the vehicle gross weight perameter varied, veriations in
fuel requirements to perform the 40OO-mile nautical mission resulted in pay-
load capability variations. Once the weight and sizing conditions were satis-
fied for the basic mission requirements, the data were put into the economics
(fig. 26-1), in which each element cost was varied linearly with vehicle
weight change. Then, the vehicle procurement (including enticipated spares),
direct operating cost, indirect operating cost, and total system cost were com-
puted in detail for the specified mission. Because of structural efficiency
variations between the wing concepts, the output provided varisble fleet sizes
and vehicle gross weights to satisfy the 205 billion ton-mile (statute) fleet
payload range requirement, as well as totel system cost.

Cost Model Summery

The three major cetegories which meke up the cost model for the cruise
sirplene are:

1. Research, Development, Test and Evaluation -~ (RDI&E)
2. Tnitial Tnvestment — (IV)
3. Total Operation Cost — (TOC)
For this study, however, only the latter two categories were used and are con-

gidered to meke up the cruise airplene total system cost (TSC), Thus,
TSC = IV + TOC,
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Initial Investment

This cetegory consists of all one-time investment costs required to bring
the system to an operational status. The elements comprising this category are
noted in tanle 26-1. The major elements are the operational vehicles, spares,
and facilities. A learning factor on materials and on labor for fabrication,
ag discussed earlier, is taken into consideration in determining the flight
vechicle manufacturing cost (ref. 26-3).

Total Operation Cost

The costs of operating the system (both direct and indirect operating)
for a 10-year period are included in this cetegory. Both the direct operating
cost (DOC) and indirect operating cost (IOC) are based on the Air Transport
Associstion (ATA) method.

The ATA method, developed from reference 26-4, is & universally recognized
method for estimating operating expenses. This method has been revised, updated
and used as a part of the FAA's economic model ground value for the U.3, Super-
sonic Transport Development Program. The costing factors required for the ATA
method of determining direct and indirect operating costs for verious size
vehicles are obtained from cost analysis work described in reference 26-2,

Direct Operating Cost. — The direct operating expenses are ealculeted in accord-
ance with reference 26-5.

Tuel Cost: The cost of hydrogen fuel is a critical factor in the future eco-
nomic feasibility of the hypersonic transport. Reference 26-6 presents the
results of a study mede of liguid hydrogen production cost based upon projec-
tion of the increased demand associated with hydrogen-fueled. aircraft. Produe-
tion costs were estimated at 10 importent internationel locations. Var.aebles
investigated were p.ent capebity, production methods, probable technologilcal
advences, and the effect of the gengraphicel location of raw meterials and
energy sources.

The results of this study indicated thet future production cost of liquid
hydrogen may range from 8 to 13 cents per pound, depending on the location and
quentity produced. This price includes amortization of the LH, plant cost.

For this study, 11 cents per pound was selected as the cost of the liquid
hydrogen fuel.

Indirect Operating Cost. — The U. S. Scheduled Airlines Tndirect Operating
Expense Constants have been updated from the 1966 expense reported on Form 41
to the Civil Aeronsutics Boerd (ref. 26-7). These corstants are used in con-
Junction with the formule outlined in reference 26-8.

The operating expenses composition and indirect expense subjects, con-
sidered in this research program, for the U.S. International Airlines are
presented in table 26-2,
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Cost Model Program

The various elements of the cost model computer program are presented
in table 26-3 and the nomenclature defining the model is shown in table 26-k.

INTERACTION RESULTS

The various structural concepts at each level of reliability were
evaluated and compared using the results of the interaction computer program.
The seguented leading edge and mwultiple=-support corrugated heat shield con-
cepts were used with each structure. The results include cruise vehicle
welght and geometry data, as well as vehicle procurement, direct and indirect
operating costs, and total system costs. Data were obtained for & range of
vehic e, payload, and fleet sizes to meet the baslc mission-payload-range
requirements of 205 billion ton-miles (statute) so thet the minimum total
system cost for each concept could be defined.

Results are given in tables 26-5 and 26~6 in dollars snd in cents per
ton-mile, respectively, for the minimum total system cost vehicles. These
tables indicate that the semimonocoque spanwise beaded-skin concept is the
minimum TSC wing structure. The spanwise tubular concept is the next lowest
cost cuncept. These tables also show thet the minimum TSC is about $Th.T
billion dollars (36.4 cents per ton-mile) for the fleet requirement specified
and that the fleet procurement cost gre $5.7 billion or $9.35 billion with
spares. The tables also show a significant cost uifference of $ billiom
(3 cents per ton-mile) between the minimum cost and next lowest cost primary
structure. In addition, improved reliability from low to nominael or nominal
to high for any of the conceits adds approximately $5 billion to the TSC,
except for the honeycomb sandwich low-to-nominal reliability, which is about
$3 billion. The differences in roughness drsg and initial cost between con-
cepts have insufficicat effect on total system cost to change the effect of
weight differences. One exception is that at high levels of relisbility,
honeycomb, even though it is more costly to fabricate then the next heavier
concept, offers lower TSC; consequently their ratings change with relisbility
level.

A plot of minimum TSC (in terms of cents per ton-mile) as it varies
with wing unit weig)lt for the optimum~cize vehicle and the corresponding
baseline~size vehic .e for the various structural concepts (at nominal factor
of safety) is given in figure 26-2. The waffle concept costs are large be-
cause at the vaffle-concept welght, the vehicle has little payload. Conse=
quently 1023 vehicles (see table 26-54) instead of 129 for the minimum-~weight
beaded-skin concept are required to perform the fleet mission requirements.
Figure 26-2 shows the effect of increasing unit wing weight, which if extra-
polated to about 12,0 Ib/ftz, would show the TSC approaching infinity, since
gt this welght the payload is zero.
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Baseline-vehicle-size wing wei_ hts are shown in addition to the
optimum-size vehicle dats because the unit wing weights for the baseline
vehicle are comparable to one another, whereas the optimum-si.e vehicle unit
welghts vary as a function of vehicle size. This consistency for baseline-
size vehicle wing unit welghts enables estimates to be made of how other ~ona=
cepts calculated for the baseline-size vehicle, such as those dropped out by
intermediate screening, compare with the listed concepts. For instance, the
semimonocoque spanwise trapezoidal corrugation concept wing aversge weight is
T.45 1b/ft° (see section 13), which from figure 28-2 indicates a weight and &
TSC that are greater than all but the waffle concept.

A plot of TSC (in terms of cents/ton-mile) as it varies with vehicle
size (expressed as gross takeoff weight) is given in figure 26-3 for the
different structural concepts. The minimum-cost beaded panel concept permits
a vehicle length variation of 350 to 488 ft or, expressed as a variation ~f
from 620 000 to 1 20C 000 pounds, at less cost than the next-lowest cost tupular
wing structure vehicle. Moreover, the order of structure selection remaiios
unchanged regardless of vehicle size for the range given in figure 26=3.

Total system cost, payload, and fleet size variation with vehicle size
for low, nominal, and high levels of reliability (factor of safety) are pre-
sented in figures 26-4 and 26-5 for the monocoque .affle concept. Because of
large wing weights and resulting small payload capability, the wmonocoque
waffle concept requires large fleets to accomplish the hasic mission, as shown
in figures 26-4 and 26-5. For the monocoque honeycomb concept shown in
figures 26-6 and 26-7, the variation is cost with vehicle size and for the
three levels of reliability the variatlon is small {less the +5%). Also, for
the high level of relisbility, the system cost is less than the cost of the
vehicle with the semimonocogue tubular wing.

For the semimonocoque tubular concept, the cos! veariance is approximately
+8 percent for the minimum-cost vehicles for the various levels of relisbility,
as indicated in figure 26-8. TFleet size varies from 132 to 166 between the low
and high level of reliability, as shown in figure 26-9. For the minimum cost
system, cost variation between low and high levels of reliability is approxi-
motely + 10 percent of the nominal level, as indicated in figure 26~10 for the
beaded concept. The fleet size varies between 115 to 149 for the low and high
level of reliability, with the nominul being 129 for the nominal 882 621-pound
vehicle of the beaded concept (figure 26-11).

The date for the semimonocogue chordwlise concept are given in flgures
26-12 and 26~13. A greater spread in cost and fleet size results, as shown.
Fleet size varies from 168 to 244, respectively, for the low and high level
of reliability designs. For the statically determinate concept, the cost
variations between low and high level religbilities vehicles sre similer to
the minimum~cost vehicle, semimonocoque spenwise beaded, resulting in a %10
percent variation from the nominal, as shown in figure 26-1k, The spread in
fleet size for the minimume-cost vehicle is between 153 to 199 with the nominal
being 175 vehicles (figure 26~15).



Baseline Vehicle
(Gross Takeoff Weight = 550 000 Pounds)

A group weight statement for the 550 000-pound gross weight vehicle
of each concept is presented in table 26-7. These vehicles satisfy the
specified mission-payload-~range and fuel fraction requirements for the nominal
level of reliability. The results indicate a tradeoff between wing weight and
payload, which in turn affects the number of operational vehicles required to
perform the mayload-range schedule. The structure and payload mass fractions
vary from the initially assigned values, giver in table 26-8. The increase in
the structure mass fraction is attributed to the increase in wing unit weights
for the various structure concepts evaluated. It is noted that the semimono-
cogque spanwise beaded concept is the only concept with a »=vload mass fraction
equal £o the assigned value of 0.10. Both semimonoc.gue tubular and monocogue
honeycomb concepts have payload mass fractions of 0.09, whereas monocogue
waffle has only 0.02 paylcad wass fraction.

A summyy of vehicle geometry data as well as pertinent desigrn param-
eters are shown in table 26-9. Of significance are the wing weights (table
26-7) which when divided by the total wing area results in the nominal wing
unit weights used for concept comparison. For the statically determinate
concept, the fuselage weight increase is included with the wing weight to
obtain an effective wing unit weight, so that the wing design concepts can be
compared on a common basis. Table 26-9 shows that the semimonocogue, spanwise
beaded skin concept has the least weight, with the next least welght being the
semimonocoque, spanwise tubular concept (5.4 percent heavier).

Cost results for the operational vehicles are presented in table 26-10,
including initial investment costs for the specified number of vehicles re-
quired to perform the basic payload-range schedule. Total operational costs
(includes direct and indirect operating costs), and total system costs for
each concept are shown. The individual flight vehicle costs, regardless of
concept, do not vary approciably ($30.9 million to $32.2 million). The fleet
cost (OV - operational vehicles) varies directly with the number of vehicles
required to perform the specified payload-range schedule. Since unit vehicle
costs do not vary appreciably, the primary ianfluence on operational-vehicle
and initial-investment costs is the fleet size reguirement. Similarly, fleet
size has the major impact on the total operational cost (T0C), which is the
primary factor influencing TSC. The total operational costs are approximately
88 percent of the total system costs, as indicated. The importance of welght
is indicated, for the design of the vehicles, and lesser influence of initial
cost. For the given gross weight (550 000 1b), an increase in structure weight
decreases the payload carrying capability. This decreage directly affects the
fleet size required to perform the specified mission. Since, in general,
operating costs (DOC plus IOC) are nearly the same for all concepts (except
monocoque waffle) regardless of fleet size, the total systew cost varies
directly with wing weight.
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Table 26-10 indicates that the semimonocoque, spanwise-~beaded skin
concept is the lowest TSC wing structure. The semimonocogue, spanwise tubular
concept is the next lowest cost concept, with the monocoque honeycomb being
the third lowest cost. The cost increase of the tubular and honeycomdb con-
cepts over the minimum-cost beaded concept, which is approximately $86.3
billion, is 6.9 percent and 9.0 percent, respectively. For the tubuler con-
cept, this increase almost eguals the procurement cost for the beaded concept
and the increase for the honeycomb concept exceeds it.

Minimum Total S;stem Cost Vehicles
(Gross Takeoff Weight = Variable)

A group weight statement for the vehicle sized 0 achieve minimum
system cost is presented in table 26-11. The gross takeoff weights vary
between 562 904 1b to 882 621 1b for the minimum cost systems. The trend for
vehicles with larger payloads and consequently smaller fleet sizes is noted.
Tre resulting mass fraction for the various components is given in table 26-12,
which indicates a structure-payload variation. The heavier wing weights result
in large structure mass fraction with the decrease in payload fraction. The
decrease in propulsion as well as eqguipment mass fractions ~re attributed to
constants used in the computer program. Although the main engine and pro-
pellant distribution system are sized and weighted to satisfy the thrust
requirements for change in variable gross weight, the air induction system is
as . ed constant (44 689 1b). Thus, with increase in vehicle size, the pro-
pu-sion mass fraction tends to decrease. This assumption was made to avoid
an air induction system design exercise, which was considered unwarranted for
this study effort.

Pertient geometry and design varameters for the optimum-sized vehicles
(winimun cost systems) are shown in table 26-13. The resulting wing unit
welights show a 20 percent increase over the baseline vehicle for the semi-
monocogue spanwise beaded concept.

The cost results for each vehicle are given in table 26-14. The air-
frame labor, material, and manufacturing costs are presented, in addition to
avionics and propulsion costs. The individual flight vehicle costs, regard-
less of concept, do not vary sppreciably ($31.t million to $43.8 million), a
trend also noted on the baseline vehicles. It is noted that the vehicle unit
costs for the honeycomb concept and segimonocoque, spanwise beaded concepts
av. approximately the same ($43.8 x 10°). However, the fleet size require-
ments due to the payload capability of each concept increases total cost over
the minimum cost system by approximetely 11 percent. Therefore, the primary
factor influencing cost is the fleet size requirement, which is dictated by
the wing-weight/payload-weight tradeoff. The operational costs for the sized
vehicles are approximately 88 percent of the total system cost.
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Constant Weight Vehicles
(Gross Takeoff Weight = 882 621 Pounds)

The vehicle weight corresponding to the vehicle sized for minimum
total system cost \Semimonocogue spanwise beaded-~skin concept) was used for.
final comparicon of the structure concepts. Figure 26-16 presents the total
system cost (dollars) variation with vehicle size (in terms of gross takeoff
weight) for each concept. Several approaches were taken in comparing concepts,
including consideration of the following:

a. Baseline vehicle (gross takeoff weight = 550 000 1b)

b. Optimum-size vehicle, minimum total system cost vehicle
(CTOW = variable)

c. Constant gross weight vehicle (GTOW = 882 621 1b)
d. Constant payload-fleet size vehicles (GTOW = variable)

Constant gross weight vehicles (GTOW = 882 621 1b) were selected for
comparison of the concepts since the vehicles are of constant size (as in the
case of the baseline 550 000-1b vehicle) but also since the total system costs
are closer to the minimum for each concept. Cross plots of available data,
such as shown in figure 26-1T of total system cost variation with fleet size,
were used to obtain the fleet size required for each of the vehicles having a
constant gross weight. The wing weight for each conccpt was obtained through
use of the wing weight equation (ref. section 22). Table 26-15 presents the
resulting wing total weights and wing unit weights, as well as fleet size re-
quirements and total system costs. The total system cost variation with the
nominal wing unit weights for the constant gross weight vehicle (GTOW =
832 621 1b) as well as the fleet size requirements, are presented in figure
26-18. The dats indicate that a difference in cost between the winimum total
system cost vehicle and the next least cost is $6.370 billion. Alsc note-
worthy is the trend of increasing fleet size with the increase in wing unit
weight. As previously noted, the increase in wing decreases the payload capa-
bility, requiring additional vehicles to perform the basic mission. Since the
ma jor portion of the total system cost is primarily due to the fleet size
increase. An approximate cost-~weight comparison can be wade between the lowest
weight (beaded) and the next lowest weight concept (tubular). Assuming an
average fleet size (135 vehicles) and using the ualit wing weights and corre-
sponding total system costs shown in figures 26-18, the approximate cost-
weight relationship can be determined from the following expression:

o - Atsc
/10 = BB ying) (Fioet)

$7000/1b

26-8



where
ATSC = Total system cost differential = $6.37 x 109

Unit wing weight differential = O0.41 1b/ft°

W=
S = Wing planform area = 16 206 42
Fleet = Average fleet size = 135

Thus the dollar per pound of saving by selection of the beaded-skin concept
over the tubular concept is $TOOO/Ib of wing structure per vehicle.'

INTERACTION SUMMARY

A summery of wing unit weights and percentages for increase in wivg
weight and total system cost is presented in table 26-16 for the baseline
vehicle (550 000 1b), winimum system cost vehicles (variable gross weight),
and for the constant weight vehicles (882 621 1b). Since only the baseline
and constant weight vehicles are for a constant vehicle size, the weight
comparison dota are meaningfvl. For the constant weight vehicles (882 621 1b),
the tvbular concept is approximately 5.5 percent heavier than the beaded-skin
concept, but the total system cost is 8.5 percent greater. The third ranking
primary structure is the honeycomb-core sandwich. This concept is 6.2 per-
cent heavier and 10.8 percent more costly then the minimum weight concept.
The statically determinate, chordwise-stiffened, and waffle are more costly
than the first three concepts. It should be noted that small weight in-
creases cause large cost increases. The weight order of concepts, which
varies by as little as 6 percent, controls the total system cost in the same
order, but to a greater degree.
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TABLE 26-1

SUMMARY OF INITIAL INVESTMENT COST ELEMENTS

Element

Description

6.
Te
8.

9.

lo'

11.

12.

13.

Operational Vehicles — OV
Spares — 08
Facilities — FAC

Production Engineering — PE

Production Tooling — PT
Sustaining Engineering — SE
Sustaining Tooling — ST

Aerospace Ground Equipment — AGEO
Technical Data - TDO

Miscellaneous Equipment — ME

Initial Stocks — IST

Initial Training — IT

Initial Transportation — TRI

Operational flight vehicles
Replacement during operational period
Complete launch facility and Hp plant

Preliminary design conversion to
production

Hard tooling

Engineering support of operations
Changes to tooling due to design
Additional equipment for operations
Production vehicle data

Stock items, including trucks and
office equipment

30-day supply of fuel and misc items

Operation, maintenance, and personnel
training equipment

Personnel and hardware transportation

Initial Investment — IV =

sum of items (1) through (13)
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TABLE 26-2

INDIRECT OPERATING EXPENSE CONSTANTS

It
‘Ng? Description
1 j Ground Property and Egquipment

Expense - System
® Maintenance
® Mintenance Burden

® Depreciation

Ground Property and Equipment
e Muintenance
e Mintenance Burden
¢ Depreciation

Ianding Fees

Aircraft Servicing

Service Administration

Aircreft Control and Commnication

Cabin Attendant Expense

Food and Beverage Expense
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TABIE 26-2. Concluded

INDIRECT OFERATING EXPENSE CONSTANTS

ITtem
No.

Description

Passenger Handling

Reservation and Sales

T | Baggage and Cargo Handling
8 | Passenger Service — Other Expense
Passenger Agency Commission
Passenger Advertising and
Publicity
9 | Freight Commission
Freight Advertising and Publicity
10 | General and Administrative

Expense
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TABLE 26-3

COST MODEL COMPUTER PROGRAM

RESEARCH, DEVELOPMENT, TEST, AND EVALUATION — RDTE

AIRFRAME DESIGN AND DEVELOPMENT ENGINEERING — ADDE
CONCEPT FORMULATION - CF = 2080 #* EHR * NEF * NYF * NCF * 10'6
CONTRACT DEFINITION — CD = 2080 * EHR * NED * NYD * NCD * 100
ATRFRAME DESIGN — AFD = (3.82 % (100 * AC) ** 0,91) * 1072
MISC SUBSYSTEM DESIGN — MSD = CPED * WMSUB * 100
SUPPORT EQUIPMENT DESIGN — SE = 0,047 * WEMPT * * 0,59
SYSTEM INTEGRATION — SI = 0.084 % WEMPT * * 0.48
FLIGHT TEST OPERATIONS =— FTO = (985 * WG ¥ % 0,8 * NP % * 1,1) % 1076

ADDE = CF + CD + AD + MSD + SE + SI + FT0

AVIONICS DEVEIOPMENT — AD = 550 % (WGNAV + WGOMM) * #* (~0.24)
PROPULSION DEVELOPMENT — PD = PCF * TSLE ¥ % O,Thk * ME * * 0,17
DEVEIOPMENT SUFPORT — DS

GROUND TEST VEHICIE — GTV = NG * AMFG

PROTOTYPE VEHICILE — PV = NP ¥ FV

PROTOTYPE SPARES — BS = 0.25 PV

TOOLING AND SPECIAL TEST EQUIPMENT — TST = 0.10 * (WEMPT) * * .6

FLIGHT TEST FUEL — FIF = CH2(NFT) WETOT * lOm6

FLIGHT TEST MAINTENANCE — FIM = 1,5 % VM % NFT % 10'6
GENERAL SUPPORT — GS = 0.3 (¥TO + FIF + FIM)

MAINTENANCE TRAINERS — MP = MI (INPUT)
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TABLE 26-~3. Continued

COST MODEL COMPUTER PROGRAM

OPERATIONAIL TRAINERS — OT = OT (INPUT)
AEROSPACE GROUND EQUIPMENT — AGEP = 0,15 * PV
TECHNICAL DATA — TDP = 0.02 * PV
DS = GIV + QTS + PV + PS + TST + FTF + FIM + GS + MT + OT + AGEP + TDP

RDTE = ADDE + AD + PD + DS

INITIAL INVESTMENT ~— IV
OPERATIONAL VEHICIES — OV
FLIGHT VEHICIES — FV
ATRFRAME MANUFACTURING ~ AMFG
TABOR IEARNING CURVE — IIf
LIC = (NV) * % ~0.322
ATRFRAME IABOR ~ AL

FUSEIAGE ~ FUSL = (WBODY + WDR) ¥ CFUSL % LIC ¥ 10-6

FINS — FINL = (WTAIL) % CFINL % LIC * :Lo'6

WING — WINGL

MATN WING STRUCTURE — A — MWIA
MWIA = K5 * (WWING) * CMWIA * LIC % 1070
MATN WING STRUCTURE — B — MWIB

MWLB = K6 * (WWING) * CMWLB * LIC ¥ 10'6
MAIN WING STRUCTURE ~ C — MWIC
Mww=m*(wwme)*cmm*1.m*1o'6
LEADING EDGES -~ LEL

LEL = Kb * (WWING) * CIEL * LIC ¥ 10"6
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TABLE 26-3. Continued

COST MODEL COMPUTER PROGRAM

ELEVONS ~ EL

EL 6

K3 * (WWING) * CEL * LIC * 10

WINGL = IEL + EL + MWLA + MWIB + MWIC

i

INLET INLL = WAIND % CINLL * LIC * 10'6

NOSE CAP — NCL = KBSS * CNCL * ILIC * 10”6

INSULATION — INSLL = K2 * (WTPS) * CINSL * LIC * 10‘6
HEATSHIEIDS —~ HTSL
HTSL = K1 % (WPPS) % OWUSL * LIC % 10’6

AL = FUSL + FINL + WINGL + INLL + NCL + INSLL + HTSL

ATRFRAME MATERTAL ~ AM
MATERTALS LEARNING CURVE — MIC = (NV) * % -0,07h

FUSELAGE — FUSM = (WBODY + WDR) * CFUSM * MIC * 1070

FINS — PINM = (WTAIL) % CPINM * MIC * 1070
WING = WINGM
MATN WING STRUCTURE A — MWMA
WA = K5 * WWING * CMWMA % MIC * 1070
MAIN WING STRUCTURE B — MWMB
MHMB = K6 % WWING # CMWMB * MIC % 1070
MATN WING STRUCTURE C ~ MWMO
-6

MWMC = KT * WWING * CMWMC * MIC * 10
IEADING EDGES — LEM

Lm/r:Kh*wme*CLEM*mc*lo‘6
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TABLE 26-3. Continued

COST MODEL COMPUTER PROGRAM

EILEVONS ~ EM

£

EM = K3 * WWING * CEM % MIC * 10

WINGM = IEM + EM + MWMA + MWsB + MWMC

INIEP—]I\TIM=WA]1\TD*CINLM*MIC*10-6

NOSE CAP — NCM = KBSS #* CNCM * MIC * 10-6

INSULATION — INSIM = Kz * WIPS % CINSM % MI[ * 10-6

HEATSHIEIS — HTSM = K1 % WIPS * CHTSM * MIC % 10'6
AM = FUSM + FINM + WINGM + INIM + NCM + INSIM + HTSM
LANDING GFAR ~ LG = WIRD * (CPLG * LIC + CPLOM * MIC) * J.o"6
MISCELIANEOUS SUBSYSTEMS — MS

FUEL SYSTEM — FS = (WPRT + WPPS + WPDS + WNPS + WPUS +WLUBrg6+
WAUXFL) % (CFSL #* LIC + C#SM * MIC) * 10

FLIGHT CONTROLS ~ FCC = WFC ¥ (CFCL % LIC + CFCM % MIQ) * 107
INSTRUMENTS — INSTC = WINST * (CINTL ¥ LIC + CINTM * MIC) * T
HYDRAULIC — HYDRC = WHYD * (CHYDL * LIC + CHYDM * MIC) % J_o'6
ELECTRICAL — EITRC = WELEC % (CELRL * LIC + CELRM % MIG) * 1076
ECS — #CSC = WECS * (CECSL % LIC + CESCM # MIC) # 1078

FURNISHINGS AND EQUIP ~ FUEQC = (?SORCE + WEQUIP ~ WCOMM) *
(CFEQL * LIC + CYFEQM % MIC) % 1070

M3 = FS + #CC + INSTC + HYDRC + E.:/"! + ECSC + FUEQC
QUALITY CONTROL = QC = O.14 % (AL + AM + IG + MS)
STRUCTURE, FINAL ASSEMBLY ~ FA = 5.70 * WSTRUC * 107 % 110

AMFG = AL + AM + IG + MS + QC + FA
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TABLE 26-3. Continued

COST MODEL COMPUTER PROGRAM

AVIONICS — AV

WAV = WGNAV + WCOMM

-

AVIONCS PROCUREMENT — AVP = CPAV * WAV * 1070 % MiC

AVIONICS TWSTALLATTON — AVI = ICPAV * WAV * 10-6 ¥ (NP + NV)

*% -,300
AV = AVP + AVT

PROPUISION - PRCP

% i

TROPUISION PRCCUREMENT —~ PROFP

[2430 * TSIE * * .7 *
NTRJ * (NV+NP)] **~.322] T

RT * 10

PROPULSION INSTALIATION — PROPT = [5.6 * (WENGL + WENG2 + WROC1)
* [NE * (NP + NV)] * % ~ .322] * WE * 100

PROP = PROFP + PROPI

¥V = AMFG + AV + PROP

NIMBER OF OPERATIONAL VEHICIES — NV

NV = NV (INPUT)
OV = FV * NV
SPARES = 08

INITIAL SPARES — I0S = 0.25 % QV

REFURBISHMENT SPARES — ROS = 0.25 % I0S
0S = I0S + ROS
FACILITIES ~ FAC = FAC (INPUT)
PRODUCTION ENGINEERING — PE = 0.25 ¥ (CF + CD + AFD)
PRODUCTION TOOLING —~ PT = 0.05 * WEMPT * * 0,75
SUSTAINING ENGINEERING — SEC = 0,0505 % (ADDE - CF ~ CD)
SUSTAINING TOOLING — ST = 0,15 * AL ¥ NV % + C.848

AEROSPACE GROUN) EQUIPMENT — AGEO = 0.15 * OV
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TABIE 26-3. Continued

COST MODEL COMPUTER PROGRAM

TECHNICAL DATA — TDO = 0.10 * TDP
MISCELIANEOUS EQUIPMENT — MEC = 500 % NPER % 1070
INTPIAL STOCKS ~ IST = 0.083 * VM + 100 * NPER % 107
INITTATL TRAINING — IT = 0.10 % OT * NPL
INITIAL TRANSPORTATION — TRI = 0.005 (OV + 0S + AGEO + MEC + IST)
IV = OV + 08 + FAC + PE + PT + SEC + ST + AGEO + TDO + MEC + IST + IT + TRI
DIRECT OPERATING COST — DOC
FLIGHT TIME ~ TFl = DIST * TFU/(DIST + TFU * WIND)
TOTAL FLIGHT TIME — T7 = GRMDT + TF1
~MOUNT OF FUEL - FUEL = WFTOT
PCOST = [C1 * T7 + €2 (FUEL) + C3 * TFL + Ck] * (1. + PDOE)
PROT = C2 * FUEL * 1070
INSURNCE — QINS
PA = AMEG
AV = PAWG
QINS = (PA + PROP + PAVO + PROT) * RCON/(TVL/TF1) % (1. + PDOE) * 1o+6
TOTAL FLIGHT TIME PER DAY — TETD = TF1l * NFD
NUMBER OF AVAILABLE FLIGHT DAYS — NAFD = TVL/TFID
NUMBER OF FLIGHT YEARS — NFY = NAFD/365.0
NUMBER OF FLIGHTS PER YEAR — NFPY = NFD * 365.0
ATRFRAME DEPRECIATION PERIOD — TA = NFY
ENGINE DEPRECIATION PERIOD — TE = NFY
AVIONICS DEPRECIATION PERIOD — TAV = NFY

DEPRECTATION — QDEP
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TABLE 26-3. Concluded

COST MODEL COMPUTER PROGRAM

(PA ¥ (1. -RA + CSF)  PROP * (1. -RE + CSEFI) , PAVO * (1. -RAV + CAV‘F))
TA = TAV

QDEP =
% 100

DOC = PCOST + BMAN * [cs * 7 + C6 * (T7T-GRNDT) + CT| + QINS + QDEP/NFPY
VM = BMAN % [C5 * TT + C6 % (T7-GHNDT) + CT)
TNDIRECT OPERATING COST — ENDOC

FCOST = El11 % [CB*TT+C6*(TT—GRNDT)+C7]+E12+ 13 * WG + E14 *
TEND * T7 + DIST * [Eeo * SEATS + E21 * PIMAX/TON| * (1. + PIOE)

NUMBER OF PASSENGER — PAS = SEATS % ALF
PASSENGER BLOCK HOUR — TFBH = PAS * T7
PASSENGER MILE — TFMI = PAS * DIST
WPART = PAS * CK1 * CK2
CARGO MILE — TCMI = WPART * DIST
7YX = {E15*08*TPBH+E15A*<38*PAS + E16 * PAS + (E17 * CKL * CK2 *
PAS + ELTA ¥ WPART)/TON + E18 * TPMI + EL9 * €9 * TCMI/TON *
(1. + PIOR)

ENDOC = [(1. + E22) % (FCOST + ZYX) + E22A * (QINS + Pcos-r)] -
BMAN * [C5 % TT + C6 * (TT — GRNDT) + CT

TOTAL OFERATIONS COST — TOC = NFPY * I, Y ¥ (DOC + ENDOC)

TOTAL SYSTEM COST — TSC = TOC + RDIE + IV
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AC

AFD
AGEO
AGEP

AL

AMATL
AVFG
APAY
AsM
BIKF
BMAN
c1
c2
€3
Ch
C5
Ccé
cT
c8
C9

TABLE 206-i

NOMENCLATURE FOR COST MODEL

inlet capture area
avionics development cost
airframe desien cost

aerospece

<

ud equipment cost
aerospace ground equipment cost
airframe labor cost

average passenger load factor
airframe material cost

minimum cargo weight

airframe manufacturing cost
minimum payload weight
available seat mile

total amount of fuel
maintenance burden factor

DOC block hour factor

DOC fuel (1b) factor

DOC flight hour factor

DOC departure factor

DML - block hour factor

DML — flight time factor

DML — departure factor
passenger block hour weighting ratio

ratio of freight to total cargo
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TABIE 26-4. Continued

NOMENCIATURE FOR COST MODEL

CAVF value for spare avionics factor
Ch contract definition cost

CF concept formulation cost

CH2 cost of hydrogen ($/1b)

CK1 volume of baggage per passenger
CK2 density of baggage and cargo
CPAV cost per pound of avionics

CPIG cost per pound of landing gear (labor)

.PIGM  cost per pound of landing gear (material)

cPs cost per pound of miscellaneous subsystems

CPPD cost per pound of development of miscellaneous subsystems
CPROF value for spare propellants factor

CPT cost per tire

CSEF1 value for spare engine factor

CSF value for spare parts factor

DIST flight distance

El1 I0D — direct maintenance labor
El2 IOD — aircraft departures
E13 I0D ~ departure times maximum landing weight
Elk I0C —~ cabin attendant block hours
E15 I0C — revenue passenger block hours (food)
B15A I0C — revenue passenger carried (food)
E16 I0C — revenue passenger carried (servicing and sales)
ElT7 I0C - passenger baggage carried
26-22
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TABLE 26-Lk. Continued

NOMENCIATURE FOR COST MODEL

E1TA I0C = cargo carried

E18 TOC — revenue passenger miles

E19 I0C — revenue freight ton miles

E20 I0C — available seat miles

E21 I0C — available ton miles

E22 IOC — general and administrative — indirect
E22A T0C — general and administrative — direct
EHR engineering hourly rate

-NDOC indirect operating cost
FA final assembly of structure cost
FAC facilities cost

FHOLD amount of fuel trapped Iin the vehlecle

FIF flight test fuel cost
™M flight test walntenance cost
FTO flight test operations

FUEL amount of fuel

FV fligat vehicle cost

G ground taxi time (hr)

GS general support cost

GTS8 ground test spares cost
GTV ground test vehicles cost

ICPAV installation cost per pound of avionics
10S inivlal spares cost

IsT initial stocks cost
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IT

ME

M
MsD
Mr
NAFD
NCD
NCF
NE
NED
HEF
NFD

NFPY

NFY
NG
RIGU
NMSU
NP
NFE
NPER

NPL

TABIE 26-L, Continued

NOMENCIATURE FOR COST MODEL

initial training cost

landing gear cost

engine maximum operational Mach number
miscellaneous equipment cost

miscellaneous subsystem cost

miscellaneous subsystem design cost
maintenance trainers cost

number of available flight days

number of contractors doing contract definitions
nurber of contractors doing concept formulation
numbey of modules

number of engineers on contract definition
number of engineers on concept formulation
number of flights per day

nunber of f£lights per year

number of flight test

number of flight years

number of ground test vehicles

number of landing gear units

nurher of miscellaneous subsystems units
number of prototype vehicles

nunber of propulsion engines

number of total personnel

number of pilots
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KV
NYD
NYF
GNTST
ONEP
oT
ov
JWE
A
PAS
PATO
ECF

PCOST

FPDOE

PE

PICE
PIBM
PLMAX
PROPT.
PROPP

PROT

TABLE 26-L4, Continued

NOMENCTATURE FOR COST MODEL

number of tires per landing gear unit
number of operational vehicles
number of years for engineering contract definition
number of years for engineering concept formulation
Flight distance

fuel tankage fullness ratio
operational trainers cost

operational vehicle cost

operating welght empty

airframe cost

number of passengers

total avionics cost

propulsion development cost factor
DOC less insurance and depreciation
propulsion development cost

percent change in DOE

production engineering cost

total engine cost per aircraft
percent change in IOE

payload capacity weight

mwximun paylosd

propulsion installation cost
propulsion procurement cost

total cost of propellant
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TABIE 26-4. Continued

NOMENCIATURE FOR COST MODEL

PS prototype spares cost

7 production tooling cost
w prototype vehicles cost
QC quality control cost

QIS insurasnce cost

RA airframe residual value
RAV avionics residual value
RCON insurance rate

Ri] engine residual value
RPRO propellant residual value
SE support equipment design cost

SEATS total number of seats

SEC sustaining engineering cost

SI systems integration cost

ST sustaining tooling cost

T sea~level static thrust

7 total flight time (including taxis time)
TA airframe depreciation period

TAYV avionics depreciation period

TAXI rate of taxi fuel (1b/hr)

TCMI cost per cargo mile

™ number of operational hours per day
D0 production vehicle date cost
TP supporting technical data cost
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TE
TEND
TFl

TFID

TL
TOC

TOPER

TPBH
TPML
TPRO
TSC

TSLE

T

TWOP

M

WAV

WG

TABLE 26-4. Continued

NOMENCIATURE FOR COST MODEL

engines depreciation period

number of cabin attendants

time to fly given dlstance with wind factor
total flight time per day

time to fly given distance

scheduling loss in hours

total operating cost

total operating time in hours

pounds per ton

cost per passenger block hour

cost per passenger mile

propellant depreciation period

total system cost

sea-level thrust per engine

tooling and special test equipment cost
ninimum turnaround time

total vehicle life

percentage of flight fuel for reserve
utilization factor

vehicle maintenance cost

weight of avionics equipment

vehicle empty weight

engine welght

gross stage welght
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TABIE 26-h, Concluded

NOMENCIATURE FOR COST MODEL

WGROSS  maximum gross take-off weight
WIND wind factor

WLAND aircraft weight for alrport fees
WMSUB welght of miscellaneous subsystenms
WPART weight of cargo

WPASS passenger weight

WST structure weight
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TABLE 265

COST BRJAKDOWN IN DOLLARS FOR EACH PRIMARY STRUCTULE AT
EACH LEVEL OF REL IABILITY

LI .
, Leve) Vehiele Vehicle Wing Fleet | Cost per
Structure of weight, | length, unt Pavlond, | gfze, | vehicle,
concept reliability th o] weishf, b no. veh. | milliona
h/fe2
Semimonocoque Low 923 970 427 7.126 05 942 115 45,300
apanwige Nominal 842 621 118 T.454 85 068 129 13,81
t aded High 836 A24 407 7,784 74 056 149 42,0030
Semimoanocoque Low RT4 287 16 7.497 83 324 132 43,110
spxtnwiae Nominal B40 670 404 7.716 75 618 145 42,0
tubular High 791 110 395 7.924 66 349 166 40,097
Monncoque Low 842 818 408 7.598 77.478 142 44,108
honeveomb- Nominal 835 241 406 7.748 74.179 148 43,812
core High 799 753 398 7.841 68 388 161 42,368
e orbiive S Low 836318 | 407 7.007™ | 71 023 153 43.603
ahanaige. Nominal 797 493 397 8. 186 62 906 175 41.907
i I3 4 [P «
beaded High 762 021 388 8,462 55 322 199 40,493
Semimonocoque Low 799 766 398 7.898 65 283 168 40.615
chordwisge Nominal 726 862 a79 8.251 51 669 213 37.6405
tubular High 709 737 375 8.596 45 085 214 36,827
Low 599 236 344 9. R09 20 903 526 34.475
ng‘f’&‘q“e Nominal 562 904 334 10.432 10 748 1023 31.440
High 529 254 323 10.888 3 323 3310 27,183
e e . . i -
o . Tetal Total Reiative
Structure Cost oper Inital noc, 1or;, operational | svstem- total-
vehicles, | investment .
concept ' billions billions cost, enst, svstem-
billions hillions \
billions billiona cost
SO g2 1]
Semimonocoque 5.204 8.689 43,327 16.625 59,952 68. 641
apanwise 5,666 9.354 46,821 12.567 65, 388 74,742 1.00
beaded 6.244 10.186 51,175 21,094 72.270 82, 455
Semimonocoque 5.720 9,430 47.351 18.917 66.268 75,698
spanwise 6.113 9.994 59, 301 20.678 70,979 80.973 | 1.083
tubular 6.648 10.757 54, 028 23. 435 77,463 88. 219
Monocoque 6.262 10.214 49, 606 20.194 £9, 800 80. 015
honeycomb- 6.497 10. 558 51,381 21.053 72,434 82. 993 1.110
core 6.815 11.008 53. 528 22. 641 76.169 87,178
S‘j{f{(‘f‘;&’i’nm 6.668 10.816 53.004 | 21.717 74.721 85. 538
pnnwise 7.344 11,796 57, 984 24. 600 82, %84 94.380 | 1,263
P 8,051 12,822 63.194 27,731 90,925 103. 747 |
headed
Semimonocoque 6.843 11.052 66,012 23,734 79.746 90. 798
chordwise 8,019 12.747 64.748 29. 454 94, 202 106.949 | 1.431
tubular 8.985 14.167 72.536 33.612 106,148 120,315
18.142 27,599 134,453 70. 450 204,903 132 501
M:';‘t’n"g““" 32.177 48,247 245,120 | 135.739 380. 859 429 106 | 6.74:
89,973 133.278 737.415 436,166 1,172.630 | 1,305.908 :
]

Xncludea spares.
blm‘ludea welght of fuselage bedy penalty.
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COST BREAKDOW

TABLE 26-6

" EACH LEVEL OF RELTABILITY

ANTS PER TON-MTLE FOR FACH PRIMARY STRUCTURE

— G -
Structu-e Leves Vehicle | Vehicle ‘b:‘ ':f Pavload Flert Cart oper
concept of weight , lenytth, weirht I ’ size, veohieles,
reliability Ib ft. iht, no. veh, centa‘ton mi
Ihy/it2 —
Semimonocoque Low 923 970 427 7.126 95 942 115 2,531
spanwise Nominal 812 621 418 T.454 K5 0GR 129 2.75%
beaded High A6 R24 407 7.784 74 056 149 3.039 '
Semhnonocoque Low B74 2R7 416 7.497 83 324 132 2.784
spanwise Nominal R40 670 408 7.716 75 618 145 2.975
tubular High 791110 195 7.924 66 349 166 3. 236
Monacoque Low 842 814 40R 7.598 17 478 142 3.0441
honevcomb- Nominal B35 241 406 7.748 1179 148 3.162
core High 799 753 3ae 7.841 68 3R 161 a7
sg‘::ﬁ‘rﬂn:’i'mw Low 836 318 | 407 7.807™ | 71 033 153 3.245
Qp'mwlse-' Nominal 797 493 397 ], 186 62 906 175 3.574
;m:\dcd High 762 021 J8A 8.462 85 322, 199 3.918
Semimonocogque Low 799 7668 398 T.R9R 63 2R3 168 ] 5. 331
chordwige Nominal T26 862 379 8.251 51 669 213 H 1 903
tubular High 709 737 375 R. 596 45 085 244 : 4.3713
Low 599 236 344 9.809 20 303 526 8. RI0
Mx:‘i‘;lg““‘ Nominal | 562 904 334 10.432 10 748 1023 15.661
' High 529 22 323 10. 888 3323 3310 43,791
: Total Relative
Initial > 20C 1oc¢,
S.ructure 4 - - -
(‘;‘:;. :;:t investment cents/ cents/ Owl:ll:?“ﬂl T"m'c:;‘l’ts“’m B:,‘::"“:m
cents/ton-mi ton-mi tor-mi cenis/for..mi { cents/ton-mi ‘cost
Semimonocogue 4.220 21.09 8.09 29.18 33.41
spanwige 4.5%° 22.79 9.03 31.82 36.38 1.00
beaded 4,957 24.91 10.26 35.17 40.13
Semimonorque 4.589 23.04 9.21 32.25 36.84
spanwise 4,864 24.48 10.07 34.55 39.41 1.083
tubulay 5.235 26.29 i1.41 37.70 42.94
1
Monocoque 4,971 24.14 9.83 33.97 38.94
honeycomb- 5.138 25.00 10.25 35.256 40.39 1.110
core 5.356 '26.05 11.02 37.07 42.42 i
ey e 5.264 25.80 | 10.57 36.37 41.63 .
Smnwise‘ 5.741 28,22 11.97 40.19 45.93 1.263 i
beaded 6.240 30.76 13.50 74.25 20.49
Semimonoocoque 5.379 27.26 11.55 38,81 44.19
chordwise 6.204 31.51 14.34 45, 85 52.05 1.431
tubular 6.895 35.30 16.36 51.66 58. 56
13.432 65. a4 34.28 99.72 113.16
. ‘;;‘[’g:q“e 23.482 119.30 66.06 185. 36 208. 84 5. 741
62. 866 358,92 211.79 570. T\ 635, 58

g'mcludos apares,

ncindas weight of fuselage body penalty,
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TABLE 26-8

BASELINE AIRPLANE MASS FRACTIONS
(cTOoWw = 550 000 LB)

Component izitizl Monocogue Semimonocoque gﬁiﬁi;:iize
Waffle|Honeycomb | Tubular | Beaded {Chordwise
Fue1 (@) 0.50__} 0.k0 0.50_] 0.40_] 0.40 0.40 0.140
Structure ___| _0.27_] 0.35_}_ _0.28__§ 0.28_] 0.27 0.30 0.31
landing Gear_}_0.03 0.03 0.03._f__0.03_“_0.03_____0.03_____.0.03
Propulsion 0.15 0.15 0u5_j_0J5H_&15ﬁ__0J5_m__m15
Equipment(gl__ 0.05-——. 0.05 0.05—4— 0.05-4-0.05 0.05 0.05
Payload 0.10 0.02 0.09 0.09_1.0.10_{ __0.07 _{___0.06

#Includes residuals, reserve, inflight losses, loiter, taxi, run-up, and
performance propellant

bIncludes equipment, crew, and design reserve
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TABIE 26-12

OPTIMUM-SIZE ATRPLANE MASS FRACTIONS
(GTOW = VARIABIE)

Component Initial Monocogque ' Semimonocoque Statically

Valves | Waffle | Honeycdub| Tubular | Beaded | Chordwise | Determinate
reer &) | omo_loso_l ouo 0.40 0.40 0.40 0.40
.ructure 0.27 0.35 0 31 0.31 0.31 0.32 0.32
Landing Gear 0.03 0.03 0.03 0,03 0.03 0.03 —} 0,03
Propulsion 0.15 0.15 0.13 0.13 0,12 0¢13 —— 0.13
Equipment (b) | 0.05__10.05__] __0.0k___{_0.0h .__F.O.Olt 4 .0, 05 __}1 . 0,0k
Payload 0.10 0.02 0.09 0.09 0,10 0.07 - 0.08

STncludes residuals s reserve, inflight losses, loiter, taxi, run-up, and
perforimunce propellant

bIncludes equipment, crew, and desigh reserve
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TABIE 26-15

NIO SUMMARY - STRUCTURE CONCEPT DESIGN AND COST DATA

GROSS WEIGHT: 882.621 LB, WING AREA: 16,206 SQ

Structure
Concept

Cwing

(1p)

Wing Weight

(pst)

Fleet
Size

Total System
Cost (Dollars)

i cmilmonocoque
fnanwise
tegded

wdow |

0.007752

120 80T

7454

129

ThoTh2 x 107

Semimonocoque
Spanwise
Tubutar

0.008181

127 492

7.867

140

81.112

{
f—

Monocogue
Joneycomb
Handwich

0.008236

128 350

7.920

143

82.853

Statically
Determinate
Spanwise~Beaded

0.008468

131 965

8.1&3(a)

164

95.020

Semimonccogque
Chordwise
Convex-beaded/tubular

0.009269

1kkh 523

8.918

189

109.505

Monocogue
Waffle
450 x us°

0.012981

202 295

12,483

83tatically determinate concept body penalty = 0.2245 (26,300) = 5,900 1b
w’= (131, 965) + (5,900)/(16,206)

= 8.50T7 psf
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Total system cost, cents per ton-mile

I !

20 T T 1 T
Payload range. 205 X 109 ton-mile {statute)
200 b—
Key

© Semimonocoque sponwise becded
180 t— [ Semimonoccque sponwise tubular

& Monocoque honeycomb-core sandwich

160 — © Statically determinote spanwise beoded

@ Semmonocoque chordwise tubular
@ Monacoque watfle

v

/Y

/
/

140
120 /
Boseline-size vehicle —a
100
Statically determinate AO timum-size
(with body penalty) / / vephicle
80 /
60 ¥ \
4@ gfﬁ'g/ P
Statically determinoze —J/’/ o
(w/0 body penality)
20 | 1
5.0 5.5 6.0 65 7.0 1.5 8.0 8.5 90 95 100

Wing unit weight, tb/f 2

Figure 26~-2. Total-system-cost for baseline and optimum-size vehicles

of various wing constructions

<,
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Total system cost, cents per tonemile

250 -1 T ~T T Y
Monocoque Fleet payload range: 205 x 107 ton miles
\____,..wofﬂe {statute)
unflanged
260
60
A‘nonocoque
55 o chordwise
\_,,.g—/ Statically
5@ \ determinate
45 N Monocoque
\\ honeycomb
40 e N\\\‘ ““’1 Semimonocoque
T R m— tubular
~ P |
[ —— " Semimonocogque
35 bsaded
4 K 7 8 9 1.0 11

Gross tak soff weight, GTOW, 1b

1.2 x 10°

Figure 26~3. Total system cost for various gross weight vehicles for

the candidate wing constructions
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180

160

140

120

100

110 x 109

100

lars

Total system cost, 4

70

Nominel wing wnilt welght, psf

Figure 26-18, Total system cost variation with nomingl wing unit
wélght - for constant gross weight vehlele

rr =0 ¥

{ i !
Gross welght: 882 621 b [ semimonocoque
B H
wing 16 206 sq ft chordwise
(fleet size = 189)
0,306h
body
penalty
o — —
I statlcally determin
determinate
// (fleet size = 164)
/
4
monochue
honeycomb ’//
(fleet size ) fleet size
= 1k
3) ~\ ‘3(
ATSC = — :;,’/’
$6,370 x 10 \
\\\\\__semimonocoque - tubular
(fleet size = 140)
i | “]lr
?emimonocoque - beaded
fleet slze = 129?
1 |
7 8 9 10



Section 27
STRUCTURAL ELEMENT TESTING
by
R. S. Jusko, R. Swartz, C. E. Stuhlman, K. A. Wilhelm,

R. C. Dickason, J. J. Panik, L. D. Fogg, A. B. Burns,
G. W. Davis, I. F. Sakata, R. E. Hubka, F. T. Bevan
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Section 27

STRUCTURAL ELEMENT TESTING

TEST PLAN

Standard element tests were conducted concurrent with the theoretical
analyses and the latter portion of the materisl screening test program
(section 5) to evaluate primary structural concepts applicable to wing struc-
ture designs. The results of these tests and subelement tests (section 5)
were used to refine the methods of analysis and concept design.

Twenty~two structural element panels were designed and fabricated for
test and evaluation in accordance with the structural element test shcedule

outlined in table 27-1.

End closeout, crippling, compression panel, and inplane shear tests
were conducted at room temperature and at 1400°F for evaluation of the con-
struction concepts. The information obtained from these tests included:

1. Evaluation of end-closure designs
2. Evaluation of joining methods
3. Combined effects of temperature and lLoad

k. Substantiation of element and panel shear, crippling, and
compression buckling stresses.

Details of the panel elements, fabrication and assembly schedules,
test arrangements, instrumentetion, test procedures, test results, and
comparison of analyses with test results are presented in this section.

DESCRIPTION AND FABRICATION OF PANEL ELEMENTS

Twenty-two panels were constructed for test and evaluation. The panel
types, sizes, and the number of each panel element fabricated are given in
table 27-2.

A detailed description of each of these panel elements is glven below
and includes the fabrication and assembly schedules used in thelr construction.

Tubular Panels

The test panel design (fig. 27-1) consists of two beaded skins, four
fingered end doublers, and two end bars for testing. Beaded face sheets
were formed in e high-pressure Verson-Wheelon press; doublers were blanked
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using steel ruloe dies. End bars were inctelled using Hi-Iok, high«strength

fagteners.

Tnds of the panel acszembly were rachine-ground to a close tolerunce

(£0.001 inch) across the penel width., Cri:;ling end end closeout panels were
saw cut from full-length penels; ends of criypling pene_s end one end of an end
closeout penel were cast in Densite or Pyroiorn for testing, depending on the
test enviromnment.

Fabrication and assembly plan for 3(-%=in. panel:

1.

Formed skins — two required per iencl assembly

Shear 24.0-in. by 34.0-in. blanks, 0.016-in. gage René Ll
Deburr

Process clean - degrease, alkaline wash, pickle rinse, &7 1 dry

Encase in preoxidized Type 321 Tres steel envelope
(26.0-ir.. by 36.0-in.), evacuated and seam-welded

First stage forming at 3500 psi (17-20% elongation) on form block
FB-CL 1125-1-9 (fig. 27-2)

Anteal package — air furnace 1950° ¢ 2000°F for 1% min; air cool
to 1CO00F within 3 sec

Pickle — nitric-hydrofluoric (vapor blast to removz residual scale)
Second stage forming at 3500 psi (8-10% elongation) on FB-CL 1125-~1-9

Anneal package - air furnace 1950o to 2000°F for 15 min; air cool
to 1000*F within 3 sec

Pickl~ = nitric-hydrofluoric (vapor blast tc remove residuval scale)
Third stage forming at 3500 psi (4-5% elongation) on FB-CL 1125-1-9

Annesl package — air furnace 1950° “o 2000°F for 15 min; air cool to
1000°F within 3 sec

Remove package from part; hand sherr

Final stage forming at 8000 psi (2-3% elongation) on FB-CL 1125-1-9
Iay out finish panel dimensions nd siear

Drill No. 30 vent holes in onc end of teads, une panel only (fig. 27-3)
Deburr

Clean for welding (chromic=-sulfuric per ref. 27-1)

Prepare coupone fuom trim material, 5 required
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2. Finger doublers — four reguired per panel

Shear 5.45~in. by 17.37-in. blanks, 0.030-in. gage Rend 41
Blank — steel rule die in 200-ton punch press
Deburr
Final clean prior to assembly (chromic-sulfuric per ref. 27-1)
3. End bars — four required per panel
Saw .38~in. by 1.00-in. Inconel bar to 17.38-in. length
Normalize at 1800°F for 30 min; air cool
Check and straighten
Mill one face and one edge square
Clean prior to assembly
k. Assembly — record weight of each detail part

Locate penels and doublers in wniversal weld fixture (fig. 27-.);
resistance weld (figs. 27-5 and 27-6); (ref. 27-2)

Remove electrode deposit — hand swab using chromic acid followed
with alcohol rinse

Age and heat oxidize at 1400°F for 16 hr in air furnace using
ceramic fixtures for heating and air cooling

Drill and ream panel and end bars in drill fixture (no coolant or
lubricant )

Deburr holes
Record weight of assembly, less end bsrs
Install Hi-Iok fasteners

Mill panel end bars normal to axis of beads within #0° 157,
flat and parallel within 0,001 in. (ref. 27-1).

Modified tubulsr panels. — The end closeout designs were modified by the
additTon of tapered doublers (0.016 in. thick by 5.00 in. long) to each side of
each flat of the finished panel assembly (fige. 27-1 and 27-7 ). The area to be
covered by these doublers was hand-saended, scraped, and wire~brushed to remove
oxide. Doublers were sheared ‘to size (0.1’4-0 in, wide at one end; 0.26 in. wide
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at the other end), cleaned (alkaline wash, chromic/sulfuric pickle » hot water
and deionized water rinse, air dry) , and located in position by probe tack
welding. Structurel welds followed schedule previously established for four
thicknesses of 0.016 in. René 4l. Due to inability to remove all surface con-
tamination from the heat-oxidized surfaces, spot-weld strength per spot was
reduced; average values obtained from test strips indicated loss of approxi-
mately 30 1b per spot. Average shear strength of spots was 517 1b (547 1b per
spot on clean material), which exceeds MIL W-6858C specification requirements.

Fabrication of crippling and end closeout panels. — One panel assembly
was completed in accordance with the above plan except that end bars were
omitted from one end of panel. The remaining penel was then sawed into re-
quired end closeout and crippling sections (figs. 27-8 and 27-9).

1. Crippling panel end casting for test — one crippling panel after being
sawed to 8.0-in. length, was fixtured in 1,0-in. deep mold and cast
with Densite. After drying, panel was reversed and opposite end cast
in Densite. Fnds were then ground flat, parallel, and normel to bead
axis,

A second crippling panel was cast in Pyroform (a high-temperature
ceramic) in a similar msnner, except thet shims were placed to
provide space for panel elongation during high-temperature testing.

2. ®nd closeout panel was sawed to 9.0-in. length with sawed edge cast in
Densite, then ground parallel to end bars.

Beaded Panels
The test panel assembly (fig. 27-10) consists of one beaded skin, four
fingered end doublers, and four end bars. Beaded panels were formed by hydrau-
lic forming in a Clearing 1500-ton press, using auxiliary pump for fluid
movements.
Febrication end assembly plan for 30.0-in. panel
1. Tormed skins - one required per panel assembly
Shear 32.0-in. by 38.0-in. blank, 0.020-in. gage Rene 4l
Deburr

Clean — alkaline wash, pickle, rinse dry
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First stage forming at 2000 psi using HFB (hydraulic forming
block) (fig. 27-11)

Degrease

Amneal — air furnace 1950° to 2000°F for 10 min; air blast cool
to 1000°F within 3 sec

Descale — deoxidizer, nitric-hydrofluoric pickle, rinse, oven
dry

Final stage forming at 3000 psi using HFB — CL 1125-1-10
Iay out finish panel dimensions and shear (fig. 27-12)
Final clean prior to assembly (ref. 27-1).
Prepare coupons from trim material, 8 required
2, Finger doublers, 4 required — same as for tubular panel
3. Fnd bars, 4 required — same as for tubular panel

4., Assembly — same procedure as for tubular penel (figs. 27-13 and
27-14); record weight of each detail and final assembly, less end
bars

Modified beaded panel. — The end closeout designs were modified by exten-
sion of the finger doublers. This was achieved by use of 0.016-inch and
0.020-inch by 2.0-inch doublers laminated on each side of the original fingers
and extending a total of 3.0 inches toward the panel center. Twenty 0.020-inch
by 0.35-inch by 2.0-inch; iwenty 0.016-inch by 0.35-inch by 2.0-inch; and
twenty 0.016-~inch by 0.35-inch by 3.0-inch René 41 doublers were resistance
spot-welded (fig. 27-15). New weld schedules were developed for the laminated
sections modified by the finger doublers. The locations and thicknesses for
the laminated section are as follows:
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Location

At end of | 1.0 in. beyond | 2.0 in. beyond [ 3.0 in. beyond
finger end of finger |end of finger |end of finger
doubler doubler doubler doubler

Added (-016 x 2.0) 0.016 0.016

Added (.016 x 3.0) 0.016 0.016 0.016
Added (.020 x 2.0) 0.020 0.020

Finger doubler 0.030

Corrugation 0.018 0.018 0.018 0.018
Finger doubler 0.030

Added (.020 x 2.0) 0.020 0.020

Added (.016 x 3.0) 0.016 0.016 0.016
Added (.016 x 2.0) 0.016 0.016

Total thickness 0.118 0.122 0.082 0.050
No. sheets 5 T 5 3

Fabrication of crippling and end closeout penels:

End closeout — similar to tubular penel.

Crippling — similar to tubular panel (fig. 27-16).

The test panel assembly (fig. 27-17) consists of a trapezoidal corrugation

Trapezoidal Corrugation Panels

center, two trapezoidal corrugation ends, four finger splices, and two 2zee

sections.

panel, then cut into center and end sections.
using steel rule die in a punch press; zee sectlions were power-brake formed on
standard tooling.

Fabrication and Assembly Plan for 30.0-in. panel:

The corrugations were formed on & corrugating die as a one-piece
Doublers were blanked from sheet

1. Trapezoidal corrugations — one 22.0-in. and two 4.0-in. sections
requlred per panel assembly.

Shear 32.0«in. by 36.0-in. blank from 0.016-in. gage Rend 41
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L,

Deburr

Form in corrugation die CD-CL 1125-1-12 (fig. 27-18)
Size to 0.578-in. height, standard tools, power brake
Iay out for saw

Saw parts (center corrugation and end corrugations)
Prepare coupons from trim material, 8 required
Debury

Joggle — cerrobend cast tooling, arbor press

Clesn for welding

Finger splices — I reguired per panel assembly

Shear 3.7l-in. by 20.0-in. blank from 0.040-in. gage Rene U4l
Deburr

Blank — steel rule die BD CL 1125-1-11-6 and -7.

Cut to length — shear per -6 and -7 details

Deburr

Clean for welding.

Zee section = 2 required per panel assembly

Shear 2.58-in. by 19.46~in. blanks from 0.020-in. gage Rend Ll
Deburr

Power brake form, standard tooling.

Clean for welding

Assembly

Record weights of each detail part (fig. 27-19)

Locate corrugation sections and zee sections in weld fixture;
resistance weld
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Install splice plates; resistance weld (fig. 27-20)

Remove electrode pickup, swab with chromic acid

Alcohol rinse

Age and heat-oxidize, 1400°F, air furnace, for 16 hr (fig. 27-21)

Mill ends of panel square, parallel, and normal to corrugated axis

End cast in Densite and Pyroform (one panel each material)

Fabrication of crippling panels. — One center corrugation was saw-cut into

two 8.0-in. lengths, aged and heat-oxidized, 1400°F for 16 hr. Ends were cast

(one panel in Densite, the other in Pyroform) then ground flat, parallel and
normal to corrugation axis. (fig. 27-22).

Corrugation-Stiffened Panels

The panel assembly (fig. 27-23) consists of one corrugated sheet with
formed closeouts, one flat skin, two tapered fingered end doublers, two end
spacer doublers, and two Tee end bars. Corrugation, skin, and doublers are
resistance spotwelded together; end Tees are attached with high-temperature
shear fasteners. Two full length panels (30.0 in.), two crippling panels
(8.0 in.) and one end closeout panel (9.0 in.) were febricated.

Fabrication and assewbly plane for 30.0-in. panel:

1. Corrugation with formed closeouts — one required per panel
assembly

Shear 24.0-in. by 34.0-in. blank from 0.016-in. gage Rene k41
Encase in preoxidized type 321 Cres steel envelope

First stage forming in Verson-Wheelon at 6000 psi (17% elongation)
on CL 1125-1-13 form block (fig. 27-2k4)

Anneal at 1950° to 2000°F for 15 min; air quench
Remove scale — pickle and vapor blast

Second stage forming at 6000 psi using filler strips in
CL 1125-1-13 form block (12% elongation)

Anneal
Pickle

Third stage forming at 6000 psi using filler strips in
CL 1125-1-13 form block (10% elongation)
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3.

ll-o

Anneal
Remove envelope; hand shear

Final stage forming at 10 000 psi using filler strips in
1125-1-13 form blcok (2% elongation)

Loy out and trim to 19.00 in. by 30.75 in.
Prepare coupons from trim material, 8 required
Drill No. 30 holes in one end of each bead
Deburr

Clean for welding

Skin — one required per panel assembly

Shear 19.00-in. by 30.75-in. finish skin from 0.026-in. gage
Rene b1

Deburr

Clean for welding

Tapered fingered doublers — two required per panel

Shear 4.00~in. by 19.00-in. blanks from 0.060-in. gage Rend bl
Deburr

Blank fingers — BD CL 1125-1-13 steel rule die in 200-ton
punch press

Deburr

Mill taper fingers — mill fixture

Deburr

Clean for welding

End spacers -~ two required per panel

Shear 0.75-in. by 19.00-in. blenks from 0.040-in. gage Rene Ll
Deburr

Clean for welding



5. Tee bars

Saw 19.00-in. blanks from 0.38-in. by 1.00-in. Inconel 600
alloy bar

Stress relieve at 2000°F for 30 min
Check and straighten - hand arbor press
Mill Tee configuration
Clean for assembly
6. Assembly
Record weight of each detail part (fig. 27-25)

Resistance weld skin, corrugation, and doublers in universal
weld fixture (ref. 27-2)

Remove electrode pickup; chromic acid swab
Alcohol rinse
Age and heat-oxidize at 1400°F for 16 hr (fig. 27-26)
Drill for Tee end attachment
Deburr
Install end tees with Hi-Lok fasteners
Grind ends of Tee members flat, parallel, and normal to bead axis.
T. Fabrication of end closeout and crippling specimens. One full
length panel was cut into smaller specimens which, in turn, were
end cast either in Densite or in Pyroform similar to the circular-
arc stiffened end closeout and crippling specimens (fig. 27-27).
Circular-Arc Corrugation Shear Panels
The panel asgsembly (fig. 27-28) consists of circular-arc corrugated web
design, with channel caps and edge doub”ers. The cap is TIG welded to the

corrigation using Rene 41 and Hastelloy W filler wires and doublers are resis-
tance spot-welded to the corrugetion.
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Fabrication and Assembly Plan:
1. Corrvgation — one required per panel assembly
Shear 20.0-in. by 26.0-in. blank from 0.016-in. gage Rend Ll
Deburr
Form on FB/CL 1125-1-12 — Verson-Wheelon at 5000 psi (fig. 27-29)
Lay out and saw/shear to 15.50 in. by 17.00 in.
Prepare tensile coupons from trim material, L4 required

Grind ends flat, parallel, and normal to axis of corrugation
using CL 1125-1-12 TIG weld Tixture

Deburr
Clean for welding

2. Side doublers — four reguired per panel assembly
Shear 1.42-in. by 15.26-in. blanks from 0.016-in. gage Rene 4l
Deburr
Clean for welding

3. Cap Channel — two required per panel assembly
Shear 3.25-in; by 17.00-in. blanks from 0.060-in. gage Rene 4l
Deburr
Drill 10 V-size holes (0.376-0.383-in. diam) using drill jig
Deburr
FPorn flanges — power brake using end holes for location of bends
Clean for welding

4, Assembly
Record welght of all detail parts (fig. 27-30)
Locate corrugation in weld fixture

Trace contour and ink template
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Locate cap in position and seal
Weld cap to corrugation, tracing from template (fig. 27-31)
Reposition and repeat sequence for other cap
Weld schedule:
Vicers DC arc welder Model MT 4kh0, 400 amp
Weld amperage — 85
Voltage — 10
Trovel speed — 9 in. per min

Electrode — thoriated tungsten (2% ThOo), 0.093-.n.
diameter

Torch nozizle — 0.31~in. diameter
Torch shield gas — Argon at 12 £t3/min
Backup gas — Argon at 25 £t3/min

Trailing shield — 3.0-in. by 6.0-in. glass cloth attached
1o torch

Filler wire - 0.045-in. diam Hastelloy W for one other panel,
0.060~in. diam Rene bl for other panel; both automatic feed

Install edge doublers, hand clamp and resistance spot weld

Iay out and drill ten 6.4 mm holes (0.251 - 0.258-in. diam) each
edge of panel

Deburr
Age and heat-oxidize — 1400°F for 16 hr (fig. 27-32)
Record weight of finished assembly

Spar Cap Crippling Panel

The panel assembly (fig. 27-33) consists of a circular-arc corrugation
web and two channel caps. The caps are TIG welded (melt through) to corrugation.
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Fabrication and assembly plan: Detailed fabrication and assembly plan
for the beam cap crippling panels is identical to the circular-arc corrugation
shear manel, except for the follewing:

1. Hastelloy W filler wire was used to join the cap to arc (welding
schedule same as for the in-plane shear panel test)

2. The height of the cap flanges is 3/8 in.
3. The ends of the panel were milled flat, square, and parallel
TEST SETUP
Room Temperature Compression Tests

The test setup f¢- the room temperature compression tests of the end-
closeout, crippling, compression panels, and the beam cap crippling specimens
was essentially the same. Typical test arrangements are shown in figure 27-3h4
for the crippling and compression panels. The compression panels are shown
positioned in the compression bay of a suitable capacity testing machine and
are located between a base plate and a compression head test fixture. All
bearing surfaces of these fixtures were Blanchard ground flat and parallel.
Two cylindrical plates are shown sandwiched between the compression head and
the positioning (or movable) head of the test machine. These plates are tapered
in thickness (0.001 in./in.) to allow for initial parallel alignment of the
ground surfaces of the base plate and compression head test fixture prior to
installation of the test panel. The initial alignment of the compression sur-
faces was held to within 0.0005 inches across the total bearing surfaces of
the loading fixture.

Prior to installation of the test panel, slit tubes were attached to
the free edges of the panel to provide simple edge support. Sufficlient clear-
ance (0.050 in. at each end of the tube) was provided at the tube ends to
avold the introduction of axial tube loading due to specimen contraction when
test loads were applied.

Elevated Temperature Compression Tests

The test setup for the elevated temperature compression tests of the
crippling and column panels was escentially the same. A typical test arrange-
ment is shown in figure 27-35. In addition to the room temperature test fix-
tures previougly described (including the tubular edge supports), figure 27-35
shows two Pyroform (cast ceramic) blocks, 1/2 in. thick by 6 in. wide by 24 in.
long, and a 3/16-in. thick Inconel bearing plate attached to the loading and
reaction heads of the test machine. The Pyroform blocks adjacent to the
Inconel plates contained nichrome heating elements which were threaded through
pre-cast holes in the blocks. This srrangement reduced heat losses from the
ends of the test panel and provided insulation at the test machine loading
and reaction heads.
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The Pyroform block heaters were electrically connected in marallel and
were energized by an Inductrol type 60-cycle pov.:r supply. “he Inductrcl
unit is essentially a two-winding power transfom.er that incorporates a mov-
able secondary coil permitting a variable electr’cal output from the trans-
former. This unit was used to proviue electrica! isolation between the block
heaters and the 490-volt, 60-cycle power suppnly wred for the radiant heat
lamps .

An overall view of the elevated temperature test setups Tor the crip-
pling and column panels is shown in figure 27-36. Two radiant heat lamp
assemblies were used, one assembly on either side of the test panel. Relrasil
batting (a high-temperature spun glass insulation blanket) was used to encap-
sulate the panel test setup. The lamp sssembiies consisted of 1000T3/CI/HT
quartz lamps and the Research Incorporated AUS-41.2 lampholders. Two Thermac
power units were used to energize the heat lamn : ssembiies. Chromel-. . umel
thermocouples spotwelded centrally on each side o3 the panels provided the
feedback signals to regulate the power controlicye,

Shear Panel Tests

The general arrangement for the in-plane chear test is shown in
figure 27-37. The test panel is mcunted in 2 cansilever type loading test
fixture. Flexure pivots are incorporated In the test fixture design at each
of the four corners to eliminate the frictlon associated with pin conn .tions.
A hydraulic Jjack was used to apply vert®zal loading to the cantilevered test
fixture. Hydraulic pressure was supplied to the Jjuck by means of an Edison
load maintainer. Test loads were monitored by means of a load transducer
mounted in series with the hydraulie jack. Iateral supports were pin-
connected to the cantilever fixture to preveat racking during load application.

INSTRUMENTATION
The instrumentation schedule for the structural element tests is out-

lined in table 27~3 and indicates the number of strain gages and thermocouples
used for each panel test. The strain gages used included Baldwin Lims

Hamilton (BILii) foil gages, type FAE-25-12 86, and Budd foil gages, type C6-1224.

An epoxy «dhesive system was used to bond the BLH geges to the specimens using
accepted standard strain gage bonding techniques. 7he Budd gages were bonded
using the water-activated epoxy auhesive lncorporared with each gage. Speci-
men axial deformations (panel shcrtening) were menz ired by means of electrical
deflectior transducers mounted at +: » four corners of the compression head
fixture pr viously described. Th- :-f _ection transducers, normally designed
as LVDTs (linear varisble differer...:l transducers) are Model SS-105 (6-volt
excitation), G. L. Collins Corporation.

Specimen temperatures were measured using 30-gage chromel-alumel thermo-
couples having glass-over-glass type insulation. The thermocouples were
attached L6 the “est specimens by means of the capac.tance discharse spot-
weld methed. A lSOQF Pace reference junction was used for the thermocouple
data reference point. The strain gage and thermocouple locations and identi-
fication numbers for each panel speciuen are presented in the paragraphs
describing test results.
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DATA ACQUISITION

A modified Sadic, 200-channel medium speed data scquisition system was
used for the panel tests. The system has an irherent maximum speed of approxi-
mately 250 wsec per data point with five digit resolution to +30 000 counts
and 0.03 perc:nt linearity. This represents a system accuracy of +10 micro-
inches/in. strain for all strain levels up to +30 000 microinches/in. Strain,
or +0.2°F when using chromel-alumel thermocouples from -300°F to +700°F. The

system converts the millivolt signals from strain gages, deflection transducers,
and thermocouples into digital data and stores them on perforated tape. This
information is then transferred to IBM cards for further processing. For
this program, tab runs were the snd product for data display. The strain gage
and deflection transducer data have been plotted in curvilinear form; the
thermocouple data are presented in tabular form. All of these data are
included in the test results paragraphs of this section.

TEST PROCEDURES
Preliminary Tests

Prior to conducting the compression failure tests at either room or
elevated temperature, a preliminary test run was conducted to assure proper
specimen alignment in the test machine so that a wniform loading would be
achieved across the entire specimen width. Test loading during this align-
ing procedure was hel” below 5. percent of the predicted initial buckling
load for the particular specimen configuratic tested. Uniformity of load
distribution was determined by the IVDT readings that measured test head
Jdisplacement and by panel strain gage readings. After satisfactory alignment
of the test panel was achieved, the failure test was conducted.

Failure Tests, Room Temperature Compression Panels

The failure test consisted of the application of coumprescion loads in
suitable steps while panel deformations and strains were recorded at each
loadi g step. Test loading in this manner was continued to failure. The maxi-
mum load sustained by the panel was obtained from the reading of the load indi-
cating follower located on the face of the test machine console.

Failure Tests, Elevated Temperature Compression Panels

After satisPactory alignment of the test panel, the test specimen was
then heated to the 1400 F test temperature. This was sccomplished by first
energizing the heating elements in the Pyroform blocks whieh in turn heated
the Inconel bearing plates located between the specimen ends and the Pyroform
heating blocks. The radiant heat lamps were then energized by means of the
Thermac power regulators.
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In the actual operation of the Thermac units, the set-point control was
adjusted for the desired temperature as determined from the calibration curves
provided. The limiter control was then advanced slowly to limit the rate of
panel temperature rise. The advantages accrued from this procedure were.

1. Limitation of the temperature rise rate

2. Limitation of maximum power to the lamp ascsemblies, which is
a safety feature in the event of a circuit failure

3. Minimum fluctuation of lamp intensity, which provides for a
better steady-state temperature condition

k. TIncreased life of the radiant heat lamps.

Throughout the entire heating phase of the test panel to the 1400°F test
temperature, & 2000-1b compression load was maintained on the specimen by the
test machine operator. The test panel was soaked at the test temperature for
a minimum of one-half hour before loading wes commenced to failure. The pro-
cedure used for the failure tvest at the elevated temperature was identical to
the procedure previously described for the room temperature failure test.

Failure Tests, Shear Panels

The procedure used to conduct the shear panel failure tests consisted
of applying cantilever loads at a rate of approximately 100 1lb per minute by
meens of the Edison load meintainer. Test loading was interrupted to permit
strain gage data recording from both the back-to-back rosette gages on the
test panel and the load transducer mounted in series with the hydraulic jack.
A readout time of approximately three seconds was required. The load levels
at which data were recor ed are indicated by the test points of the strain
gage plots for each panel. An electrically operated dump valve was energized
by hand to dump the test load at panel failure.

TEST RESULTS
Panel Mgterial Tests

The manufacturing processes used for the febrication of the test panels
included interstege annealing for several of the panel coafigurations. Me-
chenical property tests were conducted to establish the material characteris-
ties resulting from these processes, and are summerized in teble 27-4. Stress-
strain curves for each of the materisl conditions are presented in figures
27-38, 27-39, and 27-k0.

Panel Tests
A summary of the panel element tests conducted in this program is pre-

sented in table 27-5 and includes panel descriptions, test temperatures, panel
areas (computed from the panel weight measurements), panel ultimate loads, and
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nltimate stresses for each of the end closeout, crippling, comvression, and
shear penel configurations tested. A detailed description of the test results
for each of these configurations is given below,

End closeout tests. — The end closeout panel configurations were tested

at room temperature end included the following penels:

ture

Corrugation-~stiffened panel — The strain gage locations for this panel
configuration are given in figure 27-4l. Curve plots of the strain gage
data are presented in figure 27-42. A curve plot of the penel shortening
due to the applied compression loads is given in figure 27-43. Photo-
graphs of the panel after failure are shown in figure 27-4lL. Thickness
measurements of the panel cross-section are given in table 27-6.

Beaded panel — The strain gage locations for this panel configuration are
given in figure 27-45. Curve plots of the strain gage data are presented
in figure 27-46. A curve plot of the panel shortening due to compression
loads is given in figure 27-47. Fhotographs of the panel after failure
are shown in figure 27-48, Thickness measurements of the panel cross-
section are given in table 27-7.

Tubular panel — The strain gage locatlons for this panel configuration
are given in figure 27-49. Curve plots of the strain gage data are pre-
sented in figure 27-50. A curve plot of the panel shortening due to
compression loads is given in figure 27-51. Photographs of the panel
after failure are shown in figure 27-52. Thickness measurements of the
panel cross section are given in table 27-8.

Crippling tests. — Crippling peanel tests were conducted at room tempera-
and at 1400°F for each of the following panels.

Corrugation-stiffened skin panel
Trapezoidal corrugetion panel
Beaded panel

Tubular panel

The spar cap crippling specimen was tested at room tempersture.

1. Corrugation-stiffened skin crippling panel room temperature test —
The strain gage locations for this penel configuration are given in
figure 27-53. Curve plots of the strain gage data are presented in
figure 27-54. A curve plot of the panel shortening due to compression
loads is given in figure 27-55. FPhotographs of the psnel after fail-
ure are shown in figure 27-56. Thickness measurements of the panel
cross section are given in table 27-9,
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2.

Corrugation-stiffened skin crippling panel elevated temperature test —
The thermocouple locations for this panel are given in figure 27-57.
Tab runs of the thermocouple date showing the temperature distribution
are presented in table 27-10. A curve plot of the panel shortening
due to the applied compression loads is given in figure 27-58. Photo-
graphs of the panel after failure are shown in figure 27-59. Thickness
measurements of the panel cross section are given in table 27-11.

Trapezoidal corrugation crippling penel room tempersture test —

The ~+-ain gage locations for this panel configuration asre given in
fix 27-60. Curve plots of the strain gage date are presented in
figure 27-61. A curve plot of the panel shortening due to compres-
sion loads is given in figure 27-62. Photogranhs of the panel after
failure are shown in figure 27-63. Thickness measurements of the
panel cross section sre given in table 27-12.

Trapezoidal corrugation crippling panel elevated temperature test —
The thermocouple locations for this panel are given in figure 27-6L.
Tab runs of the thermocouple date showing the temperature distribu-
tion are presented in teble 27-13. A curve plot of the panel shori=-
ening due to the applied compression loads is given in figure 27-65.
Photographs of the panel after failure are shown in figure 27-66.
Thickness measurements of the panel cross section are given in
table 27-1k.

Beaded crippling panel room tempersture test — The strain gege loca-
tions for this penel configuration are given in figure 27-67. Curve
plots of the strain gage data are presented in figure 27~68. A curve
plot of the panel shortening due to the applied compression loads is
given in figure 27-69. Photographs of the panel after failure are
shown in figure 27-70. Thickness measurements of the panel cross
section are given in table 27-15.

Beaded crippling panel elevated temperature test — The thermocouple
locations for this panel are given in figure 27-27. Tab runs of the
thermocouple date showing the temperature distribution are presented
in teble 27-16. A curve plot of the panel shortening due to the
applied compression loads is given in figure 27-72. Photographs of
the panel after failure are shown in figure 27-73. Thickness measure-
ments of the panel cross section are given in teble 27-17.

Tubular crippling peanel room temperature test — The strain gage
locations for this penel are given in figure 27-T4. Curve plots of
the strain gage data are presented in figuvc 27-75, A curve plot of
the panel shortening due Lo the applied compression load is given in
figure 27-76. Photographs of the panel after failure ave shown in
figure 27-7T7. Thickness measurements of the panel cross section are
given in teble 27-18.
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8. Tubular crippling panel eleveted temperature test — The thermocouple
locations for this penel are given in figure 27-78. Tab runs of the
thermocouple data showing the temperature distribution are presented
in table 27-19. A curve plot of the panel shortening due to the
applied compression loads is given in figure 27-79. Fhotographs of
the panel after failure are shown in figure 27-80. Thickness meas-
urements of the panel cross section are given in teble 27-20.

9. ©Spar cap crippling specimen room temperature test — The spar cap
crippling specimen configuration presented in figure 27-81 was tested
at room temperature. The upturned flanges of the cap specimen were
3/8-in. The strain gage locations for this specimen are given in
figure 27-81. Curve plots of the strain gage data are presented in
figure 27-82. A curve plot of the specimen shortening due to the
applied compression loads is given in figure 27-83. Photographs of
the cap specimen after failure are shown in figure 27-84. Thickness
measurements of the cep specimen are given in table 27-21.

Compression panel tests. — Compression panel tests are scheduled at room
temperature and at 1400°F for each of the following panel configurations:

Corrugation-stiffened skin panel
.Trapezoidal corrugation panel
Beaded panel

Tubular panel

Modifications to the finger doubler design were incorporated in the beaded
panel and the tubular panel as described in the panel fabrication discussion.
After reviewing the room temperature test data for the beaded compression panel,
the elevated temperature test for this panel configuration was deleted from the
test schedule. The results of the room end elevated temperature compression
panel tests are given below.

1. Corrugation-stiffened skin compression panel room temperature test -
The strain gage locations for the corrugation-stiffened skin compres-
sion panel are given in figure 27-85. Curve plots of the strain gage
date are presented in figure 27-86. A curve plot of the panel short-
ening due to the applied compression loads is given in figure 27-87.
Panel deflections, perpendicular to the plene of the skin, were
obtained from three dial gages mounted across the width of the panel.
These gages vere symmetrically positioned about the center of the
panel, with the two outboard geges located approximetely 5 inches
from the center gage. The normel deflections obtained from these
gages are presented in figure 27-88. Photographs of the panel after
failure are shown in figure 27-89. Thickness measurements of the
panel cross section are given in table 27-22.

27-19



2.

Corrugation-stiffened skin compression panel elevated temperatu 8t -

The thermocouple location for this panel are given in figure 27-90.
Tab yruns of the thermocouple data showing the temperature distribution
for this panel are presented in table 27-23. A curve plot of the
panel shortening due to the applied compression loads is given in
figure 27-91. Photographs of the failed panel are shown in figure
27-92. Thickness measurements of the panel cross section are given

in table 27-2Lk.

Trapezoidal corrugation compression panel room temperature test —
The strain gage locations for this panel are given in figure 27-93.
Curve plots of the strain gage data are presented in figure 27-9k.

A curve plot of the penel shortening due to the applied compression
loads is given in figure 27-95. Panel deflections perpendicular to
the corrugations were obtained from three dial gages mounted across
the width of the pancl. These gages were symmetrically positioned
about the center of the panel, with the two outboard gages located
approximetely 5 inches from the center page. The normal deflections
obtained from these gages are presented in figure 27-96. Photographs
of the panel after feilure are shown in figure 27-97. Thickness meas-
urements of the panel cross section are given in table 27-25.

Trapezoidal corrugation compression panel elevated temperature test —
The thermocouple locations for this panel are given in figure 27-98.
Tab yruns of the thermocouple data showing the temperature distribu-
tions for this panel are presented in table 27-26. A curve plot of
the panel shortening due to the applied compression loads is given

in figure 27-99. Photographs of the failed panel are shown in fig-
ure 27-100. Thickness measurements of the panel cross section are
given in table 27-27.

Beaded compression panel room temperature test — The strain gage loca-
tions for this panel are given in figure 27-101l. Curve plots of the
strain gage deta are presented in figure 27-102. A curve plot of the
penel shortening due to the applied compression loads is given in
figure 27-103. Panel deflection normal to the corrugation was meas-
ured using a dial gage located at the centerline of the panel length
and width. These data are presented in figure 27-10L4. Panel expan-
sion (or widening) resulting from the applied compression loads was
measured by attaching & scale to the panel and recording the change
in position of fiducial lines. The expansion over two corrugation
pitches and four corrugation pitches is shown in figure 27-105.
Photographs of the panel after failure are shown in figure 27-106.
Thickness messurements of the panel cross section are given in

table 27-28.

Tubular compression panel room temperature test — The strain gage
locations for this panel are given in figure 27-~107. Curve plots of
the strain gage data are presented in figure 27-108. A curve plot of
the panel shortening due to the applied compression loads is given in
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figure 27-109. Fhotographs of the panel after failure are shown in
figure 27-110. Thickness measurements of the panel cross section are
given in table 27-29.

Tubular compression panel elevated temperature test — The thermocouple
locations for this panel are given in figure 27-111. Tab runs of the
thermocouple data showing the temperature distribution for this panel
are present.l in table 27-30. A curve plot of the panel shortening
due to the applied compression loads is given in figure 27-112. FPhoto-
graphs of the failed panel are shown in figure 27-113. Thickness meas-
urements of the panel cross section are given in table 27-31.

Shear tests. — In-plane shear tests were conducted at room temperature to
evaluate the actual and predicted strength of the corrugated web design. Two
specimens were prepared: one TIG welded with Ren€ 4l filler wire, the other
TIG welded with Hastelloy W filler wire. The results of the shear tests are
given below,.

l‘

Shear specimen TIG welded with Rene 4l filler wire — The strain gage
locations for this shear psnel are given in figure 27-11L vwhich in-
cluded back-to-back rectangular rosette gages. The rosette gage data
were reduced by means of a computer and curve plots of the principal
strains and maximum shear strain versus applied cantilever loading

are presented in figures 27-115 and 27-116. Photographs of the failed
panel are shown in figure 27-117. No cracks were evidenced in the
weld. Thickness measurements of the web cross section for this panel
are given in table 27-32.

Shear specimen TIG welded with Hastelloy W filler wire — The strain
gage locations for this panel are shown in figure 27-114. Curve plots
of tie principal strains and meximum shear strain versus applied canti-
lever loading are presented in figures 27-118 and 27-119. Photographs
of the failed panel are shown in figure 27-120. No cracks were evi-
denced in the weld. Thickness measurements of the web cross section
for this panel are given in table 27-33.
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COMPARTISON OF ANALYSIS AND TEST RESULTS

A summary of the correlation between the analysis and test results of the
structural element test specimens is presented in table 27-34. The following
observations are pertinent:

1.

5,

The initial compression buckling stress test results correlated rea-
sonably well with initial buckling stress predictions whenever it was
possible to positively identify initial buckling in either the room-
or elevated-temperature tests. This correlation was noted for about
half the tests. The correlation with theory for the remaining tests
indicated variations of approximately 50 percent. Table 52 gives
reasons for the disagreements when possible. Tests in which the vari-
ation is not explainable indicate a need for further tests.

The tubular and beaded-skin configurations exhibit the same sensitivity
to initial imperfections and other disturbances as found in axislly
compressed large thin eylin(rical shells. Consequently, a conservative
method of predicting compression buckling was employed. Even with this
conservative m ethod, large varigtions between test and theory were
noted, as described gbove.

All of the configurations exhibit aboubt a +10 percent variation in thick-
nesses across their widths, resulting from the forming process. This is
within the normal tolerance of the sheet materisl. The analytical methods
show significant fluctuations with these thickness variations; however,
fair agreement exists between test and theory when the thickness used in
calculations is based on the lower limit of the tolerance.

The corrugation-stiffened concept demonstrated substantial post-buckling
strength. Therefore, this configuration has a higher potential than the
initial buckling analysis allows, providing permenent set due to inelastic
deformation after initial buckling is accepteble. The test results indi-
cated a variation of more than 20 percent over the predicted values for
four of the tests performed. Of these tests, three were comparisons of
the failure stresses. :

Panel instability was obxerved in several of the tests of 30-in. speci-
mens, and the test loads agreed favorably with the analysis based on
orthotropic theory for plates simply supported on all four sides. It

is shown that the wide-column analysis used in the optimization of these
configurations is a simplified form of the orthotropic prate theory

(n = 0). This theory is valid for panel width-to-length ratios of 2 or
more when the unloaded edges are supported but it is conservative for
ratios less than 2. However, the wide-column enslysis is valid for any
width~to-length ratio when tested with unsupported edges. It is con-
cluded that the test panels demonstrated in part the validity of the
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theory. However, no tests were performed for unsupported edges, for
buckling dve to inplane shear, or for bending due to lateral pressure.
Since the optimum ratio for the hypersonic-vehicle wing structure is
greater than 2, the use of wide-column analysir in the optimization
program is also valid.

6. The configuration composed of a single beaded skin is susceptible to
a local instability mode with a very short transverse half-wavelength,
which can be predicted with reasonable sccuracy. This mode of fallure
was accounted for in the analysis.

T. '"The shear-panel test specimens correlated with 7 percent of the calcu~
lated initial buckling stresses.

8. The measured initial buckling stress on the spar cap was within 5 per-
cent of the calculated initial buckling stress.

A comparison is presented in this section between analyses and test re-
sults for the four semimonocoque wing-cover configurations, and for the
cireular-arc corrugebed web and beam cap configurations for spars or ribs.
Because of the nonconventional nature of the wing-cover configurations, three
types of tests were performed: namely, (1) end closeout, (2), crippling, and
(3) compression penel tests. The lengths of these test panels were nominally
9, 8, and 30 in., respectively; the end closeout panels and the crippling
panels were expected to yield similar test loads for a given configuration pro-
vided no premature failure developed in the closeout area. Although the crip-
pling panel tests were conducted to failure, primary interest centered on the
test load at which local »uckling developed, since local buckling rather than
crippling was the mode considered in the optimization amnalyses for sizing
hypersonic cruise vehicle structures. Crippling (failure) results are also
shown to supplement the initial buckling data.

All of the compression panels were supported along thelr unloaded edges
with slotted tubes. Because of the panel dimensions, the wide column analysis
yields conservative predictions, and for this reason the general instability
analysis of equation 10-34, section 10, was employed. It should be notead,
however, that the wide column analysis, as used in the optimization analyses
for sizing hypersonic cruise vehicle structures is an sppropriste means for
analyzing compression panels, when the width-to-length ratio is equel to or
greater thaen about 2. This is shown in figure 27-12, which has been developed
from the geometry for the tubular compression panel, discussed in the following
paragraphs. A curve representing an unstiffened plate is also shown for com-
parison. The latter, of course, could represent a plate equelly stiffened in
the x and y directions, and shows that a predominance of stiffening in the x
direction, as in the tubular confizuration, causes the difference in analyti-
cal methods to decrease much more rapidly with increasing b/a. The optimum
b/a developed by the optimization snaslyses for the semimonocoque wing-cover
configurations is 2.25. Of further interest is the fact that the wide column
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analysis, and the general instability anslysis for compression pesnels as rep-
resented by equation 10-34%, section 10, may both be derived from the same set
of equations, where m, the number of hslf-waves in the y-direction, is taken
to zero for the wide column, and to unity for the compression panel. Thus,
the theory may be tested for any panel dimensions, but for b/a>»2 the simplerx
wide column analysis may be utilized with small conservatism.

Tubular Configuration

Analysis. — The test panel drawing is showm in figure 27-1. After forming,

the nominal sheet thickness of 0.010 in. varied across the panel width.
Traverses of the test specimens are given in tables 27-8, 27-18, 27-20, 27-29,
and 27-31 for the end closeout, room and elevated crippling, and room and
elevated temperature compression panels, respectively. The cross-sectional
areas presented in table 27-34 are based on the actual weights of the specimens.

A correlation between the test results for critical buckling of the
circular-arcs in compression end predictions based on equation 12-1hk of section
12 are presented in figure 27-122 and table 27-35. TFrom figure 27-122, it is
evident that the average stresses in the test panels at buckling for the beaded
configuration were well below the predicted stresses. The tubular elevated
panel test failed at an average stress grester then the predicted based on
least measured thickness. With this exception, all of the panels buckled at
an elastic average stress and thus plasticity reduction factors based on the
average stress do not come into play.

The critical buckling stress in the arc of the tubular configuration is,
therefore:

v Y135
fo,er = LTS MEg\ R

29 x 109 psi at 75°F

i

where, E

21.2 x 100 at 1400°F

i

QnTns (from figs. 27-123 and 27-124)

n =
R = 1..05 in,
t = 0.011 in.
then, fc,cr = 105 300 psi at RT

78 500 psi at 1LLOOCF

1l

a7-2h



The initial buckling stress of the flat is based on a simple supported flat
plate:

£ 2
fo,cr = 3.62 nEel(T;)

vhere t = 2 x single flat thickness, in. = 0.030 in.
b = 0.556 in.
1 = Jpp (figures 27-123 and 27-124)

then fe,er = 130 000 psi at RT

111 000 psi at 1400°F

Note that the supports along the unloaded edges of the panel are arranged to
simulate the next tube; that is, the visible flat at each edge is 0.556 in.
However, since the total edge width 1s 1.10 inches, a width of flat equal %o
0.544 in. is hidden from view inside the edge support. Because this flat has
a free unloaded edge, the buckling coefficient for this flat is 0.%, rather
than 4.0, and the buckling stresses are 39 900 psi at room temperature and.

29 200 psi at 1400C¥, These are the lowest local buckling stresses in the
panels and they may have precipitated buckling of the panel. Pert.rbations
in the tubes closest to the unloaded edges of the panels due to buckling of
the panel edges inside the support tubes may have occurred, indicating that

a smaller flat with a small flange may be required at the panel edges. Iocal
compression buckling in the field of the end closeout and crippling test
specimens 1is expecied to occur initially in the circular arcs at the stresses
shown. Because the circular arcs are not expected to have any post-buckling
strength, and they represent over 80 percent of the panel cross section, the
onset of buckling also constitutes failure.

Referring to equation 10-34 of section 10, penel instability for a 30-
inch penel length may be calculated when J, D3, Dy and ke are formulated as
follows:

) o bACE

= = i3
1. d = T = 0.00922 iny .

where effective torsional stiffness

> oy
]

= enclosed area of tube = 2,488 in? '
t = thickness = 0,011 in.

pitch between tubes = 2,614 in,

Lo}
n

U = circumferential length = 5,648 in.

o = correction factor = 0.50
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2. D, = 5 = = 0.00177 nsE

3. Dy = EI = 0.00824 nTE
[ 2/ D 2
- 2 -3 2
c o P2 )

- |22 )2 (9200177%33) o1 | (56a2)?
- 1€.37 Q. 0082kneR / 30

n
o.h296773 + G-E57T
T

Note that the correction factor (refs. 27-5 and 27-6) is based on liwtted
tests of corrugation~stiffened parels performed at Iockheed. In effect, it
accounts for distortions of the tubes as & torsional moment varying with the
amplitude of the axial wave patte:rn is applied to the tube. The critical
stress for panel instability is now:
2
. ) kc ™ D1
c,er T T o
’ tba

o 0.0082} nya)

I}

"s
0. 4296 e b 0.2977

P

' 0.0281 (16.37)2

134 600 n, + 93 40O My, &t 75°F

98 koo ng + 68 300 fNpy 8% 1400°F

i}

146 500 psi at RT

108 500 psi at 14OO°F

A comparison of these stresses with the local buckling stresses calculated
earlier shows the local buckling stresses to be critical. The proportions for
the panel configuration were not necessarily optimum since the forming dies
were fabricated for panels of a different material.,

Test Results. - The room temperature end closeout test specimen failed at
bl 000 1b, at an average stress of 85 000 psi. Because t:is test load was be-
low that for the crippling test specimen, additional doublers were added to the
compression panel test specimen. PExamination of the strain gage data (see
figs. 27-49 through 27-52) indicates some local buckl!ns along the unloaded
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edges of _wnel at loads belov failure, as 2xvected from the panel buckling
test reasuits. Buckling of a tube arc occurred at 43 000 lb, at an average
stress of 83 000 psi. Failure followe® auickly. The ratio of test-to-predicted
initial buckling stress is 0.79.

The room temperature crippling test specimen failed at 47 850 1lb, at am
average stress of 90 400 psi. The specimen behaved very much like the end
closeout specimen. The strain gage data are presented in figures 27-T4 through
27-T7. Buckling of a tube arc occurred between 46 000 and 47 000 1b (epproxi-
mately 88 000 psi). The ratio of test-to-predicted initial buckling stress is
0.8k,

The elevated tempevature crippiing test specimen failed without prior local
buckling at 3% 100 lb, at an average stress of 66 700 psi. The test data are
presented in figures 27-78 through 27-80 and table 27-19. The thermocouples on
the specimen indicated a small thermal gradient, which when accounted for would
reduce the predicted stress by a small amouwnt. In addition, some detached
spotwelds between tubes were observed after the test. It may be shown that the
buckling stress of the flat between tubes, based on one sheet thickmess, is
56 000 psi st 1400°F. This stress is essentially the same as the local buckling
stress for the arc of the tube (53 500 psi). Thus, the presence of some de-
tached spotwelds w<as probably not & significant influence on the strength of the
test specimen. The vatio of test-to~-predicted initial buckling stress is 0.85,
neglecting any thermal stress effects.

The room-tei.): . sture compregsion panel test failed without prior local
buckling at 40 200 1b, at an average stress of T3 800 psi. The strain gage data
are presented in figures Z7-107 through 2,-109. A photograph of the failed panel
1s showm in figure 27-110. Failure was due to local buckling of the tube walls;
the Pailu~e was not significently different from the failures in the previous
sests. {3ee, for exemple, the room-temperature crippling specimen after test,
fig. 27-77.) Thae ratio of test-to-predicted initial bucklir stress is 0.70.
Tais ratio is below those for the previous tests and probably reflects the fact
that this test panel had a somewhat poorer quality than the other test panels.
Note that the erd closeout specimen, and the tvo erippling specimens were all
cut from the same 30-in. long panel. Thus, the quality of these three specimens
is reasonsbly consistent, and one would ex,ezt their ratics of test-to-predicted
initial buckling stress to be rather close, vhich is s2en to be the case.

The elrvated-temperature compression penel test specimen failed without
prior local buckling at 42 800 1b, at an average stress of 80 200 psi. The
test datea are presented in figures 27-111 through 27-113 and table 27-30.
Failure was due to loecal buckling of the tube walls. The ratio of test-to-
predicted initial buckling stress is 1.02. The relatively large amount of
conservatism in the predicted stress ‘n this case may be due to the quality of
the specimen, as d.scussed earlier, or it may he due to some varisnce in the
comprassive elastic modulus at the test temperature, The tendency of tae
materigl to thin out in highly formed areas such as the tub arc requires use of
the least ma..r.al thickness in the analysis, which is quite sensitive to small
changes in sheet thickness. Although panel instebility was not experienced in
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the compression penel tests, the clcvated temperature specimen reached Th per-
cent of the predicted panel instability stress before failing in a locel buck-
ling mode. Calculations show that in order for the present cross section to
become critical in the panel instability node, the length of the panel would
have to exceed 40 inches.

Beaded Configuration

Anglysis. — The test panel drawing is shown in figure 27-10. Again, the
test panel cross-sectionel areas presented in table 27-34 are based on the
actual weights of the specimens. Traverses of the specimens are presented in
table 27-7, 27-15, 27-17, and 27-28 for the end closeout, room and elevated
temperature crippling and room-temperature compression panel test specimens,
respectively. The arcs of the beads for analysis purposes are 0.013 in.
(least measured value) in thickness s the flats between beads are 0.017 in. in
thickness for all panels.

Referring to the discussion of the tubular configuration, the initial
buckling stress of the crippling specimen of the beeded configuration is:

b \1-35
foor = LT5 NEa\g

where ey = 29 x 106 psi at RT
= 21.2 x 1o6 psi at 1LOQCF
7 = ign, (from figs. 27-123 and 27-12L4)
R = 1.05 in.
t = 0.013 in. (least measure value)
then fe,er = 130 000 psi at RT

]

92 500 psi at 1400°F

The initial buckling stress of the flat is based on a simply supported
flat plate:

f

[t}

e,cr

3.62 NEy (%E)

where t = flat thickness = C.017 in. (least measured vaiue)
b = 0.556 in.
n = Ang (figs. 27-123 and 27-124)

then fo,er = 97 500 psi at T5°F

71 200 psi at LLOQOF
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As discussed for the tubular configuretion, the unloaded edges of the
panel are supported by tubes which grip the specimens in about the center of
the available edge width. Therefore, an element with one edge free lies inside
the tube. This element buckles at room and elevated temperatures at stresses
substantially below the stresses noted above, and this will very likely influ-
ence the strain gage deta on ine nearest beads. Iocal compression buckling in
the field of the end closeout and crippling test specimens, therefore, is
expected to occur initially in the arcs of the beads at the stresses shown.

The arcs are not expected to have any post-buckling strength, and buckling
will also constitute failure.

If equation 10-34 of section 10 is utilized to predict local buckling
which occurred during panel instability test for the beaded configuration,
predictions for a 30-in. panel length and & 16.37~in. panel width are obtained,
which exceed the calculated local buckling stresses reported for the crippling
specimens. These predictions, however, are based on the assumption of isotropic
cylinier type buckling in the penel, and the beaded panel does buckle in this
menner when specimens are longer then the crippling specimens. Instead, the
beads tend to behave under axial loed like plates, with elastic support provided
along their unloaded edges at the crests of adjacent bteads. It is apparent that
local buckling occurs between adjacent beads like small individual panels, and
that these small panels may be snalyzed by the proper epplication of equetion
10-34k, This is, indeed, the development leading to equation 12-13. Utilizing
12-13, the following predictl.n for panel instability is obtained (where the
term "panel" refers to a sin.. repeatable element of the beaded configuration):

- 1r2 ke D1

2—
X1 b,

c,cr

where the buckling coefficient is defined by the following equation:

o " 2
k = 258 jfi + m? + .ES__ ESEL_
c {x.2 O me X.2

1T T T

where the bending stiffnesses Dy, Dyy, and D3y, which are defined in section 12
by equation 12-35, have the following elastic room temperature values:

Dy = 5666 lbfin.
Dyy = 8.13 b/in.
Dy = 6.59 1b/in,

and the effective panel dimensions are:

>
[
]

30.0 in., penel length

3.085 in. effective panel width measured Jdiagonally
from crest to crest

s
H
=

L1}
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The term B, is defined by:

1/h
. = Xz (Dm)
¢ %, \D
II \"1

0.0\ [8.13)%/* R
B = <—3.—687)-) (—5—662') = 1.8926

Therefore, the minumum buckling coefficient (kc) is attained for a half wave
length of 15 inches (m = 2)

—2
kK, = [2x3°-° (6-59) + 22 4 1.8%61* (3.085 2
¢ | 3.0852 \s666 2 30.0
kc = 0.0785

The area per unit of diagonal width, Xyy, of the effective panel betwveen crests
is

tp = 0.01653 in.

The critical panel instability stress is then:

2
m ke DT
fc er 2
, -
1 %

7% (0.0785) (5666)
(3.085)2 (0.01653)

27,900 psi at room temperature

The values shown above were computed by a computer program for an are
thickness of 0.015 in. and a column length of 30 in. A comparison of the
above stress with the local buckling stresses calculated earller shows the
panel instebility stress to be considerably lower. The room-temperature
compression panel test specimen, therefore, is expected to fail in the panel
instebility mode with a half-wave length of about 15 in. Further computations
were performed to determine if this mode might also be critical for the other,
shorter test panels. For these calculations, the length of the erippling
panels, which were examined first, was teken as 7 in. in order to allow for
the cast material at both ends of the epecimens. The panel instebility
stresses obtained were 72 800 psi at room temperature and 53 300 psi at
1400°F, with the panels buckling into a single half-wave in the axial direc-
tion. These stresses are based on the assumption of simply supported edges
vhich is obviously conservetive for & panel buckling into this pesrticular
pattern; a wore reasonsble approach would be to set the length of the panels

27-30



equal to the effective column length., Thus for the crippling test specimens,
assuming clamped edges, £ = 3.5 in. For the end closeout specimen,

£ = 0.7 (8.5) =5.95 in., teking the cast edge clamped and the other

edre simply supported. The room-temperature panel instebility stress

obtained for the end closeout penel is 100 000 psi. The prediction for

the room-temperature crippling test specimen obviously will be higher, and

by examinetion one may see that vanel instability for the elevated-temperature
crippling test specimen will not be critical. The end closeout and crippling
test panels, therefore, may be expected to buckle locally and not in the panel
instebility mode.

Test results. — The room temperature end closeout test specimen failed
at 24 950 1b, at an average stress of 84 600 psi. Because this test load was
below that of the room temperature crippling specimen, additional doublers
were added to the compression panel test specimen. The strain gage data
(see figs. 27-U45 through 27-&7) indicete that buckling occurred at about
22 000 1b at an average stress of T4 500 psi. FExamination of the failed
specimen, figure 27-48, shows failure by crippling at the end of the edge
doubler. The back-to-back strain gages 5 end 6 show & fair smount of local
bending across the sheet thickness, probably because of the proximity of an
imperfection. A comparison of the data for these two gages with dete from
gages 15 and 16 shows significently greater strains for the former pair. Tt
would appear that this is caused by stress concentretions at the end of the
doubler between the locations for these two }airs of gages. The ratio of
test-to-predicted initial buckling stress is 0.58. This low value is prob-
ably due chiefly to the stress pileup at the end of the doubler.

The room tempereture crippling test specimen failed at 32 500 1lb, at
an average stress of 105 000 psi. The test date are presented in figures
27-67 through 27-69. Initial buckling occurred at 30 000 1lb, at an average
stress of 96 700 psi. The failed specimen, figure 27-T0, exhibits a crip-
pling mode of failure. The ratio of test-to-predicted initial buckling
stress is 0.75, which would imply the panel was of reasonably good quality.

The elevated-temperature crippling test speciment failed at 22 100 1b,
at an average stress of 72 200 psi. The test date for this panel are given
in figures 27-71 and 27-72, and teble 72-16. Initial buckling occurred at
about 20 000 1b, at en average stress of 65 40U psi. The thermocouples
indicated a small thermal gradient which would induce some thermel stress
in the specimen. The photograph of the failed specimen, figure 27-73, shows
a crippling mode of failure. The ratio of test-to-predicted initiel buckling
stress, neglecting any thermsl stress, is 0.71. If the estimated thermal
stress of 4300 psi is included, the ratio increases to 0.75.

The room-temperature compression-panel test specimen failed at 13 000 1lb,
at an average stress of 42 600 psi. The test data are given in figures 27-101
through 27-105. The failed specimen, figure 27-106, shows an obvious panel
instability mode of failure, with an axial half-wave of sbout 10 in. Buckling
occurred at sbout 10 000 1lb, which corresponds to an average stress of 32 600
psi. The retio of test-to-predicted panel instability stress is 1.17. It is
probable that the actual edge conditions for the test were somewhat better
than simply support, which, of course would add slighti to the capability
of & panel buckling into two to three axial half-waves.
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The same summary comments presented for the tubular configuration also
apply to the beaded configuration, with the exception that panel instebility
is much more criticel for the beaded configuration then for the tubular con-
figuration. This of course is to be expected on the basis of the relative
stiffnesses of open versus closed sections.

Corrugation-Stiffened Panel U-nfiguration

Analysis. — The test panel drawing is shown in figure 27-T73. The test
panel cross-sectionel areas shown in table 27-34 are based on the actual
weights of the specimens. As in the previous configurations, forming caused
thickness variations across the width of the penels. These variations are
shown in the transverses presented in tebles 27-6, 27-9, 27-11, 27~-22, and
27-2h for the end closeout, room and elevated temperature crippling, and
room and elevated temperature compression penel tests specimens, respectively.
In the following analyses, the sides of the corrugations are 0.011 in. thick,
the crests of the corrugations are 0.010-in. thick, tie attech widths for the
corrugations are 0.015-in. thick, and the skin to which the corrugation is
attached is 0.027-in. thick. The panels are 19.00 in. wide and have 1l.0-in.
wide flats at elther unloasded edge. The lengths of the panels are the same
as in the previous configurations.

Tt is well known theat flat sheet develops varying amounts of post-
buckling strength depending upon the configuration in which it is used.
Although the determination of initial buckling stresses was the primary
purpose of the tests, the panels were taken to failure, which occurred in
all the sperimens at significently higher loads. Predictions for crippling
and panel i.stability are provided here as supplemental informestion to cor-
relate with these failure stresses.

The initial buckling stress for the sides of the corrugetions may be
obtained from:

2 *
. _ Ko, a™ Mar Fa (_t_)z
c,d,cr 12(1 - Ua) a
where
b/d = 0.65/0.82 = 0.793
k = 4.7 (refer to section 12)
c,d
n*ST = 1.0 Stowell's plasticity correction factor
a/t = 0.82/0.011 = Th,5
then
T, op = 22 200 psi at RT

= 16 200 psi at L4O0°F
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The initial buckling stress for the crests of the corrugations is based on:

£ \2
fc,cr = 3.62 o1 (E)
where
b = 0.656 in.
t = 0.010 in.
then
£ = 24 400 psi &t RT
¢,cr

= 17 800 psi at 1LOO°F

The initial buckling strength of the skin is based on the equation above:

where
b =2.125 — .38 = 1.745 in. (between spotwelds)
t = 0.027 in.
then
fc,cr = 25 000 psi at RT

18 300 psi at 1L4OO°F

Thus local buckling in the corrugation-stiffened configuration mey be
expected to occur initially in the sides of the corrugation. However, the
buckling stresses for all of the elements of the cross section, except the
flats between corrugations, are close enough together that buckling may well
occur initially in any one of them.

Panel instability for a 30-in. panel length mey be calculeted with
equation 10~3Lk. The quantities J, D3, Dy end k, are defined as follows:

o
— o
J = hi = 0.001986
U 7
pZ(__l_ L
o %
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where

2

A = the enclosed area of the corrugation = 0.7906 in.
p = the pitch = 2.125 in.
U U

LB+ = 206106

1 2
a = correction factor = 0.50

G J
D3 = —é—‘ = 0.000382 T]S E
Dl = B I= 0.00252171T E

-

2 2
e )6
c b Dl a
| 30 2 0.000382 E 17.6 2
= |2 ( ) ( : "S)+ 1 (——1—5)
17.65 0.002521 7 qE 30
= 0.6k9

The basis for teking « = 0.50 is the same as discussed for the tubular

The critical stress for panel instebility is now:

configuration.
fc,cr - kc;f Dy
T b2
: 2

- 0.6k 2 (0.002521 E)

- (0.809/17.65) 17.65
fc’cr = 32 900 psi at RT

- . 1 ]
fc’cr = 24 000 psi at 1LOO°F

2

A comparison of these stresses with the local buckling stresses calculated
earlier shows that local buckling should precede panel instability in the com-

pression panel tests.

However, since local buckling does not constitute failure

in thies configuration, the panels are expected to sustain additional load and

fail in the panel instebility mode.
instability is to decrease the effect

The effect of local buckling on panel
ive stiffness of the cross saction.

Studies

conducted at Lockheed (ref. 27-8) on this configuration in aluminum indicate,
however, that the effect hag slight influence on panel ultimer~ cepability,
even when local buckling occurs at one~half of the expected ul.imate load.
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Crippling of the composite cross section may be predicted using the
method presented in LAC Stress Memo 80C (see also ref. 27-7 for a description
of tnis method)., Because of thz thinness of the corrugeted sheet at the sttech-
ment joint, and the width of flat required in oxder to place two rows of spote
between corrugations, the joint was checked for wrinkling instability (using
the methods of ref. 27-9) end found to be not critical. Therefore, one mey
expect the configuration to carry the average crippling stress computed from
the above reference. Using the material properties from figure 27-122 and
27-123, and the thicknesses cited prcviously, the following aversge crippling
stregses are obtained:

.
1

55 000 psi at RT

L]
f

41 500 psi at 1LOO°F

Note that panel instebility is expected to occur in the compression panel
tests prior to the onset of crippling.

Test _results. — The room-temperature end closeout test specimen failed
at 35 950 1b, at an average stress of 47 300 psi. The test data are presented
in figures 27-41 through 27~43. TFailure occurred at the top edge of the panel
as pictured in figure 27-LL., Bending due to the eccentricity of the end load
is apperent in the strain gage date at an early stage of the test. The gages
show nonuniformities at about 20 000 1lb which presumably signaled the onset of
local buckling. The averege stress at this load level is 26 300 psi. The
ratio of test-to~predicted initiel buckling stress is 1,19,

The room-temperature crippling test specimen failed at 53 700 1b, at
an average stress of 69 200 psi. The test data are presented in figures 27-53
through 27-55. Fror this data, it may be determined that initial buckling
occurred at about 26 000 psi. The ratio of test-to-predicted initial buckling
stress, therefore, is 1.17. The specimen after failure is shown in figure
27-56. A crippling mode of failure is apparent. The ratio of test-to-predicted
failure stress is 1.26. Note that the specimen at failure carried twice the
initial buckling stress because of the post-buckling capability of the corners
in the cross section of the specimen.

The elevated-~temperature crippling tesgt specimen failed at 35 000 1lb, at
an average stress of 43 700 psi. The test dete for this specimen are given in
figures 27-57 and 27-58, and teble 27-10. "ese data indicate initial buckling
took place at about 30 000 psi, which is rather high compared to the predicted
initial buckling stress of 16 200 psi. This disparity is due to the absence
of strain gages in the elevated tempersture tests and difficulties in meking
visual observations in these seme tests. There caen be little doubt that some
initial buckling did take place st & stress level which is more compatible
with the predicted stress. Figure 27-59 shows the specimen after test; a
crippling failure is apparent. The ratio of test-to-predicted fallure stress
is 1.05. Again, the specimen supported a large loed increment sbove the initial
buckling load before failure occurred. A small thermel gradient in the punel
can be noted from the test deta, but it hes been neglected in the above
compaerisons.,
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The room~tempersture compression panel test specimen failed at 32 000 1lb,
at an average stress of 39 600 psi. The test data are presented in figures
27-85 through 27-88., The failed specimen i3 shown in figure 27-89. This
specimen had e blow after fabrication measuring epproximaetely O.1 in. at the
center of the panel. This, combined with the fact that the end loead is
attached eccentric to the centroid of the cross section of the panel, resulted
in substantial bending in the panel as indiceted by the strein gage data.
Because none of the gages were back-to-back pairg, the onset of initisl bueck~
ling under these conditions was not clearly defined. It is estimated that
initial buckling occurred at 20 000 1b, or at an average stress of 24 700 psi.
The ratio of t<r .=tc-predicted initiel buckling stress, therefore, is 1l.1l.

As indicated i.. figure 27-89, the specimen failed in the panel instebility
mode. The ratio of test-to-predicted failure stress is 1.20.

The elevated-temperature compression panel test speciment failed at
25 900 1b, at an average stress of 32 000 psi. The test data are given in
figures 27-90 and 27-91, and table 27-23., The specimen after test is pictured
in figure 27-92. Again, the onset of initial buckling was difficult to deter-
mine exactly; from the load shortening curve, figure 27-91, it was estimated
to have occurred at 14 000 1b, or at an average stress of 17 300 psi. The
ratio of test-to-predicted initiel buckling stress is then 1.07. The test
date indicate a small thermel gradient in the penel, but this was considered
insignificant in view of the approximete nature of the test initiel buckling
stress. The long axial half-wave buckle pattern associated with panel instabi-
1lity results in a specimen after test which does not show definite indications
of the mode of failure as one would find, for exemple, in & crippling failure.
The ratio of test-to-predicted feilure stress is 1.33.

In summary, the trapezoidel corrugation-stiffened configuration tests
and analytical predictions correlate reasonelly well, both for initial buckling
and feilure. Conservatism in the predicted initial buckling stresses is due in
some degree Lo the fact that the widths of the corrugation elements ignore the
presence of bend radii. The importance of & capebility for predicting initial
buckling is here somewhat reduced, compered to the two previous configurations,
because of the post buckling strength of the flat elements in the cross section
of the configuration.

Trapezoidael Corrugetion Penel Configuration

Analysig., — The test panel drawing is shown in figure 27-17. As in
previous configurations, the panel cross-sectional areas presented in table
27-34 are based on the actual weights of the panels because of nonuniformities
across the panel widths due * forming. Traverses of the specimens are pre-
gsented in tables 27-12, 27-1F 27-25, and 27-27 for the room and elevated
crippling, and room eand eleve ed temperature compression penel test specimens, -
respectively. Tae panels wer 19.46 in., wide with & 0.715-in. flat along each
vertical edge. End clogeout iplices were simulated in the compression penel
test specimens by cutting the 30-in. long panel at & distance of 3,90 in.

from each end, inserting a zee section of 0.020-in. sheet with 0.95-in. flanges,

and spotwelding an 0.040-in. sheet finger doubler to each gide. Each end of
8ll of the specimens was embedded in Densite or Pyroform (for elevated tem-
perature tasts) to & depth of one inch.
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This configuration, like the previous contiguration, is expected to
develop some post-buckling strength because the cross section of the config-
uration consists of a number of corners. Therefore, both initial buckling
end failure stresses will be calculated.

The initiel buckling stress of the ~orrugation is:

k 2
c,d ™ Mgy E%l (t)2

fc,d,cr = 12(1 _1)2) a
where
k, 5 = U4k, the buckling coefficient for b/d = 0.9
’ (refer to section 12)
ﬁ*ST = 1,0, Stowell's plaesticity correction factor
(refer to section 12)
Eél = 29 x 106 psi at room temperature
= 21.2 x 106 psi at 1hOO°F
t = 0.016 in.
a = 0.65 in. = the widest element in the cross section
then
fc’d’cr = 69 600 psi at RT

= 50 800 psi at 1400°F

Crippling of the trepezoidal corrugation may be calculated using the
methods of LAC Stress Memo 80C., Based on the etress strain date of figures
27-121 and 27-122, the average crippling svres: at room temperature is
86 600 psi; at 14OO°F, the average crippling stress is 64 300 psi. Note
that the differences here between initiel buckling snd crippling (failure)
are much smeller than in the corrugation-stliffened skin configuration.

Panel instebility was calculated both for the full panel width, and
for a single corrugation (the same as for the circular besded configuration).
Because of the close spacing of ihe trapezoidal corrugetions and the lack of
« flat link for hinge between corrugations, the calculated panel instability
stress for buckling of a single corrugetion is in excess of 100 000 psi at
room temperature, This stresgs is substantially large» then the calculated
crippling stress at room temperature; thus, this mods; is not criticel and
details are not presented here, The panel instability stress for the £i-il
panel width mey be calculated from equation 10-34. In performing these
calculetions, it is necessary to note that the edge conditions along the
loaded edges of the compression panels for all of the previous confizurations
conformed closely with the assumption of simply supported edge conditions,
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which is inherent in equation 10-34. The edge conditions in the present com-
pression panels are significantly different; the ends of the panels are cast
to a depth of one inch in a matrix, and, in addltion, & trensverse splice is
built into the pesnel at a distence of 3.90 in. from each end. It will be
assumed that the transverse members provide the panel with en elastic support.
From an enelysis of the stiffness of this support, an effective panel length
L' may be determined. Thus, examining the splice geometry:

ko= 3% EI _ 5.0000004E (1r/in.)
5 L13
where
I = 0.00765 in.ZL (approximately’ for the zee and splice plates
L, = 18.03 in., length of the zee
and
K 13
and
x/L = 0.733
where
I = 0.0215 in.u for the panel
L = 30 in, for the panel
x = 22 in., the distance between the zees
then
¢ = U,3 from figure C2.26 of reference 27-3 (for q = 126 aad
x/L = 0.733)
and
L 30
L' = 8 me— = —2— = 1hb
NG ?
Now, referring to equations 10-3k:
2
Kéﬂ Dl
% b2
2738
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where

kcmin = 1.805 (m=1)
b = 19.46 in.
t = 0.390/19.%6 = 0.020 in.
D, = 0.0215 E/19.46 = 0.001103E
then
fc,cr = 5 200 psi at RT

55 100 psi at 1400°F

The panel instability stresses are lower than the crippling stresses calculated
earlier; thus, the compression parel test specimens are expected to fail in the
panel instability mode. Calculations for panel instability in the 8-in. long
crippling panels yield predictions much higher than the predicted erippling
stresses. These panels, therefore, are expected to fail in crippling.

Test resulis. — The room-~temperature crippling test specimen failed &t
37 600 1b , at an average stress of 92 40O psi. The test data are presented in
figures 27-60 through 27-62. The failed panel, shown in figure 27-63, shows a
crippling mode of failure. Initial buckling occurred at an average stress of
approximately 69 600 psi. The ratio of Lest-to-predicted initial buckling stress,
therefore, is 1.0. The ratio of test-to-predicted failure stress is 1.07.

The elevated temperature crippling test specimen failed at 26 900 lb, at
an average stress of 66 800 psi. The test data are given as figures 27-64 and
27-65, and table 27-13. The specimen after test, showm in figure 27-66, ex-
hibits & crippling mode of failure. From the load-shortening curve, it appears
that initial buckling occurred at about 22 000 1b, at an average stress of
54 500 psi. A small thermel gradient was observed in the panel, but its affect
was neglected because of the approximate menner in which initial buckling was
determined. The ratio of test-to-predicted initial buckling stress is 1,07.
The ratio of test-to-predicted failure stress is 1.0k,

The room-temperature compression panel test specimen failed at 29 500 1lb,
at an average stress of 75 600 psi. The test data are presented in figures
27-93 through 27-96. The strain gage data indicate initial buckling occurred at
an average stress of about 69 300 psi. The ratio of test-to-predicted initial
buckling stress is 1.0. The specimen, showm after test in figure 27-97, falled
in penel instability mode with one half-wave in the axial direction. The onset
of initial buckling prior to failure by panel instability may be expected to re-
duce the stiffness of the panel to some degree, which has not been taken into
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account in the prediction for panel instebility. In this test, the ratio of
test-to-predicted failure stress is 1.01. This ratio is somewhat less than the
ratios obtained in other tests failing in panel instability, and is probably due
to the interaction of the initial buckling and panel instebility modes.

The elevated-temperature compression panel test specimen failed st 19 95C
1b, at an average stress of 49 800 psi. The test data are given in figures
27-98 end 27-99, and table 27-26, The load shortening curve is reasonably
lineer up to the failure load, and on this basis, initial buckling and failure
are considered coincident. The maximun thermal gradient in the panel is 26°F,
which does not appear to be large enough to be a significant factor in the
behavior of the panel. The specimen after failure is pictured in figure 27-100;
numerous local (initial) buckles can be seen. On the basis of the erippling test
results, and the room-temperature compression panel test result, it is apparent
that the configuration has some post tuckling strength which maey be limited by
panel instability. Since this test specimen did not develop any post buckling
strength, it is concluded that loss of stiffress caused by initial buckling
(end/or the geometric abnormalities) triggered premature failure of the speci-
men in the panel instability mode. This interaction between modes results in a
ratio of test~to~predicted failure stress of 0.90; the ratio of test-to-
predicted initial buckling stress is 0.98.

The same sumery remarks can be made here as were made previously for
the corrugation-stiffened skin configuration. It is apparent in comparing
the two configurations that the corrugation has less post buckling strength.
In addition, the corrugation compressisn panels are nearer to being optimum
than their corrugation-stiffened skin counterparts, since initial buckling
and panel instability occurred nearly simultaneously in the corrugetion
compression panels. It is importent to note that there is aprerently some
interaction between these modes when they are close to each other. This
interaction results in a somewhat lower panel capability than when either
of these modes is critical alone,

Circular-Arc Corrugation Shear Panel Configuration

Analysis. — The test panel drawing is stown in figure 27-28. Traverses
of the two room-temperature test specimens are presented in tebles 27-32 and
27-33, which indicate thet the specimens may be considered to be of uniform
thickness, nesmely, 0.Cl5i and 0.014k5 in., respectively. The analysis for these
specimens also covers both initial buckling and failure. Initial buckling,
which may be expected to occur in the circular arcs, doec not necessarily mesn
that the panel cannot carry additional load. Therefore, analyses for panecl
instability and web rupture are also presented.

The shear stress for initial buckling may be calculeted from equation
11-6 of section 11.
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fo,er = L5%g By (E%
where
Feyg = 29 x 105 psi
t = 0.0151 in. and 0.01L45 in. for test specimens 1 and 2,
respectively
R = 0.80 in.
then

f

fg,cr = U1 200 psi for t = 0.0151 in.

38 700 psi for t = 0.0145 in,

Note that equation 11-6 is based on extenrive tests and is appliceble for cor-
rugetion half-angles between 20 end 90 deg. It is assumed that this equation a
applies both to initial buckling of th-. arcs of the corrugation and to buckling
of the corrugstion between adjacent are crests, should this latter mode occur
within the range of corrugation half-angles cited.

The shear stress for penel instability may be caiculated from equations
10-36 through 10-37b:

ks'rr2 (D D 3)l/h

12
f =
s,cr .bzt
where
Ks = 3.3 {from fig. 10-8)
a = 17.00 in.
b = 15,62 in.
D, = 6.86 1b/in.
D = 4 000 1b/in., ; for t = 0.0151 in.
D3 = 12.1% 1b/in.
Dy = 6.08 1b/in.
Do = Uk 200 1b/in. for t = 0.,0145 in.
D3 = 10.73 lb/in.
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then fs,er = L 200 psi for t 0.0151 in.

0.0145 in.

i

43 300 psi for t

1]

Data are presented in NACA TN-2661 (ref. 27-10) for the allowable web
gross aresa shear stress for two aluminum alloys as a function of the diagonal
tension factor k. It may be shown that approximate values for other materials
may be obtained by multiplying fg ... for 2024-Tw aluminum by the ratiu of the
ultimate tensile stress of the ne{r materlal to the ultlmate tensile stress of
2024-T73 (62 000 psi). Taking Fy = 165 000 psi for Ren€ Ul and k = 0.1, fs,max
for the shear panels is 68 000 psi.

The analysis shows initial buckling and panel instability occurring rsther
close together; one might expect, therefore, some interaction between these modes
modes.

Test results. — The room-temperature shear panel test specimens failed at
9500 1b (t = 0.0151 in.) and 8700 1b (t = 0.01L45 in.). These loads represent
average shear stresses of 40 500 psi and 38 40O psi, respectively. The test

data are presented in figures 27-11h4 through 27-120. From these data, it
appears that the thicker specimen buckled locally at an average shear stress ot

about 38 500 psi. The specimen carried only a small additional increment of
load before failure. The thinner specimen showed no signs of initial buckling
prior to failure. Both specimens developed the panel instability mode of fail-
ure, followed by rupture of the web (see figs. 27-117 and 27-120). The ratio
of test-to-predicted initial buckling stress for the two specimens are 0.93

(t =0.0151 in.) and 0.99 (t = 0.0145 in.). The ratios of test-to-predicted
failure stress are likewise 0.92 and 0.89. It is apparent that the nearness
of the initial buckling and penel instebility modes in these specimens re-
sulted in some interaction between the modes, which lowered the capebility of
the panels. The rupture of the webs is considered to be an aftereffect of
primary failure in the panel instability mode.

Spar Cap Configuration
Analysis. — The test specimen drawing is presented in figure 27-33; thick-
ness measurements are recorded in table 27-21. These measurements indicate a
cap thickness of 0.058 in. in the region of failure. Analyses for initial buck-
ling and crippling of the cap follow.
Initial buckling in compression of the cap may be calculated from the

equation:

2
t
foyor = 3620y Ey (E)
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where

Mo = 0.99 (see fig. 27-125)

Eeg = 29 x 106 psi
t = 0.058 in.
b = 1.79 in. = the maximum unsupported distance in the cap

between the corrugated web and the edge bend radius
then

by = 110 000 psi
c,cr

The crippling stress as determined from LAC Stress Memo 126% is:

Flement A, i ®  v/tor (B8) Tec Pt fee Mr 1P
(0.192 x 0.058)2 0.02227 3.31 56 000%% 1247
(0.125R x 0.058)2  0.02806 (2.65) 55 200 1549
(1.607 x 0.058) 0.09321 27.7 29 100 2112
(0.777 x 0.058) 9;95292 13.4 57 000 2569

p" 0.1886 8077

* The LAC Stress Memo Manual recommends Stress Memo 120 for the crippling analysis
of single sections, and Stress Memo 80C for the crippling analysis of stiffeners
attached to panels. The use of Stress Memo 80C here would yield a lower average
stress, namely, 114 000 psi. Stress Memo 126 utilizes the unit material approach;
MCF is the material correction factor.

*¥% One edge free; other flat elements have no edge free.
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Assume

Foy/Be = Fy y/E

146 000/29 000 000 = 0.00503

1

0.0214 (fig. 15 of IAC Stress Memo 126)

Ka

MCF = 0.0214 x 16 = 3.12
then
“res, )
ccn n
fcc = T(MCF)
- 8077 x 3.12 - 133 500 psi
0.1886

Test results. — The spar cap crippling specimen failed at 48 000 1lb, at
an average stress (for two beam caps) of 127 200 psi. The test data are given
in figures 27-81 through 27-84. These data show initial buckling occurrins at
an average stress of about 104 000 psi. The ratio of test-to-predicted initial
buckling stress is 0.95; the ratio of test-to-predicted failure stress is also
0.95. Using the more conservative crippling analysis of Stress Memo 80C, rather
than that of Stress Memo 126%, results in a test-to-predicted failure stress
ratio of 1.12. In this enslysis, the crippling stress for the element for which
initigl buckling is calculated above is 83 500 psi. This value is probably con-
servative; on the other heand it mey be optimistic to consider this element to be
simply supported along both unlosded edges. In summary, the predicted stresses
are somewhat high and consideration should be given to the use of more conserva-
tive methods.
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TABLE 27-1
STRUCTURAL-ELEMENT TEST SCHEDULE

Number of panels tested
End o re Compress.| Inplane

Type of test closeout Crippling panel shear
Test-panel configuration p

Temp, F KT RT | 1400 | RT | 1400 RT
Tubular 1 1 1 1 1 -
Beaded 1 1 1 1 - -
Corrugation-stiffened 1 1 1 1 1 -

S\
Trapezoidal-corrugation - 1 1 1 1 -
Shear web -~ - - - - 2
Channel cap {"m'\ - 1 - - - -
Total number of panels 3 5 4 4 3 2
Grand total 21
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TABLE 27-2
SUMMARY OF PANEL EIEMENT FABRICATION

Panel
Panel Panel size, No. of panels
description type in. fabricated
End closeout 9.0 x 17.37 1
Tubular Crippling 8.0 x 17.37 2
Compression panel 30.0 x 17.37 2
End closeout Q.0 x 17.37 1
Beaded Crippling 8.0 x 17.37 2
Compression panel 30.0 x 17.37 2
Corrugation End closeout G.0 x 19.00 1
stiffened skin Crippling 8.0 x 19.00 2
Compression panel 30.0 x 19.00 2
Trapezoidal Crippling 8.0 x 19.46 2
corrugation Compression panel 30.0 x 19.46 2
Circular arc Shear 15.62x 17.00 2
corrugation
Channel cap Crippling 5.50x 2.75 x 1
.38
Total No. of panels 22
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TABLE 27-h

r
MECHANICAL PROPERTIES DATA FOR SOME RENE 41 COMPRESSION

PANEL MATERTAIS SUBJECTED TO VARIOUS THERMAL CYCLES

Test panel Tubular and Beam cap
configuration corrugation-stiffened Beaded panel | erippling and
skin panels shear panels
Element of panel Corrugations for both Bead Caps
configurations
Material gage, in. .016 .019 .060
Grain direction Longitudinal Longi*udinal } Longitudinal
Heat No. HT-2490~T7-8513 HT-2490-7- | E96091
8248
Thermal cyclea Exposed to three anneal Exposed to 2| Aged
cycles and sged amneal cycles
and aged
Coupon test RT 1400°F RT | 1400°F RT
temperature
Properties
Mechanical
Fryo ksi 165 129 160 | 127 195
Fty’ ksi 135 115 153 | 118 146
% elong (1 inch
gage) 7 5 3 4 21
E, psi x 10‘6 29 22.6 29 | 18.4 29
Ramberg Osgood
parameters
Fo 7 ksi 135 109 154 | 120 1h7
Shape parameter,n 21 18 36 18 25

? Anneal cycle: Heatgd to 195OOF for 15 minutes, air cocled; then aged
1400°F for 16 hours and air cooled

Aging cycle:

Heated to 14OOPF for 16 hours and air cooled
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TABLE 27-10
TEMPERATURE DISTRIBUTIONS FOR CORRUGATION-STIFFENED CRIPPLING PANEL

LMD TIME CH 151 Cw 152 CH oW Cn 155 CH 156 cH 157

LT3 1.2 Ted TeS Teb Ye?
DFG F DEG F OEG F DLG ¥ DEG ¢ DEG ¥
002 1329 1855.9F  1416e0F  1368e2F  1416¢5F  137143F  1348,7F
00k 132664 1455.4F  1415¢6F  136645F  1407+3F  1365.2F  1747.5F
N06 1327+2 145841F 181743F 137143F 1412¢6F  137040F  134646F
00R  132Rel 1459.5F  1420e4F  1370:0F  1418+2F  137C«8F  {349.1F
010 132963 1463¢0F  1623e4F  137349F  1417+8F  1377¢3F  135640F
017 13301 1462¢6F  142360F  13700F  1413+9F  1367e3F  §353.9F
014 133069 1460¢RF  1421e7F  1368¢6F  1413e¢4F  1369¢5F  1349.5F
016 1331¢7 1461.3F  14P1e7F 1368467  1415¢2F  1347.8F  1351.3F
012 173246 1466.5F  (425.6F  136945F  1418e6F  137143F  1396.0F
920 13335 1467.3F  1428+2F CA756F 14213F  1378.4F 1355.6F
020 137349  1462¢6F  142304F 13717F  1414e7F  1370e4F  1352.6F
N22 13345 1469¢1F  1427.3F  137645¢ 16421:3F 13721F  13a8.7F
026 133563 1469¢1F  1827¢3F  1377.3F  1618¢6F  1378e7F  135649F
126 133640 1866.0F  1426e5F 137340F  1616e9F  13734F 13504 7F
028 133449 1465.6F  1426e0F  1370.0F  1412¢6F  1371¢7F  1351.3F
030 1237.9 1466.9F 182609F 1373.0F 14156F 1375.2F 1348437
037 13387 146ReHF  182941F 1376.0F  1416¢9F  1371¢7F  1369.5F
076 1339+7 1870.8F  1431¢3F  13756F  1al2e1F  1374e¢3F  135241F
035 138067 14713F  1831¢3F  1379:4F  1al2e¢1F  1376e5F  1352.1F

LBaD  TIME CH 198 CH 159 CH 160 CH 163 CH 162 CH 163

T-8 T=9 T=10 T=11 Tel2 Yel3
DEG F DEG F DEG F DEG F DEG ¥ DEG ¥
007 132%.6 1370.0F 135743F 1358.2F 1404¢3F 1376.0F 1347.5F
Q0A 132648  13708F 13547F 13%546F 1803e9F 13717F 1353.9rF
006 13272 1370.9¢ 13%6.0F 13%443F 1407¢3F 1378+2F 1340.87
008 1328¢1 1372.1F 1357.8F 1361.47F 140842F 1377.8F 1352.47
210 132943 1376.0F 136347F 136048F 1408¢6F 1383.7F 1350.4F
012 1330+1 1373.4F 135640F 1357.8F 1806+0F 1376.0F 1353.4F
0146 13309 1372e64F 1355« 6F 1359.1F 1403.9F 1376.5F 1349.5F
016 1331.7 1372.%F 1356¢0F 13578¢ 1402e6F 137843F 1351.7¢
018 1332+6 1375.6F 13400F 1362+6F 1407.3F 137842F 1360.8F
020 1333.5 1375.sF 1362 «6F 136340F 1805.2F 1377.8F 1358.2F
020 1333.9 1371.3F 1360+0F 136044F 180640F 1379.5F 1356+9F
022 1338,5 1372.6F 135743F 1356.0F 1410+0F 1385.4fF 13824.9F
02% 13353 1373.0F 1361 7F 1364.3F 14Q06¢5F 138343F 1359.1F
026 133640 “374.7F 1360 4F 1361.7F 140645F 1385.4F 1353.9F
028 13369 1373.9F 1359.1F 1357.8¢ 140640F 1381.2F 1343.7F
030 1337,9 1378,3F 1362.1F 1358,.5F 1404 7F 1304, 5F 1339,5F
037 1338.7 1371.%F 1359.4F 1360.0F 1403.0F 1378.46F 1350 6F
03 1739.7 1378.7F 13600F 1360+8F 1406+0F 1379.1F 1354437
035 1380.7 1374.7F 136040F 136546F 18094 1F 1380+aF 1355.6F

LAAD  TIMg  CH 16& CH 165 cH 179 CH 180 CH 181 CH 182

Teid Tei§ LvDTs} LyDTe2 LVDTe3 LVDTen

DEG F DEG F INCHES INCHES INCHES INCHES
002 132%.6 1410.4F 1393.0F 04000y 0000y 0,000 0000y
00k 1326.4 14114F 1393.4¢F 0004 0,002 0202 04002
006 13272 1408e2F  {40147F 00004 0+00Q4 04006 0400%
008 132841 1400+8F 1399.1F 04007 0007 0007 04007
019 132943 141941F  1808+6F 04006 04007 04005 0+008
012 123041 141044F 139945F 0009 0009 0006 04009
014 133009 1418.2F 1400 +8F 04009 0+011 0e008 0011
01F 173147 141640F 140153F 0e032 5.011 04009 04010
01R 133246 14lRe6F 140649F 04011 0«01} 0011 0.010
020 13375 1427.8F 1406 «5F 0010 ce012 0+010 0+013
020 1337.9 142040F  140842F 04009 0012 0010 04041
022 133445 1412.6F 1413CF 0+C11 04013 0.012 0.0181
024 133%5.,3 1427.3F 1810.0F 0+013 Ced13 04010 04013
0P6 13360 142246F  1409+5F 04013 0+015 04915 0+013
02%  17746.9 1825.6F 1411437 0+016 0017 015 04015
039 1337.9 1813.4F 1415.2F 04013 04019 04018 04047
A2 133R.7 142p.8F 1409.1F 0+018 0020 0024 0.018
034 1239,7 1426.5F  1410+8F 04020 G023 0025 0,023
095 10«7 J42147F 1412e6¢ 04037 0039 00037 0038

27-55



[

¥ 9 p o “ w:.xt&.a 3 g ﬂ};ii.. | e bom e [ [ m ' . . ' N “
T T o T e oo Toe Taow T T T T T o T T Tow Toe Tom T o T oo Too o
- |20 620" 1 S0 ELIO" | BHO | 050" | 820" | 110" | bOLO" | LLIO" [ 0rv0" | 8520° | €110° | §OIO° | FLLO" | Sy¥O" | 050" | SUIO" | BOL0" | BLO 8
- l29w0 ss20T | SHOT ! ELIO° | 9110 | €5Y0° | /520" m:o._o:o._w:o._ ISP0° | ¥S520° | £110° | S110° | 0Z10° | €8%0° | ¢520° | Zzi0°  OL0° @ §Z1O° wv
- 00 NN ww U m [ o e[ [ We 199 T a0 3 [ aa | D | e | w [ 2z | A X © m A | NOWDIS
sev0" . 8520° YLIO® . BOLO° | #110° | ZE¥O" | £520° | £110° | 60L0° m:o;nma.ﬂmwo. 2110 | zuo” | suto” | eevo” | ¢520° | 810° | 6010° 6L10° ; SE%0° 88
0050° | §520°  IZI0° | SZIO" | BLIOT | 6690° | €520° | 8LIO° | L110° | 1210° | OGp0"  £620° | 9110 | OLIO® | 6110° | SEYD' | /S2O° | 210" | ZULO° | 1210° | SS¥0° wv
1 1
— L . s |« ° 4 o N W 1 ¥ r ] H o 3 1] a 5 8 v | NoID3S
— i . i
OONNIr 33002 An i doy fdid v
HH . 2D WY
(llt
0l
1
__
1 ;
0’6 Yy
(8]
H
,.
| '
|
N Q Y

(FENIVIHIEL QHIVATTH )

TANVI DNITIIIIND CENZLITIS-NOLIVOMRMOD 40 SINAWRNSVEW SSHNMOIHL

TI~Lc FI4VL

27-56



— T T -
- L9107 B9l0° m 1210° w 6910° _mﬂo. M 82L0" | BZL0° | 14107 | 89107 | 8%10° | €8l0" A mo_o.4.10w~o.4 mgo.J PL10° | 29107 | 8910° | S910° | 210" | 8910° g8
- 49107 8107 _rwc»o. A, 8910°  0L10° ' 010" | Z8LO" | 8910° | €410° | 810" | 010" | Z£10° Q10" QUL0°  Z8IO" | &910° | ££10° | 0410 | 98I10° | &910° Yv
= 00 NN | ww ]| T o | I HH | ©0 | 44 | 33 | @@ D> % | w | z A X » | A | noidss
S —+
9910 8910 08L0° v £P10° _ 8910°  1£10° | 8£10° | ¥910° | £910° | £910° | S£10° | S510° ' 8910 CLZ0T w2107 | S910° | 69107 | £910° | v/10° | &6l0° | 010 €8
ooﬁo.hfoo—o. ' 9810° 8107 89107 610" | 94107 | 2£10° | 6910° | 8910° | $810° | &910° MVON—Q. ©TLL0T L 8107 | OZLOT | TLIOT | TLLOT | S8I0° | v&10° | &910° v
f— 4 .
T 1 1
n 1 S 3 [»} d e} N ¥ ] 3 r | H 2 E] 3 a 2 g L 4 NONMD3S
i { 1. 1 1 1 |
00 MW 99 2D A N 0 W 1 3 Y

(TINIVIEINEL WOO0Y )
TANVd ONITJI4TIYD NOILVDNYMY¥OD TVAIOZAIVEI 40 SININFMNSYIN SSHNMOIHL

ARSI FARC A

R R T N L L]

er-57



TEMPERATURE DISTRIBUTIONS FOR TRAPEZOIDAL CORRUGATION CRIPPLING PANEL

L8aAD

002
204
006
008
010
012
014
016
018
020
021
022
023
02s
02s
026

L8aD

002
004
006
008
010
o012
01s
016
Otr
20
021
022
023
074
02s
028

e

143043
18912
1431.8
1432.8
143343
1484,0
1438,4
1836.0
143740
1437.8
1438,5
1439,3
1440.9
16044,6
1002,7
1043.0

TinE

1430.3
1431.2
1631.8
14325
1433,3
1434.0
183%,1
1436.0
1437.0
1437.8
1838,5
1439,3
144049
18810,6
1842,7
18834

ring

14303
1a31,2
{431.8
18432.5
1433,3
143440
1435,1
143640
1437,0
14378
16385
1639,3
188069
t1441,6
1482,7
18834

CH 181

TCel
0EG F

1420.4F
IAR1.7F
1831.7F
143697
1439.5F
1841 .3F
16108.2F
1833.3F
183307
1429.8F
1430.4F
1833, 4F
1427.8F
1833.9F
1833.9F
1836.9F

CH 157

TCe?
DEG F

1370 .8¢
1363.9¢
1369.5F
136R.6F
1375.2¢
1370.4F
1366 +9F
1367.3¢
1370.0F
1369.5¢F
13708F
1366.%F
13734F
137)«7F
1373.4F
1373.9¢

CH 163

TC=13
DEG F

139%5.4F
1400.8F
1402.1F
1413.9fF
16008.4F
14021F
1396.9¢
1396.9F
1808 7F
13977%F
1399.5F
1640846F
1406.40F
1399.4F
1395.6F
1402.1F

TABLE 27-13

CH 182

TCe2
oga F

1382.5F
1385.4F
1376.0F
1399.5¢
1388+3F
13913F
1393.0F
180206F
1803 e4F
1399.1F
14043F
1408.6F
1401 2F
14017F
$3973F
1810.0F

Cx 158

TCe8
DEG F

1394.7¢
1394 .7F
1392.1F
1393.0F
139567
1395.6F
1393.0F
139%.2¢
1393.9F
1393.0F
139 ¢ 7F
1392.6F
1395.2F
13%e7F
1396 +0F
13956F

CH 164

TCelk
DES F

186048F
1840 8F
1458414F
1467.8F
186443F
1863+0F
1460¢8¢
146304F
1446 2F
14b647F
t4b8e2F
147201F
1869¢5F
1860405
14630¢
14A901F

CH 1953

TC-3
OES F

1389.5F
1386.4F
1384.1F
138847F
1388+7F
1387.SF
1388.7F
1392.1F
1393.0F
1392.1F
1396+0F
1395.2F
1332+6F
1390.0F
1391.7F
1393.9F

CH 159

TC9
DEG F

1389.1F
1392.1F
1387+5F
139349F
1382.9F
!391-7'
1392+6F
1396.0F
1389.5F
1393.4F
1390.8F
1393.9F
1396.9F
1390 8F
1391+3F
1397.8F

CH 165

TC*1%
DeG F

14617F
1e61e3F
1063¢4F
1870.4F
147044F
146743F
1463497
146640F
14713F
14673F
1469.4F
187665F
1473e4F
186407F
1865.2F
1469.1F

27-58

CH- 156

TYCed
DeEG F

1387:3F
13%3.9¢
13079F
13%96+5F
1381e7f
13%13F
1336¢0F
13578F
1355.2F
1355+6F
1362¢6F
1359.1fF
135842F
1353.4¢
1359+5F
1362+ 6F

CH 160

TCe10
DEG F

1401e7F
1403+0F
14000 4F
14008F
1402 1F
14065F
1402 14F
1402 1F
1403.9F
14000 4F
1400 4F
140743F
1404 7F
14017F
1002 «&F
14C73F

CH 179

LVOTe
PT=1
INCHES

0+000V
0007
0014
04013
0016
0.019
0021
0022
0024
94026
0028
0028
0eU29
0031
00033
0035

CH 155

TCe8
DEG F

1400.8F
1396.9F
1392.6F
1403.0F
1395.2F
1401.9F
1394.2F
1398.2F
1403.4F
1400.8F
1407.8F
1408,2F
140%5.6F
1400.4F
1403.0F
1406+9F

CH 161

TC=11
DEG F

1415.2F
141640F
1819.4F
1425.2F
142645F
1419.5F
1410.8F
141304F
1419,.5F
1412.6F
1417.8F
1423,9F
1423.0F
1413.4F
1411.7F
14169F

CH 180

LVDT,
PTe?
INCHES

0+000V
0.008
0+082
0014
0«016
04018
0e022
00223
0.027
0+026
0028
0929
0¢031
0.031
00033
0.039

CH 186

TCe6
DEG F

1802.6F
1399.5F
1395.6F
1397.22
1400 .0F
1600 4F
1800e4F
1803.0F
1401e3F
1800.0F
1801.7F
1400.8F
1004.7F
1400.,0F
1803.0F
1408+2F

CH 162

TC=12
DEG F

1350.3¢F
1357.8F
1353.4F
1365.2F
136L1.7F
13564.9¢
1354437
1353,9F
1359.1F
13504 4F
13564,0F
1365.2¢
1356,9F
1356.5F
13%53.0F
1362.6F

CH 181

LVDT.
PY=3
INCHES

0000y
00006
04010
0012
De033
0016
0017
0019
0023
04025
0026
0e027
0028
0029
0032
0035

Ly

1

Yase v f

-
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LAAD

0a2
00
006
ocs
0oo8
010
012
O1as
016
o1e
020
021
022

LOAD

oo2
Q0A
006
nos
008
010
otz
014
016
018
020
o021
02?2

LOAD

oo2
004
006
002
008
010
012
014
016
0ls
020
021
022

TABLE 27-16

TEMPERATURE DISTRIBUTIONS FOR BEADED CRIPPLING PANEL

TImg

111648
11179
1118.7
1119.6
112146
1122.8
1123.9
11247
112%5.5
11262
1127.0
112747
1128.4

TIME

111648
11179
111847
111946
112146
1122,8
1123.9
11247
1125.5
112642
112740
1127,
11284

TiMg

111648
1117.9
131847
111946
112146
1122.8
1123.9
112467
1125,.5
112642
112740
112747
1128.4

CH 151

Tel

DEG F
1378.2F
1387.5F
1380 4F
1391 .7F
1394 7F
1386.+2F
1390.0F
1402.6F
1386+2F
1389.%F
1398.6F
1393.9F
1413.0F

CH 158

Te8

OEG ¢
1400 ¢4F
1392.1F
1397.8F
1399.1F
139%.2F
1399,1F
1397.3F
1402 «&F
1393.0F
1396.5F
1395.6F
14Q4.7F
1392.1F

CH 164

Teld
DEG F
1405.6F
1448.6F
3447 48F
1451.3¢
1“5009?
1645,2F
1asa7.8F
1452.7F
1449.5F
1455.,0F
1453.1F
1457.2F
1451e3F

CH 152

Te2

OFG F
1387.0F
1396+5F
1381 6F
1400 e4F
16017F
1400.0F
1386 .2F
1385.4F
1390«4F
13R8.7F
1390 e4F
1389.1F
1399.+i1F

CH 159

T»9

DEG F
139 e7F
1393.9F
1397.8F
1398 «6F
1398¢6F
1395,.,6F
1400.0F
1395.2F
13934F
1392 +6F
1401 3F
1400 ¢ F
1399.1F

CH 165

Telb

DEG F

1628¢2F
1433 e4¢
1427+8F
1edla75
1832.1r
1834.3F
1427.3F
1430e4F
143201F
14833.9F
143246F
1435.2F
1430.0F

CH 154

Tes

DEG F
1375.2¢F
1376.0F
1373 e4F
1369.5F
13726F
13765F
1381.2F
1378.2F
1366+0F
1368.6F
1371.3F
1378.2F
1356 .5F

CH 160

T=10

DEG F

14013F
1403.9F
1406 «5F
1407+3F
1400 ¢8F
1399, 1F
1407 .8F
1397.3F
1401 7F
1409.5F
1407 «8F
1403 +4F
14024 6F

CH 179

LyDT=1

INCHES
0000y
0004
0«009
0+010
0011
0+015
0019
0022
04026
0.027
0034
0036
OeQél

CH 155

TS
DEG F
1412e4F
{ol4e7F
1411e7F
14ibe7F
14065F
1412e6F
141241F
1413e3F
1409.5F
14213F
14100F
1010e4F
14065F

CH 181

T-1t
DEG F
1403e4F
1407+8F
1410.8F
1412+ 1F
1410eu4F
140640F
140787
1406e5F
1405+6F
14Q4e7F
1410e4F
1410e4F
14021F

CH 180

LyDY=2

INCHES
G000y
QG004
0010
04013
0014
0+017
0022
0025
0.030
0034
0040
00042
Qe049

CH 156

Teg

DEG F
14073F
1408¢6F
t8406e5F
1606.0F
14803e9F
1430.0F
1406.5F
1406.0F
1403.9F
14187F
1401.7F
1403.0F
1390e4F

CH 162

Yei2

DEG F

1408¢6F
142143F
1481201F
14230F
1423.0F
1484,7F
1410e4F
1842e6F
1416 0F
14C4«3F
143c-14F
14165F
1416 7F

CH 181

LVDT=3

INCHES
0000y
0+004
0008
0+017
0e0172
0015
0.220
0024
0e026
0032
0033
0040
QD44

CH 157

T=7

DEG F
139246F
139044F
139443F
1392.6F
1385+0f%
1390.8F
1394,3F
1390,.8fF
1388.:7F
139447F
13904F
1394 +3F
1382+9F

CH 163

Y-13

DEG ¥

1403.0F
1403.0F
139649F
1406.0F
1403,9F
1406,5F
1402.1F
1399.1F
1406.0F
1406.0F
1396.0F
1402.1F
1402.1F

CH 182

LvDT=4

INCHES
04000y
0.004
0008
0.010
0.011
0014
04018
04021
0025
0.029
04034
04036
0082
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TABIE 27-19

TEMPERATURE DISTRIBUTIONS FOR TUBULAR CRIPPLING PANEL

LBAD

oge
00
006
ous
010
012
a1s
016
a;t
020
o022
026
026
o028
030
on
032
033
03

L%aD

oo?
004
006
oo} ]
010
012
018
016
J¢.}
ogo
oge2
026
0zé6
028
030
031
ose
033
03

LeAD

T]NE

1452.8
1454,3
.%55.0
1955.7
14%6.3
1a4%Y .
145 6
18384
1859.2
85947
1500.%:
1€.21.1
15019
150246
1903,7
150442
1504.9
1%05¢7
1506.2

TIME

1482.8
1488,3
1855%5,0
148%.7
1486.3%
1887.0
1887.6
148%58.0
1489,2
18%9,7
150045
15011
1501.9
15026
1803.7
1304.2
1504.9
150%.7
1506442

TiMg

1052.8
14%4,3
188%,0
14%%.7
145643
18%7.0
1458746
14580
14%59.2
1489,7
15005
15011
1504149
18026
15037
1%04,2
15049
150547
150642

CH 151

Te1

DEG F
1880« 4F
1883.0F
1476.5¢F
187945F
1482+4F
1479.5¢
14813F
187649F
1480.8F
1885.2F
1880 e4F
1480.0F
1479.5F
1877.3F
1481.3F
1884 .3F
1882.1F
1861 ¢3F
1887.3F

CH 1958

T8
DEG F
1386.2F
1383.7¢
1372.1¢
1366 40F
1375.6F
1373.4F
1373.9F
13769
1368.6F
1394,.3F
1377.3¢
13734F
1370 «8F
1358.6F
1370.8F
1384.4F
1385 ¢4F
1367.3F
1397.87

CH 160

Tols

OEQ F

1838467
1438.6F
1826.0F
$833.aF
1438¢6F
1836.9F
1635.2F
133546F
{1430.9F
188177
$433.07
183944F
{8365F
1482.6F
1482.1F
1435,6F
144048F
1835,2¢
1842.4F

Cw 152

Te2
OEG F
1427.8F
1835.2F
14265F
18317F
143078
1430.0F
1433.0F
1431 7F
1433.0F
183605F
1831.3F
1833 4F
1833 eb4F
1633.9F
1835,2F
1838.2F
1.38.27
18321F
1832.1F

CH 159

Te9

DEG F
1373 e0f
1378.6f
1370.0F
1368.6F
1379.1F
1370 4F
137%e3r
1376.5F
1378¢7F
1385.0F
1380+0F
13773¢F
1377.8¢
1370e4F
1375« 2F
1384.5F
1380 eMF
137447F
1388037

CH 165

TeiS
DEG F
1409.5F
18178%
1810.0F
14090.5F
18319e4F
181357
1818 e6F
18179
141723F
1:152F
14173F
18165F
142206F
14194F
1421 3F
1822, 1F
14200F
181748F
1825.6F

CH 154

Tk

CEG F
135%04F
1353+4F
1350.8F
1345.0F
1345.0F
1351.3F
13524+6F
1348.7F
1386.6F
1353 4F
1350¢5F
1345.4F
1349.5F
1338+6F
1340.8F
1355+2F
1306.46F
1340 4F
1352.1F

CH 160

1-10

DEG ¥

1503.9%
18%05.6F
18400.8fF
1396.5F
1403.0¢F
1800+0F
1399.1F
14Q2.1F
1398.6F
1%07+3F
1803 «0¢
1801+ 7F
18G17F
1394.3F
1400¢3F
1%05.2F
1806.5F
180246F
1805.6F

CH 179

LvDTet
INCHES
04000y
04001
0005
0.007
0008
00009
Ce011
0012
0013
00146
04019
04018
0020
0402}
0023
0,024
0+02d
04025
0027

27-6h

Cu 155

Te5
DEG F

13626F
1364¢3F
1360+0F
13613F
1360+ RF
1363.9F
1370e8F
13573F
13S4¢7F
1362«1F
1358¢6F
13608F
13643F
136443F
1362.1F
1360¢8F
1356¢5F
1358+6F
136542F

CA 161

T-11
DEG F
1363.9F
1372+6F
1358.2F
13643F
1366¢CF
1365.6F
1364 7¢
1368.2F
1366¢0F
1373 ebF
. 66+5F
1363¢4F
1366+5¢
1360e0F
1365.6F
1369+5¢
137837
1368+6F
1370.8F

CH 180

LvOTe2
INCHES
0000y
0+002
0007
04010
0«01
0013
0015
0017
04018
0019
0027
0s023
04026
0.028
0030
0,031
0032
04034
0035

CH 156

T8
DEG F
1413.,9F
1417.3F
1406K.5F
16405.6F
1410s4F
14084+6F
14815.6F
1407.8F
1403.0F
1417.8F
14810.4F
1509.1F
1409.5F
1402.6F
1406,5F
1415.2F
14117F
1399.1F
1419.5F

CH 162

T-12

DEG F

1349.5F
1366.9F
1384, 1F
13445F
1356+5F
135443F
1356.5F
1353.4F
13%4.7F
1361 3F
136044F
1347.5F
1354,7F
1343+3F
1353.9F
1360+4F
1355.2F
1356.5F
1360+4F

CH 181

LvDTed
INCHES
0000V
04000
0005
04006
0008
0e011
0012
04013
0015
04017
0+039
0.022
Oe024
04025
04027
0+027
04029
04031
0034

cr 157

Te?
DFG ¢
1814075
1421.7F
1412.1F
160640F
1410e4F
1412.6F
1409e1F
14100 4F
140649F
1425.2F
1815.2F
181443F
141246F
140344F
140645F
141640F
141743¢
1405e6F
1423.9F

CH 163

T-13

DFG F

13944 3F
1395.6F
1388.7F
1390.aF
1389.1F
1386.6F
1390.4F
1388.3F
139040F
139349F
1388.7F
13884 3F
1390.0F
1390+4F
1390.8F
1391.3F
1389.1F
1387.9¢
1392.1F

CH 182

LyDT=n
INCHES
0000y
0,001
04006
00008
0009
04010
0.012
04014
04015
0017
0018
04020
0.02%
04023
04024
06025
0+026
04028
00031

oz

-

-

Fondt nordl
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TABIE 27-26

TEMPERATURE DISTRIBUTIONS FOR TRAPEZOIDAL CORRUGATION COMPRESSION PANEL
LBAD TIME CH 47 CW 48 CH 49 CH %0 CH 51 CH 52

LVDT. LVDY. LVvDT. LVDTe

PTe} PYe2 PT-3 PTeb TCel 1C-2

INCHES INCHES INCHES INCHES DEG F DEG F
002 2231.3 0,000y 0000y Ge 000y 0000y 1337.3F 13400u%
006 2232,1 0.010 5e012 04010 Q+010 1337.3F 1339.5F
006 2232.8 0.018 0020 0048 0.018 1338.6F 1339.1¢
008 2233.5 0.024 04026 0026 0+026 1337.3F 134040F
010 223.2 ¢.030 04033 04033 00033 1338.2F 1339.5¢
012 22%.9 0.037 0.039 OeObt 00480 1337.8F 1332 1F
016  223%.6 004) 04047 0047 0087 1339.5F 1381.46F
016 2236.3 00049 0053 0+054 0054 1339.1F 1361.2¢
018 2236.8 0.0%6 00060 0«06} 0063 133846F 1361e2F
019 2237.2 0+060 0064 00063 0064 13480.4F 1342.0F

LBAD TIME CH 83 CH S CH S5 4 Se CH 57 CH %8

TC=3 TCeb 1C=5 TC=6 TCe? TC=8
DEG F DEG F DEG F Ofqg f DEG F DEG ¢

002 27313 1366.5F  1005:2F  1307.9F  1805.2F  1384.8F  1329.1(rF
004 2232.1 1366.0F 1006e5F  1387.5F  1805¢6F 1387.0F 13308F
006 2292.8 1366:9F 1008¢5F  1350.8F  1406¢5F  1347.%F  1330.0F
008 2833.%5 1367.8F  16400e7F  1353.0F  1404¢7F  13444iF  1329.1F
010 2834.2 1366.0F 180%+6F 1381.7F 1802¢1F 1385.8F 1328+6F
012 22%30.9 1369.5F  1806+0F 135048F  1407¢3F  1385.8F  132640F
014 229%46 136%42F  1405.2F  134847F  1402e6F  1304¢8F  1329.1F
016 223663 1366+9F  1806+5F  1350.0F  $1405¢2F  1308.4F  1328.3F
018 2236.8 1367:8F  140%¢2F 1381¢/F  1406e5F  1381+86F  1325.6F
019 2P37:2 1367¢8F  1407.8F  1350:8F  1807e8F  1380646F  1332.6F

LOAD TIME CH 89 cH 60 CH 6} Cu 62 CH 63 CH 64

TC-9 TCe10 TCe=11 TCel2 TCe13 TC=14
DEG F ogo F DeG F oga F DEG F DEG F

002 22313 1306.2r 1393.9¢ 1392.6F 180399 1379,.8¢ 180867
008 2232¢1 1307:8F  $392:6F  1393:4F 100077 137787  1806%
006 2232.8 1351.7F 13977 1392.6F  1402¢0F  1378.8F 18077
008 2233,5 1351e3F  13%¢3F  1391:3F  1403¢0F  137609F 14083V
010 22382 1350.8F 139347 1390¢0F 100 7P 1376.5F 100567
012 223449 1347.9F 1394.,3F 1389.5¢ 180008F 1377.8¢ 180607
014 2235.6 1349.1F 1395.2F 1391+7F 100177  1376.0F 14003
016 22363 1346.2F  1392:4F  13921F  1403¢0F  1378+46F 100687
018 P236¢8 1346.2F 1390.8fF 1387.9¢ 160013 1379.4F 1408.2F

AV 2237.2 1307.0F 139217 13%3.9¢ 100037 1380.0F 140657

WEAD  TIME €M 68 CH 66 CH &7 CH 68 CH o9 tH 70

7Ce48 TCel6 TCe3? TCell TC.19 TCo20
DEG ¥ DEG F pee ¢ DEO F DEG F oEa F

002 22313 (32640F 132137  1327:3F  1200eiF 1125.4F 1287
006 2232.1 1328.2F 1320.8¢ 1329.5¢ 1207+0¢F 11245F 123040
006 2232.8 1326+9F 1320.0F 1327.3¢ 1206+6F 1123.7F 1230.0F
008 2233.5 1329.%F 1320.0F 1328.6F 1206+6F 1123.7F 1228.37
010 223802 1328¢2F 1316097  132%:6F  120700F  1124e5F  1226e4F
012 2234,9 1324,7F  1319,1F  1326,0F 1206.,6F 1126,2F 1227,%F
018 223806 (32609F 131957  1320.3F  1200+4F  1123.3F  1228.7F
016 223603 1326.0F  1320.4F  1327.3F  1209¢1F 1125.8F 1227.0F
018 2234+8 132%.¢6F 1320e0F 13264.9F 1209¢1F  1127.8F 1228.7¢7
019 2237¢2 1325¢2F  1321+7F  1329%:1F  120%.0F 1128.8F 1230.0F
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TABLE 27-28

THICKNESS MSASUREMENTS FCR BEADED COMPRESSION SANEL
(ROOM TEMFEFRATURE)
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TABLE 27-30

TEMPERATURE DISTRIBUTIONS FOR TUBULAR COMPRESSION PANEL

LOAD TIME CH A7 CH a8 CH 49 Cn 50 CH 51 CH %2

LVOT. LVDT. LVOT. LVDT.

PY-} Pre2 PT3 PTay TCe1 TCe2

INCHES INCH, 3 INCHES INCHES NEG F DEG F
002 1487.5% 0000y 0+000y 0000y Q40004 18065F 1380.8¢
004 1448,.1 0008 0.008 0007 Q.006 1383.7F 1415.6F
006 14AR.9 0.0173 0«014 04013 QeCl2 1393.0F 1813.9¢
00R  1449,5 0.019 0.021 0.020 0.019 1393.0F 1619.1F
010 1450.1 Q024 0.027 0+026 Q«(2S 1375.2F 141246F
012 18%0.8 0,029 0,032 G.032 04030 1407,3F 1420,0F
017 145143 040231 C+035 0.033 0032 1409.1F 1421.3F
018 1837.0 Ce03% 0.037 0.036 0036 1807e3F 1423497
015  1a%2.7 Q036 Ge06C 0.039 0.039 1400+0F 142640F
016 14%53.3 0+039 D083 0042 0042 1402+6F 1818.6F
017 1a53.8 [\F1:133 Ve QN6 0«0l Q085S 136R2F 182143F
018 14544 OeCia 0e048 0+047 0+047 1418.2F 142842F
019 145540 0005 0.050 0e003 0«048 1812.3F 181846F
020 1a%8.7 0e0h? 04053 0051 04050 161649F 1831.7F
021 145642 0050 0.0%% 0054 04053 1417 8F 1420007
022 145648 0052 0.057 0056 0055 L417.8F 1448.3F
023 1457,3 0¢054 0+0%9 0059 Q0+058 1420.0F 1418.2F
028 14%7.9 04056 0061 0061 Q+06C 142241F 1433.0F
026 1438,.8 0:060 0067 0«066 0+065 1416.5F 1420.8¢
027 14%59.3 0+063 0.069 0.069 0067 1424¢3F 1438.6F
028 314539,7 04065 0071 0070 0+069 1822.1F 1837.87
029 1%00.2 04066 0.073 04074 0071 18230F 1419.6F
030 1500.8 04049 0+076 0075 0.073 1810.0F 1432.1F
031 1%01.3 0072 0.079 04078 04076 142403F 1637435
0%2 120147 0e07a 0.081 0.080 0.079 1818.2F 142645F
033 1%502.1 0076 0085 0.083 Qe081 1423.0F 10365F
03» 1502.5 0078 De086 0.086 0084 1610.0F 180846F
035 1%03.0 04081 0090 0+.087 Ce.086 1425.6F 1433.97
036 1503.% 0083 0092 0.0 J+089 1416.9F 183177
037 15039 0+086 0+095 04094 0.092 1419.1F 142846F
038 1%504.2 0+038 C+097 0096 0094 142143F 1430.8¢
039 150A.7 0.091 0099 0.099 04096 162241F 1438,37
08l 15056 0+098 04105 Oe104 0.102 1428,3F 1420.37
082 150%.9 0098 04108 0.3108 Qe100 14213F 183677

LBAD TIME CH B3 (<13 [ 11 Cu Se <IN} cn 58

TC=3 TCed TC% TCeb 1C=? TCe8
OEO F ota ¢ DEG F OEg F DEG F DEG

002 1847,5 1813.97  1832,6F  1AY0.0F  1A31e7F  1253.7F  1372.1F
00% 1488¢1 §397.3F  1AB0AF  1466,9F  1817¢3F  1252.5F  1376.9F
006 1888:9 1A22:1F  188107F  1873:0F  18A2e1F  126206F  1380.5F
008 1889.%5 1AR3.0F  1883.8F  1878¢7F  1838e2F  12%4¢1F  1385.87
010 1880e¢1 1819:5F  1860e0F  1478.6F  1083.0F  12607F  1381.6F
012 18508 1AR0TF  188S.6F  $1064.3F  1806¢0F  123841F  1383e7F
013 18513 1A25.6F  1885.2F  IATALTF  1887¢8F 1266497  1390.4F
048  (082,0 1023AF  1470.8F  187000F  1843.9F  1282.1F  1367.8F
015 1a82.7 1809.5F  1a88.7F  §875.6F  1AS040F 126%9.1F  1380.8F
016 18343 1402649F  1868¢TF  1873.0F  1398¢2F 1272.9F  1385.0F
O17  1483.8 1426.0F  146%.6F  1476.9F 188347  1278.3F  1393.4F
018  1a%acs  1423,0F  147246F  1871e7F  1ed2¢6F  1275.0F  1393.0F
019 1885,0 1826,9F  1861.3F  1879,5F  1888.7F  1265.6F  1393.4F
020 1455.7 1317.8F  1868e6F  1876¢9F  148609F  1276+2F  139048F
021 188642 1813.9F  1866¢0F  1A7246F  18432¢1F  12737F  1389.1F
022  1856.8 142%.2F 186397 1879.5F 188806F 1280.0F 1388.7F
023  1a87.3 1832.1F  1862¢1F  18682F  1883e0F  1277.9F  1391.3F
02%  1857:9 142P.1F  1869:5F  1883.0F  188609F  1278¢3F  1395.2F
086 1458.8 1426407 148708F 187085 1882¢1F 1283.9F 1387+5F
027 1489.3 1020.0F  147040F  1865.6F  1035e6F  1280e80F  1379,1F
0P8 185947 1A286F  1476e5F  1877.aF  1483e0F  1251¢7F  139143F
089 1500:2 1430.0F 1069.5F  1877.8F  1aa9.1F 1278,  1396.0F
030 150048 1430e4F  ,AT1¢3F  188645F  1a8803F  1278¢7F  1394,3r
031 1501+3 1832.1F  1871.3F  (8B1e7F  1837e3F  1282.1F  1388.0F
030 1501e7 1818:7F  1866¢SF  1A71e7F  1837¢8F 12673  138343F
033 150241 1821e3F  1468¢2F  1878.6F  100000F  1286¢0F  1381.6F
03% 150245 1827.3F  187004F  146F.0F  180246F  1288¢7F  1387,%F
035  1503.0 3810.0F  14SS.0F 18> JIF  14B0¢AF  1276¢2F  1393.0¢
036 1503.%5 1429.4F  1866¢0F  1066e5F  $446e8F  1260:7F  1370,7F
037 1503+ §423.9F 1480487 187443F 144028F 1279.1F 138507
038 1%08.2 1425.6F  1a5506F  107206F  1439:1F 128177  1389.5F
039  150A.7 10B0.AF  1463¢0F  1875.6F  1400¢4F  1280¢0F  1391.3P
041 1308.4 1043.2F 1450097 1883447 18830F 1276047 1390.07
002  1805,9 1a30.AF  $060e7F  1876.0F  1036+0F 1279.SF  1383.3F
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LMAD

002
00%
006
008
N0
912
013
a1
01%
016
017
018
019
020
o021
Q22
023
02s
026
027
028
o9
230
011
032
033
03
035
036
037
03R
039
133
062

LOAD

00?2
cos
006
008
010
[3%4
013
014
015
016
047
018
019
020
ozt
022
023
024
026

028
029
030
031
032
033
036
035
036
03?
038
039
0al
a2

TIME

1887,5
1858,1
18488,9
18895
14%041
1480.8
13513
18%52.0
14%2.7
18%3.3
1453.8
185804
1455.0
1485.7
185342
1856.8
14573
1457.9
1488,8
1859.3
1459.7
150042
150048
15013
150147
150241
150245
1503.0
15035
1503.9
1504.2
150447
15054
150%8.9

Timg

1843745
1848.1
1448.9
1849,.5
14501
1450.8
1451.3
14520
1852,.7
14%53,3
1487.8
1454,4
1455,0
185547
185642
1856.8
1487,3
1857.9
1458,8
1459,3
1459.7
1500.2
1500.+8
150143
150147
1502.1
150245
1563.0
1503.%5
1303.9
150442
130447
1505.4
18505,.9

Cu 59

TC-9
DEG ¥

13¢8.6F
136i,3F
1361.3F
1375.2F
1350.0F
137177
1356.9F
1362.1F
1370.0F
13%50+0F
1373+4F
1378.6F
1379.5¢
1382.0F
1378.2F
1376.5¢
1372.1F
1375.6F
1382,5¢F
13844SF
1358.2F
1370.8F
1389.5F
1378.6F
1350.8F
1381.2F
1348.3F
1379.1F
1370.8F
13%6.9F
1375.3F
1364.7F
1376.9F
1360.4F

CH 68

1C-15
DEG ¢

1827.8F
1396.9F
181307
1820 +8F
13%0.0F
1808465
1815.6F
1397.8r
182640F
18R040F
1430+8F
L8B4 7F
142547F
182846F
1429.1F
1835,2F
1431.3F
1431.3F
1427, 8F
1400.8f7
1828.6F
1438,3F
1431.7F
142846F
1a15.2r
18265F
1418.2F
1433.07
1818,3F
182600
1826.0F
1519.5¢
1480.4F
1392.4F

TABLE 27«30

(Concluied)
cH 60 CH 61 Cu 62
TC»10 TCe31 TZ-12
DEG F DEG ¢ DEG F
1389.1F 1425427 163143F
12a5,4F 1854,0F 1435,6F
1387-0F 145346F 1425.2F
1389.5F 1431.3¢ 1889.5F
149,.5F 18347F 1839 1F
136737 1454.5F 1482015
1393 e &F 185643F 1450.0F
139085 1%88.6F 1422e1F
1376.0F 145648F 1851.3F
1391+7F  1881.8F  183266F
1397.3F 1489.1F 18518F
13569F 1423.9F 1442e6F
1390 «8F 145341F 1645004F
1400.0F 1852 7F 184842F
139%5+6F 1857.2F 145306F
1398.2F 1858.1F 1487.3F
1384.5F 145846F 145445F
1392.4F 1456.8F 184201F
1400, 4F 1858,6F 1455,9¢F
1368.2F 1465.6F 18428F
1402.1F 186246F 165301F
1398+6F 1860«4F 1453 ¢3F
1400485 186546F 1655.0F
139304F 1861.3F 14500F
1385 ¢4F 1409.5F 15100F
1396+0F 14373F 1623.97
1396 .9F 14617¢ 1249¢5F
1800, 4F 1688,1F 143241F
1391+3F 1439.1F 144246F
139241F 185242F 168241F
1377.8¢ 1458.5F 126G0F
13917 1486.0F 16382F
1393.9F 145247F 180403F
1385.0F 1834.3F 1842.1F
CH 66 CH 67 CH 68
TCel6 TCel? TC»18
DEG ¥ DEG F DEG F
1378+6F 13656F 1331e7F
139737 138944F 1350+8F
1385 .4F 138045F 13084 3%F
1386+2F 1392.6F 1386e0F
1398.2F 1382+0F 1331437
138R.0F 1396.9F 1349637
1405427 13%4.7F 1386027
1398467 1373.0F 1305048
1805.2F 13991F 1381 e67
1381 06F 138540F 13330 4F
1804 03F 139340F 13800858
13608F 13791F 1386028
140175 1397 8% 1338e2¢
1396 .5F 1390+0F 13%206F
18067F  139842F 1386 iF
130246F 139527 1351438
1807 ¢8F 120103F 1366¢0F
1608 ¢7F 1388.7F $3%G9F
1403,9F 139608 1354,3F
13994418 1399.1F 1363.9F
1408427 150307 134877
1403.9F 140447F 1360+0F
13939 1395.2F 135007F
180697 1400e4F 133888
139%5.8F 1385.8F 1350.8F
1804037 1396.0F 133477
1395.2r 139305 223657
13825F 1896.9F 1342. 7%
138668 §3%2.5¢ $1345.0°
1396 5¢ 139208 1347 .
1378487 1393 ¢ 133:+ -
1294457 1381 «0fF 138177
139607 128687 130808
1397.2¢ 1388:8F 193739

27-76

CH 63

TC-13
OEG F

14334.9F
1413,0F
14821.3F
1620.8F
1433.9F
1539.5F
1435.2F
1433.0F
1426+0F
1426.0F
153649F
1823 4F
1835%5.2F
15450.0F
1827.3F
185044F
1580.8F
1833.0F
1436,5F
1838.6F
1832.6F
143877
1437.8F
1435.2F
1425.6F
1439.5F
1420.0F
1434,3F
1827.3F
1433.0F
1429.4F
16321F
1827.8F
1428.6F

CH 6%

TCei9
DEG ¢

138627
13580.8F
1347 .8F
1397.87
138537
136027
1351427
1393097
131837
1388.6F
1387.3¢
136000F
13588.7F
1366.0F
1366+ 0F
1366.5F
1368.6F
1366:2F
1369.1F
1370.8F
136600
1388.2F
13733
1548.87
1380.8F
1364.3F
137219
137130
1389.5¢F
13606+
1366 92
1363.0¢
£36%.4%
13907

CH &4

TCe1b
OEG F

1408.4F
1819, 1F
141340F
181399
180246F
142340F
1399.8F
1530846F
142340F
1405.1F
1813.0F
1a10,.7F
181846F
182087
1413e0F
1423,0f
1425.2F
141697
1420,4F
18173F
142007
141640F
1008.2F
1813.4fF
15813.9F
140044F
1513.4F
1813,4F
183044F
1811.77
1408.6F
1815.2F
1396.9F
1523.9F

[« 1]

TCs20
Ota 7

1292.1F
1306.0F
1300.0F
1313.0r
1291.3r
1307.0¢
130800
1298,37
130%.1r
121827
1328,
131987
1383407
1322,.3F
132177
132137
$326,3p
132179
1328,2r
1331307
1326487



o T oin [ o -4 NP SOV VIV BV BN ARV R RSO N , T oo e ¥ ]
®lo _ O£10° | 0210} OL10° 8_o+ 0110° { 0110 | otlo" | oLlo* | oo’ N 0110 | Ot10" | 0110" | OLl0° | 0(10” | 0Zi0 oﬁoL @i oo’ oZo _on_o wv
—+ B s et S - +— _ — -- 1f.|+3.|||.+ B R |
(o]0} dd oC ZZ v_u 2 1] HH “ 29 43 33 Qd 20 L] v z A x 3 1 NOID3S
. 00 | NN WMy S P L LT B AL X M NOUDE
0z1o’ o_mo.L on_o._ 0210° | 02(0', O1£0" | 010" | OEL0° ! 020" | 28 om.o 0£10° { OE10°  DIED” v

610", 02to” ' ozto- | oztot | oouo om.o ;ﬁom_oM

n 1 % ST ,m»g_ MJ_« e | o , I,{,& w hw,dt M r %!_: ;.m ‘oJuuP m . u,i» tu..iﬁ g H.«; .Mﬂ_w:uwm

! Z

e Sl Catat neies Shaiatel Shaiete st N

<
2

S PR

,4,: - '(Inr

T

|
|
o
NEANTAN /\/ (

DR GRPRED WRRPRIR R S | e

(FENIVEEIAE T mncimqmv
TANVd NOISSTHMJAWO0O ¥VINANL J0 SINENEMNSYEN SSHNOTHT

TE-L2 FIGVL

27-T17



.ﬁowoo. 8¥10° | <vl0° | SELO" | 8210° | 210" | 82107 | ZELO' | 8YL0" | 620" | £¥10° | 2E10° # 8210° | SE10° | ES10° | VELO v 1
." 43 33 Qa o) a9 vvY z X X M A n 1 S ¥ 9] NOILD3S
. 9gl0” ! er10° _,wm:o. &10° | 1e10° | 6z10° [ sc10° | Byto° | 8210° | £€10° | 6510° | &¥10° | 6¥10° | BELO Lr10° | 9€90° \Ad

d e} J.W N w 1 A r | H o 4 El a | 2 8 v NOI1D3S

-

M _

O I

(P14 EETTIE ‘TH ENEN) TENVA MVEHS NOLLVDRMMOD 04V NVINOHID J0 SLIGNSMSVEN SSEIIOTHL

gt-Lz TIIVL

27~78



T ' ! ' ! 1 ! i
“ 680" ! 8€10"  8LiD”  €Cl0T vl 810" | 8El0° H 610" | 80 ﬁ to’ w ZELo” | £910°  3Fi0° _ 6210° | ZEL0° | 1E10° v
—- - ' : 1 { FVEIE Sevvanns Shlouniy SRSl e A
v 34 33 Ga 22 LN 44 z A X xm. M 4 AloN 1 S ] 9] NOILD3S
—— -y . - T - - LR R o —— - L T e S

6210 85107 mm.o‘ﬂ 241 | 6210° | 8210° [ ZEL0" | 6SI0° | €E10° A“ 0E10” ! —m_o..ﬂ LE10°  ZE10°  Z910° | 8vi0" | OvS0" \44
—_— 4 ' - - 4 = —— g e el
, d + © | N w H 1 A { _ | w H 9 M 3 3 Q 1 2 9 v NOIL1LD3s

P SR S i AU IR SR R SR Tt

—t <lf o'u

(TIM YTTITL M AOTTIILSYH) €FM TVOIINEA NOILVONMMOO OMV UVINONIO J0 SHNEWRMNSYEN SSENMOTHE

£€-12 TIAVL

2779



TABLE 27-34

SUMMARY CORRELATION OF STRUCTURAL ELEMENT TESTS

Calculated Stresses

AvVg. test stresses

Yeut
. Teat
Panel concept] type w::g;., bucmk:::le.‘ F‘""l“' hu':l::::lg, Fauu‘re. Remarks
pst ps psi ps
Tubular Closeout RT 105 300 L |105 300 C| 83 000| 85 000| End doublers were too short
Crippling | RT 105 300 L ]105 300 C{ 88 000] 90 400 | Uneven load distribution
Cripphing | 1400 | 78 500 L.| 78 S00C| 6G 700| 66 700| Some detached spotwelds
Panel(€ RT {105 3001|105 300C| 73 800| 73 B0O| Some detached spotwelds; and
) t of bending load
© was applicd in test
Panel 1400 78 560 L | 78 500 C| 80 200| 80 200! None
Beaded Closeout RT 130 000 L {130 00C C| 74 500 | 84 600 End doublers were too short
Crippling | RT 130 000 L §130 000 C| 96 700} 105 000 |} Proportional limit being approached
Crippling | 1400 | 92 SO0 L] 92 500C| 65 400] 72 200 [Jand actual values for the tested
sheetl unknown
, Panel RT 27 900 L | 27 900 L; 32 600{ 42 600| Some postbuckling behavior
Corrugation- | Closeout RY 22 200 L | 55 000 C| 26 300| 47 300| Failure in edge support due to
atiffened ! eccentric loading
Crippling | RT 22 200 L.} 55 G600 C| 26 000| 69 200| Substantial postbuckling strength
indicated in test
Crippling | 1400 16 200 1., 41 500 C| 30 600] 43 700 | Unknown
Panel(c) RT 22 200 1, | 32 800 P| 24 700| 39 600 Eccentric end loading and &
panel bowing imperfection of
© 0. 10 measured at midpanel
Panel 1400 | 16 200 L, | 24 000 P| 17 300! 32 000 Some postbuckling behavior
Trapozoidal |Crippling | RT 69 600 L | €6 600C| 69 600| 92 400| None
corrugation {Crippling | 1400 | 50 800 L. | 64 300 C| 54 500 66 B0OO| None
Panel b-c RT 69 600 L] 75 200 P] 69 300 75 600] None
Panc!( ¢ 1400 50 800 L.| 85 100 P| 49 800] 49 800] Panel instability with possible
interaction with tnitial buckling
Cirvoular ayo |Shonr RT 41 200 £, | 44 200 | am BOD| 40 AOO}
Corrugation None
Shear panel RT | 38 700 L | 43 200 B| ae 400] 38 400}
Spar cap Crippling | RT 110 000 L |133 800 C| 104 000 | 127 200 | Slight eccentric cap loading

8code for type of buckling: L local, P panel, C crippling.
breated with clamped loaded edges; all other types of panels tested with simple support-loaded edges,

CAll panels tested for panel buckling were 30 in, long.
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TABLE 27~35

COMPARTSON OF TUBUIAR AND BEADED CONFIGURATION INITIAL BUCKLING TEST RESULTS

WITH PREDICTIONS

Panel concept Tubular Beaded
Tect type Crippling Panel Crippling
Test temperature RT 1400°F | RT  |1ho0°F Rt 1400°F
e Avg test initial

Buckling stress (psi) 88 000 | 66 T00 | T3 868? 80 200 | 96 TO0 65 40O
e (Calculated initial

Buckling stresses (psi)

12-1k, arc-buckling 105 300 | 78 500 P05 300 |78 500 | 130 000 92 500

(local)

Test/Pred. 0.8k 0.85 | 0.70 | L.02 0.75  0.71
e Interrivet buckling(a) 82 500 | 60 500 | 82 500 |60 500 - -

Test/Pred. 1.07 1.10 0.90 1.33 - -
e Buckling of flat(b) 76 600 | 56 000 | 76 000 |56 000 | 97 500 71 200

Text/Pred. 1.15 1.19 | 0.97 1.43 0.99 0.92
e Comments - detacheq - - - -

spots

8Based on one loose spotweld in each row of double row, located side~by-side;

S = 0.5 in., K = 3.5.

bBased on treating one sheet in the flat as a place with no spotwelds.

CUnknown amount of bending was applied
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For use in Verson=Wheelon high
pressure rubber forming press

Figure 27-2. Formblock for tubular panels

Note vent holes drilled
in ends of formed beods

Figure 27-3. Tubular panel details prior tc assembly




* Bg 88

Figure 27-4. Tubular panel in weld fixture ready for
resistance spot weld assembly

100 kva, three phese, silicon
diode rectified de welder

Figure 27-5. ! 3 s being resistunce fpol

7=k




Figure 27-6. Tubular panel after resistance spot
welding.

Figure 27-7. Finger doubler extensions for tvbular pa




Figure 27-8, Circular arc stiffened tubular end closeout
specimen prior to end casting and grinding

Figure 27-9, Tubular crippling psnel shown with ends
cast in densite
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Figure 27-12. Beaded panel trimmed prior %o assenbly
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in weld fixture prior to

Figure 27-13 Beaded panel details in
resistance spot weld assembly

Figure 27-1L Beaded panel after aging, heat oxidation znd
installation of end bars
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e

Figure 27-19. Trapezoidal corrugation panel detszils showing
central section corruzation, end corrvgabion,
see section and fingered zplices
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Figure 27-22, Trapezoidal corrugation panel cut fo two 8-inch
lengths for crippling psnel tests
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Figure 27-2L. Forming die for closed end corrugation-stiffened panel

Corrugation-stiffened panel details including corrugation,
skin, fingered doublers, and end doubler




End T-bor installed prior ro sawing
for end closure and crippling specimens

Figure 27-26. Corrugation-stiffened panel after aging
and hest oxidasbtion

Figure 27-27. Corrugation-stiffened end closure specimen
cast in de.alte
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Fipure 27-31 - : tracer template reanir 0 yturing parls
TI0 welding

Figure 27-32 Two-ghear web panel asserhllies, one belore and
sne sfter szing snd heat oxidation
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Typical compression panel test

7. Typical room temperature compression test set-ups
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Inconel bearing plate and
| pyroform blocks used for
elevated temperature test
setup, Nichrome heating
elements are inserted into
precast holes,

Figure 27-35. Typical elevated temperature test set up

for 30-inch compression panel
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Compression panel tests

Figure 27-36 Typical elevated temperature compression test ¢ .-ups
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Tensile stress, psi

3

160 x10
140 Coupon No. 7
Coupon No. 3
120 - —
100
80 /] COUPO“ No. 7 3
Test Temp. R.T. 1400°F
F,_, ksi 165 129
tv
F, o ksi 135 115
ty
60 Percent elong. 7 5
(1 in. gage length)
Apparent modulus, 29 22,6
psi x 1070
40 Ramberg=<Osgood parameters,
F s Sksi 135 109
n 21 18
Heat No, HT 2490-7-8513
20 Rn page (ref) 405722 —
Material condition: Exposed to three anneal cycles
of 1950°F for 15 min and air cooled, then aged at
1400°F for 16 hours and air cooled,
l L |
0 0. 004 008 0,012 0.016 0,020 0,024

Sﬂ’ain, ino/ino

Figure 27-38. Tens’ile stress-strain curves for .016 gage
Rene 41 compression panel sheet material,

longitudinal grain direction
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40 x 10

;

35
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20 |

Compression lood, |b

15

10

0 0, 002 0.004 0.006 0.008 0.010 0.012
Panel shortening, A L/L, in./in.

Figure 27-43. Panel shortening curve AL/L for corrugation-stiffened end
closeout panel, room temperature
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Edge

Figure 27-44. Corrugation-stiffened end closeout panel after failure,
room temperature
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Figure 27-45. Strain gage locations for beaded end-closeout panel
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Compression load, Ib
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0 0.001 0. 002 0. 003
Panel shortening, AL/L, in./in.

Figure 27-47. Panel shortening curve AL/L for beaded end-closeout
panel, room temperature
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igure «7-48. FBeaded end-closeout panel sfter failure, room temperature
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Compression load, Ib

0 0,001 0.002 0.003

Panel shortening, AL/L, in./in.

Figure 27-51, Panel shortening curve IAI'../L for tubular end-closeout panel,
room temperature : .
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Figure 27-52, Tubular end-closeout panel after failure, room
temperature test
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below gages 7, 8, and 13,
panel

® Gages 11, 12, and 15 located directly
Figure 27-53.

e Total no, of gages = 14,

Note:
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80x10
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Panel shortening, AL/L, in./in.

Figure 27-55. Panel shortening curve AL/L for corrugation-stiffened
erippling panel, room temperature
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Corrugation side

Skin side

ot

Figure 27-5¢. Corrugation stiffened crippling panel after failure,

room temperature test
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Panel shortening, AL/L, in./in.

Figure 27-58.

Panel shortening curve for corrugation-stiffened AL/L
crippling panel, 14000 F
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Corrugation side

Skin side

Figure 27-59. Corrugation-stiffened skin crippling panel after failure,
1400° F
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Figure 27-60, Strain gage locations for trapezoidal
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Figure 27-62 Panel shortening curve AI I for trapezoidal corrugation
crippling panel, room temperature
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Figure 27-6hF Thermocouple locations for the trapezoidal

corrugation crippling panel
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Figure 27-65 Panel shortening curve AL/L for trapezoidal
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Panel shortening, AL/L, in./in.

corrugation crippling panel
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Figure 27-66 Trape-oidal corrugation crippling panel

1400°F test
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Note:

e Total no. gages = 16.
e Gages 13, 1k, and 15, 16 located directly below
gages 3, 4 and 5, 6.

Figure 27-67 Strain gage locations for beaded crippling
panel
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Compression load, {b
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Figure 27-69 Panel shortening curve AL/L for besded crippling

panel, room temperabure
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Figure 27-71 Thermocouple locations for the beaded
crippling panel
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Compression load, Ib
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Panel shortening, AL/L, in./in.

Figure 27-72 Panel shortening curve AL/L for beaded
crippling panel, 1LOOCF
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Figure 27-73 Beaded crippling panel after fallure,
1LO09F test
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Note:

e Total no, of $.G. = 16,
o Gages 7 and 8 located 1/2 distance from € tube to flange.
e Gages 13, 14, 15, 16 located directly below 9, 10, 7 and 8.

Figure 27-Th Strain gage locations for tubular crippling,

panel _
27-159



ooge-

saniesedusr uwood

¢ 1oued mc.a..nmma.ho Jefnqny JoJ SuTedys TeIXY GL-.L2 san31g

000¢- 00.2-

ui U T uDas aA1ssRidwoy

00rZ- 0012~

008t -

0051

002t -

006~

00¢~

)
-

21 9606 uppyg A
{1 #bpb uipsg ]

Z 9606 u1o1g 7
| @6o6 uiosig O

puabay

— —

ot

ol

oz

0e

0s

0L

08

q] ‘poo| uoisterdwoy

27=160



(penutquop) §)-L2 oamSTd

*ul/ Ut o “uioigs daisseidwony

0055 - 000§ - 005y - 000¥ - 005¢- 000€- 0052- 000Z - 0051- 0001- 008~ 0
[
!
0l
h\u )
i
|
\ (¢
\u\ g
0| @606 utong O 3 /1,.|,
¢ 3606 utosg Q) 2 !
g abof uoug ¢ or g nﬂ
¢£ 9606 uipng O =
¢ 9806 ulong A M.
¢ 9606 us~ng O o bl
y 2606 utoing v o
¢ 9606 uionig O 0s
pusboy
09
(174
01 *08



(penuTUOD) Gj-)z sandtg

‘i /rup o fuoys A18591dwo

000¢F ~ 052~ 0052~ 0szz-~ 0002~ 0sil~ 0051~ 0sci~ 0001~ 05s- 005- 0sz - 0
ol
74
oe
or
149

91 3606 utoug A

S1 @bob uroyg O
¢ aboB uons 7 [v,]

£l 9606 uioyg O

puabay

0L
ot xog

27-162

9] ‘poo) uojssaidwon




Compression load, b
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Figure 27~76 Panel shortening curve AL/L for tubular
crippling panel, room temperature
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Figure 27-77 Tubular crippling panel after failure,
roon tevupeérature test
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Figure 27-78 Thermocoupling locations for the tubular:
crippling panel

27-165



Compression load, b

40 x 10

35

30

25

— 1
1

20

10

0. 001} 0.002 0.003 0.004 0 005
Panel shortening, AL/L, in./in,

0.006

Figure 27-79 Panel shorteﬁing curve AL/l for tubular
crippling panel, 1L000F
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Flgure 27-83 Spar cap shortening curve AL/L for 3/8 ]nCh
flange spesimen, room temperature
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stiffened-skin compression panel

Figure 27-90 Thermocouple locations for the corrugation-
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Figure 27-91 Panel shortening curve AL/L for corrugation-
stiffened-skin compression panel, 1LO0°F test
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Figure 27-109 Panel shortening curve AL/L for tubular compression
panel, room temperature
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Figure 27-125 Plasticity factors for 0.060-in. Rene' U4l sheet
at room temperature
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