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I - INTROQDUCTION

It may be presumptuocus to undertake the task of explaining
structural cle51gn in a book like this, but this one was started because
the author has, in the course of a 4--year design career, had the luck to
stumble on significant information that doesn’t seem to be generally
known. At least, if it were common knowledge, one would expect
aerospace structures to look much different than they do.

So this book is about structural design - not the analysis of
structure which has been the subject of many books by many authors.
While analysis cannot be ignored, design involves more than that; it is
the art of starting out with a clean sheet to accomplish some objective.
‘The starting point is usually some similarity or analogy to the present
task, springing from a background of related experience. For a beginner,
the background is usually furnished by someone else,

In design for aerospace programs, usually dealing with a
government agency, there is little guidance from the feedback provided
by free commercial markets. As a result, many unwarranted habits have
crept into general usage unnoticed. practices which must be questioned.
That is what this treatise attempts to do, basing the questions on
disturbing evidence which has cast doubt on the assumed “rightness” of
accepted folklore - some of it myth.c:al

While not a textbook, this book may work qulte well with one. It
probably means more t0 experienced structural structural designers
than to most other people, but is not intended for their use alone. It is
partly intended to show designers of other systems what they have
. reason to expect from structural design. There is also the hope that it will
be for newcomers to the design business a substitute for the experience
they have not yet acquired.

The occasional use of a mathematical formula to explain some
phenomenon more simply than it can be done in English should not -
deter even a casual reader if he is willing to accept a mathematically
proven statement without looking at the numbers. In short the
mathematically timid need not be intimidated. '

~ Structural design is seldom seen as a disciplinary foundahon for
the practice of "systems” engineering. In fact, hardly anyone employed in
that "discipline” is more than passingly acquainted with the subject.
This is strange because if there is one common bond between all the
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subsystems ina vehicle it is the structure; everything attaches toit. It is

-also noticeable that the creators of vehicle configurations in preliminary

design organizations often come from a structural design background,

having a store of experience which makes them familiar with the size,

shape, and arrangement of whole vehicles. This is usually career

limiting because their formative years were spent making engineering

drawings. Drawings, since they convey instructions to the

manufacturmg side of the corporate business, are rarely seen by top -
management” and seldom influentizl. '

Stress analysis is concerned with how strong (or stiff, or whatever)
a piece of hardware is, analyzing its suitability for service and starting *
with a concept backed up by accurate physical descriptions. Structural
design, like all design, must consider many other functions such as the.
architectural subdivision of spaces, leak tightness in pressurized or fluid
containment volumes, provision for stowage of and access to the
components of other systems, fabrication and assembly methods, and alt*
the compromises which inevitably go into making a balanced ﬂylng -
machine - or, for that matter, any other kind of machine. All of this -

should be done with a minimum of fuss, feathers, and dollars {or .-
whatever measure of expenditure is appropriate) in a manner consistent - -

with production quantity. And that's where the real problem arises in-
the aerospace business. That's how this writer became involved with the
relatively unexplored subject of the effect of design on aerospace costSj-

- and developed the philosophy of design which follows

This project began to take shape in 1967 when unusual .
requirements for the Skylab program generated a novel structural
concept. The program started with the simple plan of keeping an upper -~
boost stage in orbit and later boarding it to set up a space habitat, much
like more recent moves to represent the Space Shuttle's expendable
tanks as habitable modules. When first introduced, the idea seemed =

- simple, but a boost stage hydrogen tank contains few of the comforts of .

home.

Adding even the simplest of Iiving provisions to a fuel tank .can'
interfere with feeding fuel to the engine. The structure must drain the -
fuel without trappping it. The design must assure a minimum of chip-
catching and dirt-trapping joints and fasteners; otherwise, screens can
clog and pumps can be damaged. Besides, the crew needs a few:
amenities - 11ghts electrical power, sanitary provisions, partitions for .
occasional privacy and logical subdivision of spaces, mobility aids like -
handrails, restraints to compensate for gravity loss, and much more. The
list grows. Eventually, using a Saturn S-IVB as a boost stage stopped -
making sense, and the Orbital Workshop portion of Skylab simply used "
the basic shell of the S-IVB, shedding ail the propulsion elements and



the propellants with them. Fortunately, the tank structure was
adaptable. ’

Before reality intruded, the idea of occupying an emptied hydrogen
tank persisted for some time, so the bare living structure was built of the
largest single pieces of structural planking that could be brought in
through a 40-inch opening in the end dome. The planks were machine-
perforated into an array of bars forming equilateral triangles. Splices
were made only at nodes in the pattern which also contained attachment
holes for later installation of equipment. This standard "pegboard"
pattern was matched in a unit called the Multiple Docking Adagrer
(MDA} on top of the Airlock, assuring that equipment carried there
during launch would fit the location designated for it when the boarding
crew carried it in. It would also fit the pattern everywhere else on the
floors and partitions of the living quarters. The construction was the frst
- hardware application of "isogrid”, so called because of its uniform elastic
response in all directions to applied structural loads. Its form, as
originally applied on Skylab, is shown in Figure I-1.

Though it may not have been recognized at the time, this pattem
was physically integrating all the subsystems that found their way into
the Orbital Workshop. Not only that, but the manufacturing method,
machining,” was roundly criticized as an expensive way of deing
business, a remarkable criticism when one considers how little eSort
was made anywhere else to economize on that program. =

Justifying the choice of "expensive"” machining led to scme
illuminating discoveries about the real costs of making aerospace
structure, including the revelation that an assembly of individually -
simple and inexpensive parts can still cost much more than a large, fully
machined unit which incorporates them all. '

The investigation helped to confirm, as suspected, that the cost of
structure, or any other manufactured product, is greatly influenced by
the number of parts in it. In low production quantities, those typical for
aerospace contracts, this is particularly the case. The phenomenon

- seems quite independent of the manufacturing process. One of the main
effects of reducing part-count is similar reduction of coordination efiort,
. confusion {with its adverse effect on learning), and, most importantly,
documentation. The evidence that integral construction {single units
incorporating many parts) is economical has usually been uncovered
when this manufacturing method was selected for some technical
reason like the leak tightness required for a hydrogen tank. The
Lockheed Corporation found it to work well for the "wet" wings of later
model Constellation transports. Too often, even in such cases. the
evidence of cost reduction has not been revealed because nobody asked

13
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removed or relocated to make space for installations or for access to
them. It is clear that structure must be significantly mangled before the
airplane or space craft is ready for use, the standard for structural
design long having been the creation of obstructions. What is more, the
structure envisioned when original choices were made bears little
resemblance to the final result, negating the validity of "trade studies”.
Obviously, the penalties inflicted on other affected systems are not
negligible, either, the cutcome possibly as far from original intent, and
the economic effects as litde known.

The adjustment just described passes for "design integration”, an
activity always involving structure. "Integration”, however, is the wrong
term. It is actually the patchwork created by forgetting or deferring reatl
integration at the beginning. Such integration must start with the
structure.

Examples of this approach to structural design in the pages which
follow are intended to emphasize the point that integration and
adaptability are of primary importance in the effective initial cesign of
structure. In fact, it can be stated that adaptation is that which must
be done when adaptability is missing.

The presence of adapters is one of the more notable sympotoms of
this affliction - adapters in the form of clips, doublers, intercostals, cut-
outs, and other such reworks, It seems reasonable to claim that when
the accommodation functions are effectively incorporated in the initial
design of structure, efficiency and economy will. be much easier to
achieve. Miracle materials are not likely to overcome the adverse eflfects
of design practices which ignore these needs, but they can add a lot of
expense _ '

‘What follows is an attempt to make a good case for these
assertions, including meager but rarely offered evidence.
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EMPLOYMENT IN AEROSPACE
tacgeRekeRegeRefeR ook eReReRoRoReoRo R ek eReReTeReRoReZeReRORCEC SR ROR,

In 1946, employment opportunities having run dry at the shop of
my original employer, the Douglas Aircraft Company, 1 founc a job with
North American Aviation. Holding contracts to build and deliver about six
different models of airplane, this company was at that time about the
busiest in the industry,

Just the same, within about 5 or 6 weeks of my arrival, the rumors
of impending layoffs started. Even though this didn't make rmuch sense
with the prevailing work load, I had come to respect the validits of rumors.

So I approached my new supervisor about it, saying. "I've been
hearing there may be a reduction in the Engineering d:spartment,
something I'm sure you're not allowed to confirm until sor-r.ebody ina
higher position makes it official. But I'm about the most recent hire in this
group and probably should make plans to look elsewhere. Lzt me put 1t
this Way, "Would you advise me to investigate the possibilities®™

He looked at me with what seemed like genuine astonishment.
"Lay-off?" he said, "Hell, I don't know you well enough to lay ycu off!”

We later became better acquamted




II - DESIGNING FLIGHT STRUCTURE TO MINIMIZE COST

Although the evidence may strongly indicate otherwise, those
involved in.aerospace vehicle production claim to be aiming for
economy. It is sometimes conceded that this goal must te forsaken to
improve performance, it being assumed that superior performance
means extra expense. For the structural frame this notion implies that
lightness can only be achieved at high cost while heavy sructure must -
cost less. That is, the warm feeling of economy is only attained when the
structure is crude and cumbersome. Actually, the key action for lowering
cost is reducing the number of parts. This, in turn, rsduces splice
weight penalties. Hence, low cost and light structure are not necessarily
incompatible, especially when the production method and material are
conducwe to eﬂ“ective arrangement. .

_ Keep in mind that really low cost is achleved cnly with h1gh
production rates and quantities. The term "low cost” is used here in a
relative sense. All aerospace costs are high, even at comraratively high
aircraft and missile production quantities. Thousands of articles stiil
cost more per copy than the millions associated with consumer
products. In addition, the light and efficient structure needed for flight
must be made from light and strong, relatively costly, marerials - not the
cheap low carbon steels found in auto bodies, apphance cases, and
construction girders.

In 1967, McDonnell Douglas Astronautics Company in California
(MDAC-West), justifying the selection of "costly" fully machined grid for
Skylab interior floors and walls, tumed to an examination of costs
associated with the then-current Saturn S-IVB boost stage. Each major
structural subassembly was built in a distinctive style, thus facilitating
comparison. The unexpected result of the investigation is shown in
Figure II-1. The numbers are not manufacturing man-hours per pound
but ratios of this parameter. The reference value of 1.0 is assigned to
the lowest cost assembly, the hydrogen tank cylinder. It was made of
large, fully machined slabs welded together to assure leak tightness,
whatever the cost. In areas where leakage of hydrogen was not a
. problem - the skirts, for instance - it was decided. for economic .
reasons , to fall back on the familiar "inexpensive” sheet metal skin-
stringer-frame construction. That's why the reversed results were.



SUBASSEMBLY TYPE OF COST RATIO

- CONSTRUCTION (MFEG HRS /LB)
FORWARD SKIRT | SKIN, SIRINGER X FRAMES 3.8
WELDED, FORMED, &
FORWARD DOME | ruemy iz coRes 1.8
WELDED MACHINED
TANK CYUNDER WAFALE PANELS 1.0
- HONEYCOMB SANDWICH
COMMON BULKHD | o1 nen GORE FACES 3.3
AFT SKIRT SKIN, STRINGER & FRAMS 43
WELDED, FORMED, & '
LOX TANK DOME | oot MILED GORES 1.8
INTERSTAGE SKIN, STRINGER & FRAMLS 1.4
THRUST STRUCTURE | SKIN, STRINGER & FRAMSS 4.9

FIGURE II-1 - Relctive costs (ratios of manufactuing man-hours per pound) for $-IVB

major subassemblies with different styles of de&gn Costs of material, ‘ooling, ond fixed
costs like engineering <2 nof included. .

surprising. How could anyone in the design profession so completely
miss the target‘? The answer, of course,. is that with enough ignorance
anything i is possible. _

To be sure that this information was not an aberration peculiarto
the S-IVB, other evidence was examined - with similar results. The
findings for the Thor/Delta program were much the same, as indicated
in Figure II-2. Here the costs are expressed as ratios of dollars per square
foot of surface area, rather than per pound, inciuding material cost as
well, but the S-1VB findings were generally confirmed. As in the previous
case, the cost analysts cautioned that the numbers were incomplete,
covering only limited costs in actual factory production and not covering
such activities as Engineering, Tooling, Planning, and Procurement. Just .

the same, there was reason to be uneasy about the state of cost -
knowledge.

To examine the effect of parts reduction, the suspected culprit at -
- this point, a detailed study of S-IVB forward skirt structure variations
was conducted; it produced the results shown in Figure 1I-3. This study




is somewhat suspect because, in the first place. it was just a study.
involving no real hardware. Also, the hardware description was
simplified to make the cost analysis more manageable. .

All the operations to fabricate parts were identified and analyzed in
paralyzing detail. However, assembly time, much more difficult to define,
was estimated as a percentage of fabrication time, though sensible
thinking suggests that the efficiency of assembly for 527 parts (or 103} is
noticeably less than for 10. Likewise, the interaction with other
subsystems and associated changes were ignored for convenience,
though this cost. as the original investigation suggests. would adversely
influence a real program. In any case, the study, for all its
simplifications and shortcomings, was one of the better efforts along this
line and managed to confirtn the adverse effect of higher part count.

Concurrent with this exercise, a contracted study of a graphite-
epoxy bonded assembly designed to the same specifications was
completed. Slightly heavier than the 10-part aluminum isogrid design
(1000 pounds to 980, a toss-up for selection purposes), its estimated

¢ MATERIALS & DIRECT MANUFACTURING HOURS
¢ RATIOS OF DOLLARS / SQUARE FOOT

TANK CYLINDER WALLS ---- 1.0
(WELDED INTEGRAL WAFFLE) |

S

I

- CENTER BODY ---- 2.1— ' ENGINE SECTION ---- 2.
(SKIN, STRINGER, FRAME) (SKIN, STRINGER, FRAME)

FIGURE II-2 - Cost ratios for the Thor/Detta booster, dolars per square foot instead of
man-hours per pound. In general agreement with the S-IVB ‘eecbback.



COo NTIONAL SKIN, STRINGER FRAME
+ Extruded Hat Section
Stiffeners

« 3 Channel Frames with
Stabilizing Intercostals

+ One Extruded Hat Frame

« Extruded End Attach
- Angles
527 PARTS
COST RATIO
2.9
STRINGERS INTEGRAL WITH SKIN,

- Stringers Machined Integral -
with 6 Premium Sized Panels

« Intermediate Frames Rolled
Standard Hat Sections

» Extruded End Attach Angles

- 103 PARTS

COST RATIO
1.2 '

TEG 180G WAF

o1 : : ’ o
5’ « 8 Bolted Plates Stiffened
- with Triangular Pattern
Walfle
S :
€1 - » 2-piece Frame on Free End
Pt -

© + Integral End Attackment |

i0 PARTS

COST RATIO
- LO

FIGURE II-3 - Results of an $-IVB cost study of a smpiified forward skirt cssembiy, showmg' .
: ihe cost reducmg effecf of part count reduciion.
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‘cost ratio on the same basehne was 9.3 - not a very good investment for
no perforrnance gain, (another mysterious anomaly)}. -

In retrospect. these findings should not have been so surprising
because earlier (in the early 1950's) another division of the same
company, the El Segundo Division of the Dougdlas Aircraft Company, had
been detecting some of the same phenomena. A careful review of
production costs for the A-1 Skyraider airplane {then known as the AD-
1} had revealed that the least expensive pieces of structure in the
machine were the wing spar caps, long, fullyv- machined, relatively large
parts. From the labors of the Engineering Cost Analysis Group, a unit
formed to provide design support, enough verification of the value of
part-count reduction was accumulated to affect the design of the A-4
Skyhawk wing. In this wing, the spars were single machined pieces from
tip to tip - no separate spar caps, spar webs, and stiffeners. All were
comtined into a single part. After rough overall machining close to final
dimensions, the parts were finished with template-guided hand-fed
power routers. Similarly, the upper and lower wing skins were made
from single rolled sheets 25 feet long, while all the full-span stringers
were made from extrusions of the same length. The fact that the A-4 was
a small craft helped, but parts 25 feet long were rare in 1953 (except
perhaps, for wing spar caps).

In another case whose details have become dim with the passage of
time. a study was conducted to define appropriate construction of a large
fuseiage bulkhead for different productxon quantities - prototype, early’
introduction, and full service. This major structural element was located
at the rear spar of a swept wing for a fighter which eventually was
cancelled before being built. It was called the F3D-3 for as long as it
lasted.

A prototype design had been laid out at the start of the study, a
typical sheet metal assembly with extruded internal stiffeners and edge
flanges, and with machined fittings and load-spreading doublers at
concentrated load points - wing root attachments, landing gear
supports, and fuselage longeron clips. There were also large flange-
reinforced holes where the bulkhead was pierced for two engine inlet
ducts. Alternative designs were sketched and roughly sized for a single-
piece unit machined from one side out of a2 2-inch aluminum plate (sort
of a substitute for a forging) and a similar design made froma very large
press forged blank. _

As previously stated, the details are hazy. but the conclusions of

the study were significant. As it turned out, the sheet metal prototype =

design was uneconomical from the start. Even for unit number one; the
part machined from plate stock was more economical and remained the
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best choice up to about unit 250. At this crossover point, reduced chip

production started to favor the forging. Subsequent developments in

production capability, such as numerically-controlled large machining

centers, along with escalated cost for forging dies. would probably favor -
the machined plate version for the first thousand units or more today.

Returning to an interpretation of the S-IVB subassembly costs:

= The assembly with fewest parts per unit of weight costs least, even
when machined all over. The average weight of hydrogen tank
cviinder parts (40 pounds) is 55 times as great as the average
weight of parts in the aft skirt (.73 pourd) for a unit cost ratio of
4.3, _ _

r  The average cost of structure (the basis of cost estimates) va'ries

~ over a wide range - about 5 to 1 for the assemblies shown. Even the

- weighted average is about 2.2 times as Zreat as the reference cost

(of the tank cylinder). This means that a 34 per cent cost reduction
would be achievable if the entire vehiciz were built like the tank

cylinder. As will be shown, greater raductions than this are
possible, :

= The aft skirt and the interstage were made in 1 the same structural .
style - internal ring frames and external longerons - yet thes
aft skirt structure cost about 3 times as much per pound. The most
obvious difference is that the interstage was simply a throw-away
structural spacer between the S-IVB and the stage below, while the
skirt was. filled with installed S-IVB sysiem components. OQut of &
1200-pound total, there were 160 pounds of doublers, intercostals,
clips, etc., added to adapt the skirt primary structure for the
component mountings in an unstandardized fashion( Figure II-4)

If the unit cost of the remaining 1040 pounds were the same as the
interstage, while the modifications tripled the average, it means that the
new pieces required about 16 times as mary man-hours per pound as .
the rest of the skirt. At that rate, the basic structure cost was only 28 per
cent of the total, the 160 pounds of modifications accounting for 72 per _
cent - about 3 times as much.

Clearly. there is economic benefit when installation provisions can
be incorporated into primary structure in some consistent and
predictable manner. It appears to be about 3 times as significant a-
consideration as carrying applied structural loads.

The question of how to anticipate the installation requirements was
later answered in Skylab, a different applicaton of the same vehicle. The



low-cost integrally stiffened tank shell (Figure 1I-5) accidentally offered
over 2000 regularly spaced attachment opportunities at the
intersections of the waffle stiffening rits. The Skylab interior fioors and
- partitions (all 38.000 pounds, including furnishings} were supported on
appropriately located studs occupying tapped holes in these
intersections {Figure 1I-6). This was a standard situation which only had
to be explained once and repeated where indicated on a "road map". It
certainly was not as complex and unstandardized as the reworks in
the aft skirt. The cost increase may have beenlQ per cent or less.
Nobody will gver know, but it surely wasn't tripled. Incidentally, if every
one of the intersection nodes held a stud - a situation which did not
occur - the weight increase would have been no more than 7 per cent,
not the 15 per cent found in the skirt.

While the costs revealed cover manufacturing labor hours only, it is
not difficult to see that the effect of part-count complexity is likely to be
an increase in the cost of Engineering, Tooling, Planning, Material

FIGURE 11-4 - Photo of part of an S-VB aft skirt, showing the lack of standardization
for squipment mounting. Double rivet lines are the atfcchments for external
stingers on the far side.-



Procurement, Receiving, and other production activities. This is at least.
partially confirmed by examining features of the assembly drawings for -
the S-IVB hydrogen tank cylinder and th= aft skirt (Figure II-7). All the
parameters measured and counted offer ainple reason to believe that the
engineering time spent on the aft skirt was at least consistent with the

e Cria S W

FIGURE I1I-5 - The 5-IVB hydrogen tank cylinder be'ng hoisted into the welding fixture
where the end flanges wera mated to if. The interral 45-degree square watlle pattern
offered about 2000 noddl sirong points which were not originally exploited for attcchment.
That function was infroduced later on Skylab, '
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FIGURE 11-6 - The standard stud at a *ypical S-VB tank waflle node. It was installed w-are
required to support the internal structure which converfed an 5-IVRB into the Orbﬂci
Workshop of Skyial, .

manufacturmg cost ratio. Other activities must have been sxmﬁ~rly
affected. Note, particularly, the large number of changes needed to
modify the skirt to accept equipment.

The tank didn't get by unmodilied either, alt.hough much of this can
be cxplained by the fact that the handy opportunities previcusly
mentioned were originally ignored. All installations were accommodated
by special machining and welding adaptations which made the Iacal
structure heavier, weaker, and more costly.

In one S-IVB bean-counting exercise (Figure 1I-8), the traffic in
drawing changes was shown to be about 3 times as great as new drawing
releases. This is somewhat understated because changes usually crzate
new drawings as well as-alterations to old ones. However, what it implies
is that large structural assemblies, even relatively simple ones liks the

~ hydrogen tank, bear a disproportionate share of change traffic. It stems
from the custom of releasing the structural drawings first, definicg for
subsystem installers the background of their tasks. Fromi initial release
until the program dies, the structure is continuously altered to create.
the typical entanglement which makes further change increasingly
difficult - and later updating or modernizing economically impossitle.

II-9
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Such lack of foresight is usually accepted as inevitable, although it
doesn't have to be. Figure 11-9 shows how the physical integration of
subsystems was accomplished on Skylab where all the components were
attached at the nodal intersections of a regular grid lattice. It is evident

MANUFACTURING
COST RATIO - -
o TANK AFT
CYL SKIRT
) ) I_ m

DRAWING LENGTH, FEET - 37 132
NUMBER OF PARTS | 86 1,625
NO. OF PART NUMBERS 11 325
DRAWING CHANGES 46 122
AUXILIARY VIEWS 21 - 155

FIGURE II-7 - A compcnsdn of various featurss Indicative of cost between the drawings
describing the S-IVB aft skirt and the hydrogen tank cylinder. The skirf cost averaged 4.3
timés as many man-hours per pound as the cos’f of the fank,

that any of the units could be removed and replaced by any others
designed to fit the standard pattern. This can only happen, of course, if
the standard pattern is established early and made known to all
concerned. This suggests, in turn, the adoption of some long overdue
structural design practices. : :

To sum it up, the structure physically integrates (or unintegrates)
all the other subsystems because they are all attached to it. Without
forethought, as in the case of the S-IVB skirts and most typical
structural systems, structural cost penalties are high. Extra costs for.
subsystems have not been recorded and are probably unmeasurable,
but there is no reason (o expect them to be low, either. Even accidental
inclusion of a standard pattern. as happened in the case of theS-IVB
tank wall, can, if recognized, offer substantial benefits. Better yet, the
standards can be incorporated intentionally and early, as they were in -
Skylab - and haven't been since.



Not all the cost information confirming the economy of parts
reduction comes from a single source. Figure 1I-10 gives an example of
the advantage of a single-piece cast frame for an aircraft canopy over a
built-up counterpart. Note that the outlay for "material” (in one case, the
casting) is five times as high for the more economical design. Note aiso
that expended man-hours are proportional to the number of parts.It
would seem that if man-hours { by far, the major constituent of cost in
low aerospace production) are exactly proportional to numbers of pamts,
the handiest way to estimate the cost of a hardware assembly is to
estimnate the number of parts it will contain. This is exactly what the
Vertol (helicopter-building) Division of the Boeing Company concludad,
as shown in Figure II-11. In effect, their study revealed that it is more
accurate to estimate the cost of assemblies at a rate of 0.68 man-hours
per part than at 0.78 man-hours per pound. {These figures must mean
unburdened and unfactored costs, being exceptionally low for
aerospace). The application cf this finding in a design-to-cost methiod
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was to set for each designer the tangible goal of designing his particular
assembly with one-third as many parts as had been counted in similar
assemblies on previous projects. It really takes more change in habitual
practice than this to accomplish significant results, but, as with most
engineers and estimators, mental bias probably identified machining
with high cost - thus precluding this method of combining parts.

To digress slightly at this point, the tangible goal mentioi:ed above
brings to mind a pronouncement made many years ago by a high level -
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FIGURE II-9 - A Skylab Orbital Workshop interior view, showing hcw the nodal
intersections of open isogrid nanels were exploited to mount equipment ccnponents. -
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FIGURE 1I-10 - A zost comparison betwesn two desig'ns of airzraft canopies, one
containing 4 times cs many parts as the other, This information cams= from a repert of an
Alr Force sponsored s/mposium with the aircraft industry at Sagamors, New Yor, in 1972.

engineering official at the Douglas company - at the headquarters in
- Santa Monica. He claimed that the way to reduce cost was to hand a cost
target to each designer when a design task was assigned and make him
stick with it. Great idea, but who supplies the designer with the cost
- facts he must have to know where he stands? Further, who is going to
furnish the enforcer of the edict with the {facts he must know if costs are
not within limits? How is this to be done? And who can do it? Curiously,
cost analysis support, a routine practice at the E! Segundo plant
involved with Navy contracts, never did materialize at Santa
- Monica. There the Engineering Department, engaged in the design of
commercial aircraft, was commxttmg {maybe sguandering?) the
company’s money. : : - '

The procf for any speculatxon about the effect of part count is
obtained when a hardware program deliberately exploits the findings.
This happened when a change in the Delta launch system required a
new, full-diameter (8-foot) payload famng A typical sheet metal fairing
for the Titan vehicle was at that time in production at the same facility.
Its overall arrangement and a detall of a subsystem installation are
shown in Figure II-12. As usual, even the simple installation in this
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FIGURE I1-11 - Another part count comparison by Bosing-Vertol, showing i-at a pcrf
count is more accurate than c weight estimate for the purpose of estimatirz cost:zOf
course, at the early stages of a dasign, a weight estimate is more readily availezie.

fairing required additional parts and reworking of the old cnes to
accommodate equipment. Figure I-13 shows the equivalent situation in
the fully machined Delta fairing. Natural nodes at stiffener intersections
provided more than enough handy fittings. Examination of the.
manufacturing hours per pound for these two major structural
assemblies showed a ratio of 1 : 2.6, favoring the integrally stiffened
machined -design. This comparison was for the whole assembly, -

including similar sheet metal nose cones on both. Isolating and deleting =

the effect of that similarity to compare cylindrical areas only, revealed
thie more directly comparable ratio between built-up and integral
structure to be 1 : 3.6. Substantial savings could then be expected if the -
half-cones were machined as proposed in Figure II-14. Of courss, by the .
time this suggestion was offered, the damage had been done and the
budget expended. Such a lapse should be carefully avoided cnce any
comimitment to integral construction is made. Go with it all the way.
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Competitors seem not to have noticed that fully machined payload
fairing designs conzsistently win production contracts. Anv one should
ask himself: If this method is "expensive”, why would it te chosen for
such an obviously expendable apphcauon‘? And why would it continue to
win contracts?

As a further sequel to the same chain of events, the manufacturer
of the Delta and Titan fairings responded to a military request for a new
larger fairing for the Titan launch system. The chief comzetition came
from an out-of-production unit which had been fully qualifizd and flown,
The cost bid for a new integrally stiffened shroud (then undesigned and
untested) was about 25 per cent lower and won the contrazt, When last
heard from, this contract was on schedule and under-rucning its cost
predictions.

FIGURE II-12B - Thers are few Instaliations like the one shown here in a shroud of this
fyra but this detail demcnsirates the reworks needsed to gccommodats eqguipment ina
sheet metal desagn
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FIGURE II-13A - A photo of the integrally sfiffenad isogrid payload fairing for the
Thor/Delta beooster. As a direct result of the S-IVB findngs, it was made this way o reduce
expense and thus to assure o sirong compeiitive pe:ition In the payload faidng business.
The results exceeded expactations. ' ' . -

“These examples of the effect of design on cost, while few, are about
as many as are likely to show up in one place. Quite obviously. too little
cost information is available to designers (or, for that matter, estimators),
probably because the knowledge is collected and disseminated to satisfy
auditors and to justify expense rather than to reduce it. It is hard to
explain why designers haven't asked for such sorely needed feedback
and guidance. Maybe it isn't sorely needed because there is no real
economic competition in aerospace. The better liar wins.

I-17



o-i8

FIGURE I1-138 - No rework of exisiing structure. except attachmen® at the stiffening
nodes, is required fo mount equipment, as shown in this detall from t-s Delta fairing.

One's "intuition” about low-production costs is ot to be trusted.
Nothing could be more misleading than the assumption that what an
individual produces in a backyard or home “garage” project would be
economical for aerospace. The missing ingredient is the cost of labor
which the home builder donates to the project while he scrounges to
minimize the cost of material. An aerospace company has the exact
opposite point of view; labor must be paid for even if workers put in no
more than their attendance, while material is relativelv cheap. It is true
that extravagance with material is more visible and likely to attract
attention. However, labor costs more, is less easily tracked, and harder
to use effectively at the start of the learning curve.

Just the same, there is a widespread "understanding® in the
industry that sheet metal construction is economical and integral -
machined structure is so costly that it is only to be used when some
structurally "important” function is accomplished. This is why airplane
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FIGURE 1I-14-- A sketch showing further simpification obtainabie if the Delia payioad
tairing design philosophy had been extended o the nose cone,

wings are built with Sculptured skins while fuselages are not Since
space boosler propellant tanks correspond quite closely to alrplane
[uselages. there should be a distinct advantage to such construction in
~ that application. A blending of the two chﬁ’erent experiences should be in
order but never seems to happen. : _

As it is, the bldder proposing a low cost system is on quite safe
ground if he offers to do the job with riveted sheet metal. By proposing
the "good old-fashioned" way, he will probably not have to prove
anything. On the other hand, he who proposes to do it with integral

- construction, provably more economical, will nonetheless be regarded
with suspicion and asked to furnish proof. In the early 1980's, a
contractor who sought the "expertise” of the Battelle Institute on a study
contract, showed their consulting expert photographs of the integral and

~ buiit-up payload fairings described here earlier, asking her to-guess
which cost less. Without any hesitation, she selected the sheet metal -
design. As the actual facts show, she was in error by a factor of at Jeast 3.
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In any event, the practices which produce lower cost structure in
the lew production volume typical of aerospace, deliver an article which
looks quite different than appliances and automobiles, objects usually
associated with the idea of economy. The exposure to this knowledge
leads to some simple and useful guidelines: -

A Xeep the number of parts to a mirimum. This means that
structural elements must be made as large as possible,
incorporating to the greatest extent possible, whatever fittings and
local reinforcements are required. (Mezhanism designs are often
unable to profit from this practice beczuse parts which must move
with respect to each other canno: be combined, though
simplification always helps.) _ _

B. Anticipate potential change with stanczrd features and patterns.
For real structure ( as opposed to "cptimum") accommodating
other subsystems must be considereZ and incorporated in the
geomnetry of the stiffening arrangemen: - for example, the Skylab
lattice or the grid stiffening in the S-T"B tank. Otherwise, these

- provisions will be added later, as they always are ( and usually in
an uneconomical non-standard fashica). The result is high cost,
schedule overruns, or excessive weight - perhaps all three.

Minimize tooling cost with accurate. self-indexing parts. The
machined pieces of the Skylab workshop floor fit together
accurately and located the sheet metzl beams between faces. In
this case, the assembly had to be dismantled and inserted through
a 40-inch diameter hatch to be re-assembled in the hydrogen tank.
For low-quantity assemblies {like cradies in Shuttle] the principle
also applies; built-up structures mus: be produced in assembly -
jigs of some kind and an assembly fixture can quite easily cost
as much as one set {or, perhaps, two} cf flight hardware built in it.

D. Anticipate access and intercommunication with open internal
structure. This is a corollary to the need for attachment provisions.
If the openings aren't there at first, sventually they will be. As
unplanned afterthoughts, they destroy the efficiency assumed
when study results prescribe an obstructive initial structural form .
without openings.

E. Avoid materials which cannot produce fittings. Integral
construction can be described essentizlly as all fittings.

F. Modularize. This applies both to geometric patterns and modular
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subassemblies. It follows {rom the implication that having fewer
different kinds of parts is at least as significant a cost saver as
simply using fewer parts. It also offers the opportunity to benefi:
from somewhat larger production quantities. That is, if ac
assembly is built from 12 identical subassemblies, there is, from
the start, an edge in economy from the learning on 12 times as
many units. Standardized design is not the same thing as using
standard parts (like nuts and bolts}), though there is some prof:
from that as well.

G Triangulate. Triangular arrays of bars can carry all types of loacs
without any skin and can stiffen skins to function efficiently. Su:i
arrangements also possess torsional rigidity, acting like closeZ
torque boxes to handle local eccentricities. They remain penetratie

~and less in danger of being modified. They also minimize th=
proliferation of extra paris by offering both support and access
without modification. Three-bar (or six-bar) intersections ar=
rarely, if ever, seen in sheet metal construction because they ar
hard to make and involve too many pieces. In integral structu-=
they are simply co-planar remnants left in the plate after
adjacent pockets or holes have been machined away.

Guideline "A" is the key. All the rest define actions which help 7o
achieve part-count reduction. Conformance to these guidelinss
produces structure of different appearance than "conventionzi"
construction although there is little departure from standard practics,
and the effects are more than slightly beneficial. This was proven o
work for the Delta booster and intedrally stiffened payload fairings. In
the case of Skylab, the benefits of standardization for adaptibility wsre
noticed, but no cost saving was recorded. Oddly, although there is
nothing proprietary about the idea, it has had little application
elsewhere, and, for that matter. minimal exploitation where it startec.

 Cost Accounting in the Aerospace Industry .

As already mentioned, the amount of cost information cired
herein, skimpy as it may be, is still more than that generally available to
designers of flight hardware. It is for this reason that designers are
unlikely to act appropriately when cost reduction is mandated. Cost
records are kept to justify existing costs and to establish approved
charges for government conwracts. They are meant to be seen by
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auditors, not designers.

There seems to be an unwritten rule that the custodians of cost

information in financial groups are to communicate as jittle as possible -

with engineers. For one thing, they fear that basic estimztes, without the
usual factoring to bring them into line with reality, are too low. If an
engineer were to convey the information inadvertently to a customer
representative, that person may conciude that his ageacy was robbed.
This is the reason for the presentation of S-IVB costs as ratios, a
perfectly satisfactory arrangement for the designer because that's all
that really matters to him. He wants to know what practices produce the
desired results. and how they compare with othar alternatives.
Furthermore, he needs to know how these comparisons changed by
increasing production quantity?

When costs are estimated for proposals, the inormation comes
from compiled averages of past performance. It is not habitual to look
for the differences needed to predict the effect of a change from
standard or accepted practice. This means that a dssigner who has
actually designed appropriately for economy cannot expect
acknowledgement for having done so. As the manager c: parametric cost
analysis at one company said when shown the materiz: in this chapter,
"This makes a lot of sense, but we don't have records that would give
such information.” :

It is even worse than that. For instance, ésta?:'.ish‘ing so-called
"representative” experience is always much easier when a large
statistical sample is available. Unfortunately, these large statistical

-samples come from high volume industries - automotivz and appliances,

or the like - industries whose statistics do not pertai= to low quantity
production. For the aircraft industry, the last occasion cffering similarly

" large statistical sampling was World War II, an event fading into distant

history and based on outdated methods. But we did build over 100,000
airplanes in one year, a circumstance unlikely to be repeated in the -
foreseeable future. What all the statistics show is thzat machining is a:
relatively slow and costly production method which, ic addition, wastes
a lot of material if the starting blanks are not close 0 net size. It is
always avoided, if possxble for mass production.

True as these indisputable facts may be, they reale have nothing

 to do with the case. If one looks at just the first one hundred or {fewer

units of a large production run, it can be seen that aill fabrication
methods are expensive and that material cost is relatively small. The
advantages of large volume don't show up until a brzakeven point is -
passed - and that may happen only after tens or hundreds of thousands
of parts have been produced. The economies are usually obtained by



quite large expenditures for mass production tooling - forgings and dies,
automatic fabrication tools and assembly machinery, auiomatic
conveyors and parts handlers, and production control by
computerization. They are amortized as just a few cents per past when
millions of parts are made. Low production quantities involve wo few
items to absorb the cost of such overhead. This, by the way. is why
composite fabrication costs are unlikely to be reduced bv more
automation, as too often claimed.

More to the point, at low aerospace production levels, just the
paper work to keep track of what's happening often costs mcre than
actual fabrication. Add to this absorbing the cost of changes needed
before the unit, whatever it is, can be considered operationally ready.

So it becomes necessary to make the most of small statistical
samples and to interpret what they are trying to tell us. Interprezation of
the S-IVB experience led 10 successful application of the lessons learned .
on the payload fairings made by the same company. The closes: similar
comparison between . structural assemblies in the former case was that
between the hydrogen tank and the interstage structure, the razio being
1.0: 1.4, Neither of these assemblies interfaced to any significant extent
with installed equipment components. However, the ratio betwean costs
of the Delta and Titan fairings was 1.0 ; 2.6, probably more like 1.0: 3.0
if the nose cones were left out. It means that the S-IVB findings were, if
anything, understated. possibly because the cost analysts were
unwilling to believe what they were discovering. Unfortunately. what it
also means is that the knowledge has been applied to the kind of
structure that matters the least. Much greater advantage should be
gained by applying integral design where there is more involvement with

-equipment. This was thought to be the case in Skylab, but insufficient
records were kept to prove it.

Misinformation seems always to be available. At the Douglas
company, when the S-IVB investigation results were obtained, the
information was circulated through the Structural/Mechanical design
department, falling also into the hands of the Advanced Desiga people.
At the time, they were working on the design of a nuclear powered upper
stage. Its tank shell was intended to be made of honeycomb. it being
assumed that sheet metal fabrication was more economical than
machining. As one program manager put it, "We've been told that the S-
IVB tanks cost two-and-a-half times as much as the skirts. Where did
the information in this memo come from?” -

it turned out that the source was the same System Cost Analysis -

group that issued the S-IVB assembly cost investigation results. When
confronted with this conflict, the responsible analyst said, "That's what
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we thought to be true before the S-IVB program started. Now that we
have been able to review the record, we realize we were off by a factor of
10! What's more, it's plain that we should do this more cen because
this is the first time it has been done here. Before this, nobedy asked.”

It also means that, too often, the progress and improvement
needed for competitive advantage (for instance, over foreign contenders
like Japan or Germany) ¢annot be made because it cannot Se identified.
To consider an appropriate metaphor, a navigator cannot be expected to
stay on his intended course if he cannot obtain ths necessary
information - the difference between his actual heading and where he is
supposed to be going. '

If we are to avoid bankrupting the national treasur~, it becomes

. necessary for Cost analysts to assist engineering by searcaing for cost

differences between types of design, and for both to emphasize cost

reduction rather than justification .
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AEROSPACE EXTRAVAGANCE

0000000%0000000000000000060000000000000000000 :

Wernher von Braun, besides being noted as a genius for

getting the job done. had a well deserved reputation for wit. This story is
told about his encounter with a budget-conscious congressman who was
visiting a launch site where the latest space miracle was beinJ prepared for
flight. It glistened with heat-emitting gold plate. : :

‘Horrified at such evidence of extravagance. the congressman

exclaimed, " Mr. von Braun, is it really necessary to gold plate these
things?" _

" Oh, yes,” von Braun replied, "absolutely! If we made them

out of solid gold, they would never get off the pad.”




I1I - "SIMPLICATING” TO ADD LIGHTNESS

This title has been stolen from a motto coined by Bill Stout, the
chief engineer on the Ford Trimotor project. His original version was the
admonition, "Simplicate and Add Lightness”. The following examples
suggest the way to proceed, while cutting expense at the same time.

- 'The guidelines which produce economical structure zre also weight
reducing. This is primarily because, in typical sheet meta! construction,
wherever load intensity increases - around the edge of a nenetration or
where a concentrated load is applied - reinforcement must be added,
often in the form of machined fittings and doubler sheets to spread the
load. Where separate members cross there is an overlap, and where
there is an overlap there is extra weight. This discourages the practice of
providing intersections for equipment support. The resulting reworks
add more weight. Combmmg parts, therefore, benefits lightness as well
as econorny. -

The typical intricacy of structure benecath a sheet metal 'skm is
dramatically illustrated in Figure III-1, a skeletal line draving of an F-15
fighter. At hundreds of locations two members cross. Where this occurs, -
one of the parts gains higher priority; the other is cut, its load
transferred across and around with shear clips, doublers, or tension
fittings. The penalty for restoration of original strength: is cost (more
parts) and weight (repair splices and eccentric load paths). Restoration
of original stiffness entails even greater penalties. Both the situation and
its efficiency-robbing cure are inevitable, repeatedly, in built-up sheet |
metal constructlon

Laid-up threads of linear, oriented graphite or other composite
reinforcement exacerbate the problem even mors, adding the
complexities of interlaminar shear, pseudo-isotropic orientations, and
part-to-part load transfer to an even greater extent. Part accounting
complications are also raised to unprecedented levels of "sophistication”, -

drowning development and production in paper work.

When one black graphite piece looks almost exactly like the next
one in a layup except that the fiber direction is rotated 90 degrees and
they must be properly oriented to work together, identification can be a
problem. Printing a yellow number and a directional arrcw on each piece
would seem proper, except that the adhesive holding the laminations
together may not stick very well at the marking. To solve this problem by
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FIGURE III-1 - The Iniricczy of structure under the skin of the F-15 fighter is typical of
sheet metal construction..Even though the wings are made from integrally stiffened
plate, there are Q lot of shiset meialshear welbs, cllips, and ric and spar cap material
which are not incorperated info the ouler shell, '

temporarily attaching a removable adhesive label creates at least two
new annoyances. The pressure-sensitive adhesive on the label can itself
soil the bonding surface, or else the label can become detached before
its time, confusing identification more than ever. :

In integral construction with isotropic materials, such problems
disappear. Co-planar stiffening elements are all part of the same piece,
sharing the material at intersections. The size of the members and the
thickness of the skin between them can also be tailored more precisely
to changing local load intensity, something else which is not done easily
in sheet metal or laminated composite construction and therefore
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seldom attempted. For many of the same reasons, the efficient
triangular stiffening system known as isogrid (because it is isotropic) is
not found in sheet metal assemblies. A built-up intersection of three
bars is a dauntingly difficult design and fabrication problem to
encounter repeatedly - and hardly worthwhile with the splice penalties
entailed. In integral construction, a node of this sort is simply the
material remaining after adjacent pockets are milled out of a plate.

The Vickers "Wellington™ bomber of World War II actually tried an
open lattice construction of diagonal intersecting built-up curved sheet
metal struts terminating at infrequently space longerons {or wing spars
where it was applied {o the construction of wings). This was the entire
skinless structural frame, having been covered with a non-structural
doped fabric fairing for drag reduction. Since the system was made
from sheet metal with all the attendant splice difficulities, it was hard {o
build. To some extent this proved to be an advantage. Bits of it were
contracted all over England in small shops, making it virtually
impossible to put out of production by bombing. In addition, it could
sustain drastic combat damage without coming arart. Because of its
complexity, the construction was not adopted by any of the Vickers
company’'s competitors and nobody seems to have noticed that the -
open frame arrangement was light, competitive with stressed skin
construction in this respect.

~ One of the previously listed guidelines mentions that open internal
structure anticipates access and intercommunication needs that must
ultimately be satisfied. An example, showing how the practice can work
to the advantzage of the system, is the comparison of transport aircraft
floor beams depicted in Figure 1II-2, The conventional design is a
rectilinear arrangement featuring an obstructive shear web which has
been penetrated for wires, control cables, and plumbing. It, of course, is
the one in use. The open truss version can be machined from a single
plate and offers so many natural opportunities for penetration that
none need to be negotiatied or reinforced. For socmewhat more than
equivalent sirength, the open design is about 13.5 per cent lighter, as
demonstrated in this study. It is also stiffer, having no roundabout load -
paths like the reinforced edges of the oval cutouts. The shallow beams
above and below them are not much help, either. It is clear that anyone
wanting to route a wire harness or control cable should have little
difficulty finding & hole when the the construction is about 90 per cent
holes, 10 per cent or less, obstructions. Furthermore, the arrangement
is torsionally stiff, resisting any tendency for a large span to roll under
~ load. Less lateral midspan support is needed. Of course, the
arrangement is also symmetrical in cross-section, having no off-center
shear resistance to create the rolling problem in the first place.
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FIGURE 11I-2 - Comparison of a tension-fleld beam which has been chezped up o
permit passage of sybsystem inierconnections with an open truss constructicn inherently.
so full of holes that extra penstrations are not nesded.

One of the more noticeable symptoms of "sheet-metal-itis” ths built-up
structure disease, is the habit of arranging structural elements in -
square patterns. It probably derives from the Cartesian coordinate
system used to deflne points and shapes in space or descritz vectors.
Useful as this geometric system may be, it is still not necessary to
locate siructural elements where their positions are easiiy defined -
mathematlcally They need to be located where they do the most good '

An example of the practice is a Shuttle -transported cradle for a
- classified military satellite (Figure II-3). The unclassified part is the .
cylindrical canister and a small boost stage at its open end. The
satellite itself is inside the cylinder to protect its security - and inhibit
its growth. The original canister design shown is conventional, ring’
- frames and longerons. As sized for Shuttle launch loads. it weighs
3200 pounds. The inside diameter is 154 inches , the frame depth 10
inches.

Applying the integral construction philosophy to this problem by

isotropically and integrally stiffening the shell and introducing loads
into it tangentially, the result looks like the design in Figure IlI-4. The
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FIGURE 1I1-3 - Asatelite launch device in the form ¢f a Shuttle-bome cradle. Typical
ring-frame, iongeron, and sheet metal skin design with siements arranged rectiinearly.

structural depth has shrunk from 10 inches to six-tenths of an inch, the

~ frames having been eliminated entirely. The inside diameter has
expanded to 160 inches, giving the satellite more rattle space. The
weight has fallen to 1530 pounds while the stiffness has slightly
increased (about 5 per cent). _ .

There can be little doubt that part count is slashed in this design.
Based on a derived estimate of unit cost equaling one-third (or less) of
conventional practice, while weight is less than half, this version should
cost about one-sixth as much. The "snowball” effect on production
operations would also shrink its development and delivery schedule,

This canister design was created to convince a potential customer
that the bidding contractor could indeed help him if he issued a contract
for the cradle’s development. However, it was never submitted for fear
it might prove embarrassing. Presumably, the other design has since
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been built.

Another phenomenon of sheet-metal design practice has been a
consfant effort to apply thinner and thinner material to save weight.
Since the primary goal of structural design is to define stable shells
which efficiently carrv compressive load, this effort violates one of the
paradoxical axioms of the art -- thin is heavy; thick is light. That is,
a large cross-section or thick plate, by imparting column stability,
allows compression structure to work at higher stress: when the
material works at higher stress, less of it is needed. So it weighs less.

This kind of misdirection spurs the development of sandwich
construction and honeycomb core. The honeycomb cells, by subdividing
the sheet into very small patches, raise its compressive stability to the
compressive yield stress of the material - unless it is de-tonded. The
theory is fine but the construction has more than iis share of
difficulties: the hidden core-to-face’ bond is hard to inspect and
unreachable for efficient repair when delaminated; the edge close-outs
are relatively heavy. particularly around small openings; and
concentrated loads exact heavy reinforcement penalties. Honeycomb
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FIGURE IHI-4 - A proposed and analyzed alternative design with an integrally stiffened
isogrid shell and tangential infroduction of load. Weight is less than half a3 much while
stiffness is about § per cent greater, demonsirating the value of efficient Icad paths.
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FIGURE III-5 - !n’:egro!' open siructure applied to © "minimurn gage” problem, maierial
gatherad together info siabile bars which frame weizhiless holes. This anfi-contamination
cover for @ Shutile payload. encasing the protzcted volume with a light kapion
memirane, is fight but surprisingly rugged. Only @ srrall 3-foot by 4-foot sample was ever
Buiit,

sandwich is ideal structure when optimized for a completely uniform
load over a large and perfectly constructed panel, a condition never
known to occur on real vehicles. But it leads to convincing figures of
merit and consequenitly mapproprzar_e choxces in "trade study”
evaluations. : _

Particularly in the low-intensity "minimum gage" situations
honeycomb is a poor choice. As the face sheets become thinner, the
core cells must become smaller, the core denser. Two sheets are always
required, doubling the irreducible minimum. Eventually, the parasitic
weight of the core and adhesive exceeds that of the working faces.

In integral construction there is another approach to the
"minimum gage” problem. This is to gather as much material as needed
for the load into discrete intersecting bars, shaping the cross-section for
column strength, and covering the large weightless holes between bars -

~with a thin non-structural membrane. An example of this approach is
shown in Figure 1II-5. This contamination cover for a Shuttle payload,
175 inches in diameter and 40 feet long, needs only to keep dust and
dirtoff a payload before launch and support nothmg more than its own
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weight. It is a half-inch deep sparse open sogrid frame with a bonded 2-
mil Kapton film inner sheath. It is the ultimate producer of chips and
drop-out slugs. retaining only 12 pounds of the 1000-pound blank
required for each panel. While its complete weight is estimated at 367
pounds, the equivalent minimum gage graphite composite design has
been estimated to weigh 825. It had previously been estimated that a
shroud like this should weigh about 4000 pounds. Nc more than a small
3-foot by 4-foot sample of this structure was ever built, but the "feel”
was quite convincing - in the absence of tests.

Figure III-6 illustrates another example of the advantage gained by
efficient arrandement, irrespective of the material employed; that is,
triangulating siructure rather than arranging it in cenventional squares
and rectangles, Shown are two arrangements or speed brakes,
aerodynamic speed control devices for combat airpianes. Typically, the

CAN BE OPEN  _NEEDS INNER SKIN

FIGURE III-6 - A comparison of rectiinear and trianguiatec designs for a simpiified

aircraft speed brcke. Test comparison was made with smait oolsa wood and pc:psr--.'
modeis. ' ' ' :



layout for current aireraft, probably without exception, is that on the
right, rectangular with an inner skin closing the torque box. Torsional
stiffness is a necessary attribute of these structures since torsional
flutter induced by buffeting flow can destroy them. Paper and balsa
wood models were made of the two designs, baoth of the same
dimensijons, including depth. The closed box rectangular design
weighed 6 grams, the other one, without an inner skin, 5.5. Twisting
loads were applied to each at one edge, the same distance away from
the clamped strut ends, as shown in Figure III-7. Deflection
measurements showed that the wriangular arrangement of arms and
beams, while slightly hghter (5.5 grams versus 6.0 grarns) was twice as
stiff.

It is difficult to confirm the correctness of a "trade study” decision
because the only study candidate eventually built is the "winner”. The
discriminators are numbers, not actual hardware. Consequently, there
is little evidence around to prove it when a wrong choice has been

A Vs [ STIFFENING

MEASURE—

LOAD

MOMENT IN - 1.BS

SUPPQORT

TWIST ANGLE - RAD!ANS. LEGS CLAMPED

FIGURE III-7 - Resulls of the miniature model forsion test of competing speed braxe-
designs. The triangular arrangement with no inner skin deﬂeC?ed hailf as much under tha
same lood, yet was about 8 per cent lighter.
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made. If nothing else, time should by now have proven that engineers,
accustomed to justifiying foregone conclusions with plausible but
fictitious numbers, have too often demonstrated an inability to make
sound choices from the paper evidence. This is why an example like that

shown in Figure I1I-8 is so valuable,

Pictured are three alternate de51gns of a bypass duct for a military
jet engine. The first design (on top) is the standard chem-milled
titanium unit with ten years of experience behind it. The second
(middle) assembly is a graphite/polyimide composite design intended to
save weight and moderately successful in doing so. The third specimen
is the response of the production subcontractor to the experimental test
article, it is essentially identical to the first design except that the
material has been more efficiently arranged, allowing the same chem-
milling process to remove another ten pourds of titanium. With this
small a difference, the first and third units can be expected to cost about
the same (200 hours worth at the 250th umL, accordmg to the maker
Chemtronics, Inc.).

At the same production quantity, the estimated cost for the
composite design is 550 hours, to give it the benefit of the doubt. The
doubt, in this case, arises because the first composite production unit
had yet to be built a year and a half after the test article. Considering the
negative benefit to be gained, it hardly seems worth pursuing.

With its length of peripheral bolting flanges and the large number
of support fittings and penetration reinforcements, complete with splice
penalties, this duct design must be considered a poor application for
laid-up graphite construction. It shares this distinction with too many
other laid-up composite structures. The unidirectional nature of
graphite tows and tapes and the consequently awkward load
redistribution around interruptions largely accounts for the failure of
composite structures to capitalize on the reaily remarkable properties of
graphite - low density being the most significant. Too much emphasis is
placed on the direction of strength, too little on the disadvantage of a
transverse direction of weakness. In fact, a direction of strength implies

a direction of weakness. Thus, the pseudo-isotropic layups realize
about 30 per cent of theoretical capability. Worst of all, the oriented
fibers are not suitable for making fittings, the most sxgmficant item
incorporated into integral structures.

Designers of the Learfan turboprop business airplane, an all-

composite design venture, reported that the commitment was worth it

for the wing but that the fuselage showed no gain in comparison with
more conventional aluminum designs. Much the same thing was

reported about the Beech Starship, except in a more indirect way. It
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FIGURE I1I-8 - A comparison of it engine bypass duct designs with titanium c~d
graphite/polyimide composite. ma:zriais, showing the advaniage of properly aranged
infegral construction even when material oroperties, particularly density, are ne
favorable. Two units wers actiuaily ouilt and tested - the third was extrapolated “om an
almost identical design built for a ¢competing engine builder. '

seems to have a useful load about 500 pounds less than that of the
more conventional Piaggio Avanti, a similarly unconventional overall
configuration. The information is sketchy. but it can be surmised that
laid-up composite construction suffers unusually heavy penaities for
the installation of equipment. If it can't efficiently accommocate this
primary function. it should not be considered an appropriate
construction choice. '

As indicated earlier, the metallic structure which costs least and

- weighs least is that made of the fewest parts, and one which inherently
contains provisions for support of and access to other subsystems. This
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means that integrally stiffened structure made from machined panels is
essentially all fittings. The drawback, then, of composite structure
consisting of woven or glued unidirectional strands is that the raw
product itself makes the attainment of integral design impossible. Such
designs contain all the adverse qualities of sheet metal construction to
an even greater degree, since the minimum equivalent of a single metal
sheet is a multi-layer pseudo-isotropic layup of at least 3 plies - in most
cases, 3.

To reiterate, the main contributor to low cost in structure, low
part count, is also effective for reducing structural weight. Economical
structure can be light at the same time, but careful attention must be
given to its arrangement. In addition, the role of structure as a physical
integrator of all the other subsystems must never be forgotten because
any estimate which overlooks this consideration is fictitious.
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One day, during World War I, a young lady riveter who worked for
the Douglas Company was stopped by the security guard at the gate as
she tried to enter. "Where's your badge‘?" he asked.

So she showed him. It was pmned to the back of her not-so- slack
slacks.

~That's not where it belongs,” he said. "You know the company rule:
Badge is to be worn on outer garment in plain sight.”

"Sure, I know," she replied, "and that should be in plain enough
sight. It's where you always look!”

I11-12



IV - MODULARITY FOR SPACE TRANSPORTATION SYSTEMS

The word "module” conveys the impression of organization. Its
derivative, "modularity”, is a fashionable cliche” which has even been
misidentified as a technology.  Actually, as a philosophy of design, it
- can be applied to any system at any level of technology if the
application is recognized or requested. Effective standardization of
modules reduces uneconomical proliferation of parts.

What modular standardization does is break a system down into
separate removable and interchangeable elements or assemblies
which can be individually sized or modified to permit revision, repair,
replacement, technological updating, or substitution to enhance
system growth. Sensibly designed, it can also allow shrinkage - growth
in reverse. Its success demands careful definition cof interfaces,
thought out with enough foresight to assure continued usefulness.
Since  fit and structural continuity are implicit in any such
arrangement, the philosophy might as well start with the
structural design. Failure to do so can be expected to entail weight
penalties which discourage the practice. :

If a cost-effective and competitive modular system can be
developed, it should provide at least the following results:

‘u. A general system which can be tailored to specific missions
7 A system which can grow - and shrink (growth in both directions)
n Incremental and economical introduction of new technology

' Shortened turnaround time with parallel processing

X

Simplification and organization of spares provisioning - |

Incremental, economical procurement.

H

In the System Engineering Management Guide, a text used in
the Defense Systems Management College at Fort Belvoir, Virginia, a
management philosophy of Pre-Planned Product Improvement {P31] is
mentioned as a goal of future defense systems acquisition. It is

suggested that modular design may offer a way to achieve its
objectives of system cost reduction, risk avoidance, delay of
obsolescence, high life cycle performance, and operational readiness. .
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Since no other alternative was mentioned, this must be considered an
endorsement of the modular philosophy. However, it was also
mentioned that it must be a part of the acquisition strategy ; if the
proposal request doesn't ask for it. bidders, adhering to the rule of
strict responsiveness, will not be likely to offer it. In any case, they
don't very often seem to think of it,

An unspecific collection of platitudes might describe modularity in
a general sense without conveying much meaning. Specific examples
are much better and are cited here to define the practice. In any case,
for most aerospace operational hardware it needs to start with the -
structure, "as will be demonstrated.

Common Modular Systems

One of the commonest examples of modulanty in commercial
products is the 35 mm camera. Starting with the film cartridge itself,
the, entire photo industry accepts standard dimensions and
operational interfaces. After that, each manufacturer's standards,
especially the mounts for interchangeable lenses, are consistent only
with its own product line. Still, the makers of accessories have
managed to standardize the accessory bracket on top of the camera
and the tripod socket. Large, expandable systems, built around
camera bodies of varying sophistication, involve lenses, bellows,
extension tubes, filters, copy stands, motor drives, and flash
equipment.

Personal computers, similarly based on central Processors, offer
many options in displays, keyboards, disks and disk drives, printers,

. and other peripherals, including networking links. The connections

between units are more electrical than physical, though the peripheral
ports themselves must conform geometncally The lack of physical
linkage, in fact, has created a market in computer furniture to
organize the sprawl. :

Audio and video equipment is in many cases similarly modular,
offering expandable systems of tuners, amplifiers, tape decks,
monitors, speakers, recorders and record players, and so on.

In the transportation field, the most outstanding example is

- provided by the continent-spanning rail system, where cars of varying

size and function as well as the engines that haul them all fit a
standard spacing between the rails they run on. They also feature
interchangeable couplings which make mechanical and electrical
connections simultaneously. A more recent extension of the system



involves standard shipping containers for which provisions are made
on trucks and sea-going vessels as well. The pre-packaged load moves
from truck to train to ship, allowing the transportation methods to
continue operating without standing idle while individual items are
unpacked and re-packed.

The populanty and effectiveness of these systerns mainly denves
from their adaptability to the dissimilar demands of their users.
The same can be expected to apply in aerospace - if it is ever tried.

A Modular Booster for Minimum Development Cost

This description illustrates a modular approach to the design of
a low cost expendable launch system. Capable of placing into low
earth orbit a payload weighing as much as 200,000 pounds and as
large as 50 feet in diameter in its maximum configuration (Figure IV-
1), this system is built around a single standard module 200 inches
in diameter (Figure IV-2).

The maximum 7-module cluster, 6 around a single-unit core,
sidesteps an uncomfortable situation: a heavy-lift vehicle with no
way to shrink. A conventional system of such dimersions and weight
would be oversized for most applications and very uneconomical to
develop for limited use. The Saturn boost system found very little
application after Apolio. :

The standard module for this variable system would be a very
useful first stage for a low-end launcher designed to orbit payloads
with masses up to around 30,000 pounds and dimensions consistent
with the Space Shuttle payload bay. In this minimum application, the
100-foot high assembly would be stacked below a second stage
something like that shown in Figure IV-3. In a pinch, all other
Shuttle space being booked, a system at the low znd of the launch
spectrum like this should suffice. For a non-return mission, it might
be preferred because it should cost less. .

- Other cluster arrangements‘could be assembled to handle a
range of lift capabilities between the limits described. They would call
for new second stage designs in most cases. Shortened basic modules -
with smaller engines might also work, retaining standard features to
a greater extent. : :

The selected basic module d1ameter of 200 inches is related-
both to the maximum payload diameter mentioned and the size of
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SOFT _DiA PAYLOAD

FIGURE IV-1 - A saven-
module expendable
boosier for putiing 200,000
pounds of payioad info low
aarth orbit. The six elements
In the ouler ring form =e first
stage. After they are
ejected, the idertical
center module becomes
the second stage.

o 200- NCH CORE
: MOCULE 2ND STAGE
= - (2 333-KLB ENGINES)

Al y
_ }(}g _—6-NODULE QUIER

RING FIRST STAGE

— 1170 INCHES

FIGURE IV-2 - Thz pasic -
launch module, 20C nches.
in diamete:r to
accommodate pcyloads:.
intended for Shuttle. f, with
a smaller upper stags, can
become a lgunch system
for delivery ot 20,000
pounds info low earih orbit.

O 52,340 LBS LH2
o 314.570 LBS LOKX

330 K-1B LOX/LH2
HIGH - PRESSURE ENGINE
(2 PER MODULE)
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7.8560 LBS LH2 (5 RL-10 ENGINES
47,140 LBS LOX OR EQUIVALENT) -

[STAGE GROSS = 65,000 LBS |

FIGURE 1V-3 - A tentative cssign for the upper stage
which maiches a single star-Jard lounch moduls for a
30,000 pound delivery, Tr3 entire launch vebhicle -
craated when it is under a gayload and on top of the
single standard booster mocule is shown at the left.

Shuitle-launched payioads. The cluster of 6 units
around a single mocule core has a maximum
-width of 3 modules (200 inches each) plus two
spaces between mocules, something over 600
inches or 50 feet. Call it 52 feet. This is about the
right diameter for a protective shroud around a
50-foot payload. = - - o

This maximum cluster's gross lift-off weight
(GLOW), an estimated 3-million pounds, has been
determined by the assumption that six modules

in an outer ring form the first stage, the second- -

stage core module being ignited after they and the
payload {airing have heen ejected. The propellants
are liquid hydrogen (LH2) and liquid oxygen
(LOX), 367,000 pounds per module in a mass
mixture ratio of 6.+1: ngine, extrapolat

from a design for @%@’MW cost engine study,
delivers 330,000 pounds of thrust at Iift-oll, about
378,000 pounds in vacuum. With a 3,500-psi
chamber pressure. its specific impulse is
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estimated at 460 sec in vacuum. Two per module provide needed
redundancy.

To minimize development cost, all the modules in a cluster have

“been considered basically identical - the same propellants for first

and second stages, the same propellant capacity in each module,
and the same engine in all cases. The interconnecting structure
for different module arrangements, meeting different energy and
lifting capacity requirements, will necessarily be different and will
aﬁect a module’s skirt structures.

The 7-module maximum configuration is the basis for
preliminary sizing of the system, but by no means the only possible
combination. Single modules or other arrangements of 2,3. or up to 5
units, some with undefined second stages, are also possibilities.
Adjustments in propeilant capacity to go with such combinations can
be achieved with oif-loading or changes in tank volume from

insertion or extracticn of plugs in the cylindrical secticns of the

tanks. Since this latter tactic changes the height of the stack, it
should be applied with caution. Its effect on the grourd launch
facilities suggests that they should also be designed with built-in
stretch or shrinkage, or at least movable work platforms. Different
engines, designed to {it a standard mounting geometry, may also be
considered, though the changes in this case are not as simple or
economical as those involving the structural system. They are,
however, logical growth steps for extending the viable technological
life of the system. Eventual development of a recoverable engine pod
should also be considered - or even total recovery of the entlre
booster. :

While the proposed system is intended to handle a large range
of anticipated future space transportation needs, it is not seen as a
resurrection of the "big dumb booster” idea so popular about ten
years ago. It needs to be a "big smart booster™ to attain some of the
economic advantages of efficiency. The propulsion system design, in -
particular, must therefore consider such refinements as throttling
and restart.

The system's um:nodulated acceleration at first stage burnout is
close to 8 g's, probably an unacceptable condition for upper stages
and payloads, which suggests that some degree of throttling,
modulated or in steps, is desirable even at the risk of increased
engine developrment cost. Shutting two engine pairs off and restarting
them after the other first stage engines have burned out may be a
lower cost alternative, though it entails the risk of restart failure, and
also means providing restart capability, perhaps noct initially



available in a low-budget program. Discarding modules in balanced
pairs on ascent is a tactic which should also be considered as a
means of increasing payload.

Ideally, all 14 engines, mcludmd the pair in the second stage,
should be running and quickly checked out before the system leaves
the launch pad. This adds further complications, like deep throttling
of the core engines soon after lift-off. On the other hand, these
 engines would normally start up after first stage ejection in the usual
and accepted multi-stage tandem configuration, so waiting to start
up after staging would not be a departure from established practice.

It is also possible to consider a cross-feed operational mode
which, emptying three tanks by burning and cross-feeding their
contents, allows them to be ejected early. This would make the
cluster a 3-stage system. The resul:ing performance gain should
‘allow some reduction in total system size. This more complex mode
of operation could, in fact, be an eventual up-grade modxﬁcatmn to
improve performance as the system matures

If each module contained a sirgle engine, the consequence of
an engine failure would be loss of the mission if the fuel in that
module's tanks cannot be cross-fed 1o units still functioning. Cross-
feed also permits all the engdines to be ignited at lift-off, trading the
risk of complications in valve and.interconnecting components for
the security of assured ignition before the start-of a launch. However,
for operational simplicity, a dual-engine propulsion system in each
module is recommended for a starting arrangement. This launch
system, like all modular systems, does not have to start out equipped
with all the "bells and whistles". They can wait. _

Since cost feedback has shown the least costly parts of
structure to be those which are integrally machined from large pieces
and that the effect of subsystem installations has been to increase
cost by forcing changes, the construction philosophy in this design is
to make every subassembly of the largest possible parts with built-in
initiation of component mounting provisions, the latter to
- accommodate unforeseen installations by anticipation.

Starting with the propellant tanks, the cylindrical portions are
integrally stiffened isogrid with no frames. If they are to be insulated
with spray-on foam like the Shuttle external tank, the stiffening can
be on the outside. All attachments to this shell, inside or outside,
must be made at nodal intersections of the stiffening pattern since so
many opportunities have been provided and shouldn't be wasted.
Each cylinder end joins to a single-piece (if possible) "Y" ring with
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flanges for welding to the end domes and mechanically attaching to skirts
and intertank panels. They would be made from the largest obtainable
rolled aluminum alloy ring blanks. A 200-inch size is stretching available
capacity a bit but well worth the cost of development. At both ends, these
"Y" rings extend away from the main tank structure to include enough

~ skirt for reinforcement at the inter-module cluster beam structure. -

The end domes are spherical segrnents rather than the usually seen
ellipsoidal shape. This serves to open up the angle at the dome-to-skirt
intersection and stiffen this area enough to eliminate frames. The
spherical shape, with ifts uniform curvature all over, allows all
penetrations to be circular and of identical form, whether ceatered or not.
While this arrangement is likely to show a theoretical weight penalty as a
pressure vessel, the elimination of frames and other simp.ifications are
expected to save weight as well as cost. The geometry, if not the type of

construction, has a precedent it is the same as that of the widely used
Delta booster.

The intertank structure, incorporating 12 built-in access openings,
is made of 12 identiczal panels, the filled X-shaped structures between the
holes. They are intended to be single-piece members sculptured from
blanks 110 inches long, 54 inches wide, and 6 inches deep, weighing
about 3600 pounds at the start but ending with a part weighing less than
200 pounds. If demand later increases production quantity enough, the
starting blank can become a very large press forging to minimize
machining time and reduce the chip disposal problem. To the maximum
extent possible, the subsystem components in each module will be
installed on the inside of panels covering the rhombic access holes,
forming easily accessible, removable, and replaceable mocule-doors.

Components directly related to engine functions are sxpected to be
mounted on the conical thrust structure which is an open 1sogr1d lattice
(no skln) made of no more than two or three parts.

The basuc construction rnatenal for all of the elements is expected to
be aluminum alloy. weldable where the tanks are involved (2219,
probably), but whatever alloy offers the best efﬁcxency at lowest cost
elsewhere ' :

A modular cluster launcher spectrum of this kind should be
interesting enough to pursue in greater depth. It is in some ways not
untlike the eight-tank cluster in the Saturn I, except that, in that case, the
individual tanks were not separable, along with the engines they fed, for
rearrangement in other combinations. It is doubtful that weight was saved -
or cost reduced by doing it that way, but quite obviously nobody -
considered a variable system at the time. At any rate. if the idea of -
modularity and the adaptability that goes with it are to be preserved, a'
firm hand must guide such a project to make sure that the options remam
open - and the sub-elements readily separable.



A Shuttle-optimized Upper Stage System

This system has been devised to explore the possibility that Shuttle-
launched missijons conducted beyond the Space Shuttle's parking orbit
(that is, just about all of them) might be better served by a single
adaptable and variable sysicmn of modules than by a set of single-purpose,
unadaptable and very expensive procurements - like [US, Centaur, OMV,
and projected high energy OTV's. The one invariable quantity in the
problem is the Space Shuttle Orbiter and ils payload bay, for which the
phvsical measurementis and environmental parameters have been quite
completely defined. This system, shown in one of its upper range forms in
Figure 1V-4, starts with a flat-faced payload-supporting and equipment-
carrying platform. Its aft face supports a ring of three pairs of cylindrical
tanks of variable length whose aft ends are additionally supported during
launch by a tilt-up cradle, withdrawing from this support at separation.
The gap, of variable length like the tanks, is bridged with a core structure.
also of consistently variable length but with standard interfaces at both
ends. A standard main engine interface at the separation plane is
designed to accommodate engine packages variably tailored to system.
size - up to a maximum diameter of about 60 inches and extending to, or
slightly beyond, the aft face of the cradle structure. :

GE - VARIABLE LENGIM f VOLUNME
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SMALL ROCKET ENGINE
FOR LOW G'S Al BuRNOUL
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FIGURE IV-4 - A standardized upper siogs 'design for the Space Shutlle, variable in mass
and length to accommodate a range of payloads - from about 2500 pounds to 12000
pounds raised to geosynchronous equatcrial orbit (GEO). '

] sa w ' 200 00
I

SCALE - TNCHES

V-9



172 DIA

180 DIA
DYNAMIC
ENVELOPE

PAYLOAD BAY
ATTACHMENT
POINTS

118 DIA <

FIGURE 1V-5 - Cross-section of the tanks for the standardized s'age. showing how six,
with room for a centar core of the same size, fit comforiably with n the Shuttle’s 180-inch
payload dynamic envelope. A
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FIGURE IV-8 - The basic geometry of platform beams for the stage structural platform.
Three intersections cre centered over sach of the six tanks. L
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'I‘he tank cluster is s1zed as shown in Fxgure V- 5 to ﬁt comfortably
within the payload bay dynarmc envelope 180 inches in diameter. The
tank diameter consistent with this arrangement is 54 inches, Figure 1V-6
shows a platform beam arrangement which. offers 3 points of support at
beam intersections for each of the 6 tanks. The polygonal edges between .
tanks, along with identical ones in line with the tanks, form a regular
dodecagon, thus providing identical geometry for equipment modules in
the accessibly open platform perimeter (Figure IV-7). Figure IV-8
illustrates a module fitted to this geometry, in this case a reaction control
system (RCS)module. It is an element which is typical for any upper stage
or salellile, and can be siandardized {o cover the entire range of stage
sizes possible with this mecdular system. Size of thrusters and ‘ankage
volume can be {ailored for specific applications. That is, different RCS
modules, all fitting the same installation envelope, can be substituted for
each other as required for specific missions.

Vehicles which can be made {rom this system are of varying mass
and total impulsc, structural adaplation being accomplished by making
all the elements of slandardized geomelry but of different weight. That is,
the elementis, machined from aluminum alloy plate, are sized to the loads

EQUIPMENT MODULE § Ji72 DIA STATIC
ENVELOPE - ENVELOPE

FIGURE IV-7 - Subsystem accemmodations between the faces of the stage platform.
" Plug-in unifs can be inserfed from the outside because none of the cells is ciosed.. The
small wedges are open from freri 1o back. '
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by differences in the amount of metal removed. The attach peints and
intersections are all in the same locations but the bars between vary in
cross-section (though always the same depth, being made from constant
thickness plates). The range of vehicles made possible by this variable
arrangement and selection of modules is considerable:

m  Storable bi-propellant OTV's (Orbital Transfer Vehicles) of a
range of sizes

a OMV (Orbital Maneuvering Vehicle, an intended separate,
individual procurement but cancelled before it flaw)

#  Standard satellites with integral propulsion
o Modular tanker resupply system (variable size)

Lt Space-based cryo OTV (with space assernbled aerobrake)

r

NOZZLE CLUSTER

i

"LENS" TANK -
2 SPHERICAL
SEGMENTS

A

a-

FIGURE IV-8 - An example of a plug-in module, a reacticr control unit éonsisﬂng of
nozzies and ¢ supply tank. Typically, four such modules would ze supplied for a specific
configuration.



A Space assembled OTV (too big fdr 'or_le Shuttle load)

- Figure IV- 9 compares-an-arbitrarily sized group of thres standard .
upper stages, each containing 1.5 times as much propellant as the
smaller one preceding it, starting with 20,000 pounds capacity of MMH
(mono-methyl hydrazine} and NTO (nitrogen tetroxide) in the equal-
volume mixture ratio of 1 to 1.64. The overall length of each, expressed as
a percentage of the Orbiter payload bay length, is that perceniage which
corresponds to the overall weight percentage of Orbiter advertized lift
capacity (65,000 pounds). The remaining volume available for payload in
all cases can be filled with equipment at a density of about 1.5 zounds per
cubic foot - in some cases, slightly less.

Table V-1 is a compilation of the capablhties of the three
configurations for payloads delivered to GEO (geosynchronous equatorial
orbit). The differences shown depend on whether the propellant tanks are
staged {ejected when their contents are depleted, as is possible with this
design)}, integrated with the mission-peculiar equipment on the forward
face to make a satellite with integral propulsion, or simply used as an .
expendable boost upper stage without integration or staging.
"Discretionary” payload, in this context, means missicn-peculiar
‘equipment mounted on the forward face and separable from it as is typical
for most satellites today. This indicates clearly the considerablz benefit to
be derived from simple expedients like tank stagmg and satellite
integration with the propulsive unit's frame. :

The crude and somewhat fanciful sketch in Figure IV-10 conveys
some hint of the possible kinds of vehicle that can be produced by
blending mission-peculiar equipment with the upper stage 10 make an
integrated satellite. As depicted, the fragile appendages are deployed
before departure from the Orbiter to make sure that everything is
working. This kind of operation dictates a low thrust engine.

If, with considerable modification, the aft tank clus:er can be
converted to carry liquid oxygen while an appropriately large liquid
hydrogen tank is added up forward, the cryogenic OTV shown in Figure -
1V-11 results. This change, major in scope, but retaining the basic
platform geometry, permits expansion into a whole new series of very high
energy upper stages without major redesign of the structural system or
starting all over in the usual fashion. Aerobrakes (not shown) would be
space-assembled accessories.. The oxygen tanks are still removable, .
ejectable if necessary, and replaceable with new ones as long as the
interface works properly

IV-13



FIGURE IV-9 - An arbifrary set of three stondcrdizec'stcges built around the same
theme, ranging in propetiant capacity from 20,000 pouncs to 45,000 pounds. Each unit is

1vV-14
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Table IV - 1
~ Delivery System Payload Growth

Propellant Mass - lbs

" Pavloads - lbs

Unstaged Discretionary
Unstaged Effective
Staged Discretionary
Staged Effective

Pavload Improvement - 1bs (%)

B

From Staging {(of tanks)
From Integr w/Satellite

Gross Weights - lbs

Unstaged
Staged (larger payload)

A
20,000 30,000 45,000
2,900 5,300 - 8,800
4,300 6,900 10,600
3,700 6,400 10,300
5,100 8,000 12,100
800 (28)  1,1C0(21) 1,500 (17)
1,400 (48) 1,60 (30) 1,800 (20)
29,500 41,500 61,500
30,300 42,700 63,300

Assumptions;

AV to GEO = 14,300 feet/sec
- Specific Impulse (Isp) = 320 lbf-sec/1bm -
Orbiter Payload Capacity = 65,000 lbs

Heading in the other direction, stripping the system down to the
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FIGURE IV-10 - A sketch of o hypothetical satelite built on the standard platform, its
appendages extended before departure from the Space Shutile. Low thrust in the siage
engir 3 is required for this type of oparation.

equipment module with modified, flattened tanks on its rear face, the OMV
(Ortital Maneuvering Vehicle, also known previously as Teleoperator
Marsuvering System, TMS, or Teleoperator Retrieval System, TRS) shown
in Figure IV-12 can be made. Since there is no longer any cradle to support
the zaft end, the single trunnion fittings previously carrying support loads
at the payload bay side longerons have been replaced with double ones.
With a bit of foresight, this kind of modification can be accommodated.

Finally, the system can be converted to a resupply tanker as shown in
Figure IV-13. The resemblance to the standard upper stage in Figure I[V-4
is not coincidental. After all, a tanker is simply an upper stage without an
engine, if it's part of the same overall system. The tanks are the same and,
by being interchangeable and removable, they offer another way to
resupply - other than by pumping from one tank to another. A propellant
module like that shown in Figure IV-14 allows both propellants and

. pressurants to be exchanged at the same time. It's like: replaceable
propane cartridges found in stoves, heaters, and similar camping
equipment. = ' : _ . =

The system described was designed to serve the general upper stage
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FIGURE IV-11 - Ancther possible variation on the the—e, converting the aft fanks for
liquid oxycsn and adding a karge liquid hydrogen fank. This oﬁers a'whole new series of
space-bassd high energy stages.

functions of the Space Shuttle for which it has been sized. The funding
which could have procured it has already bsen squandered on single
procurements like IUS (Inertial Upper Stage, formerly known more
appropriately as the Interim Upper Stage), PAM (Payload Assist Module,
more suitable for the Delta launch system than Shuttle), and Centaur
{(since mercifully cancelled) which share no common elements.

These were to have been followed by an OMV with minimal expansion
capability and no interchangeability with any other Shuttle upper stages.
Since the cancellation of this program, there is still an opportunity to start
the development of this type of modular upper stage if the procurement is
ever resurrected. As matters stand, however, there is little chance that the
potential savings can ever be realized for an existing transportation
system. However, the idea should still have plenty of mileage in it long after
‘the current crop of vehicles ( and, with any luck, the haphazard
procurement policies which spawned them), is gone.

V1T
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FIGURE IV-12 - A minimai short range upper étcge, a part of the standard series which
- does the same things s the current OMV, & typical single-purpose procurement,
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%_%%EABLE PROPELLANT TANKAGE - VARIABLE LENGTH / VOLUME

3 PLACES

2 50 100 200 300
S ! | j

SCALE - INCHES i

FIGURE IV-13 - A siondardized resupply tanker ~ariation on the basic series, aliowing
propz lant resupply by pumping or by exchange of fanks. The tanker is just an upper stage
without an engine. _ ' :

-

2 RELEASABLE \ CONTAINER ON REMOVABLE LID
HINGE POINTS

TiP SUPPORTED BY
CRADLE. AT LAUNCH

| N

[ ' .
INTERFACE A ‘
: PLANE ! VOLUME ADJUSTED BY VARYING

CYLINDER LENGTH:

SIRUCT/MECHANICAL DISCONNECT -

s ’ -

FIGURE IV-14 - The kind of module. coniaining both propeliants and pressurants, which
coud ba exchangead for resupply. lis size is variable. : :
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A General Modular Sgace Platform Construction System

The construction system here described, a space station variation of the
modular approach, follows a design logic based on the following premises:

» The carrier is Space Shuttle and its payload bay
r The initial configuration will need alteration and growth

n Re-shaping dictates endlessly repeating cell groups

= All lattice bars are the same length

a Structural efficiency requires a triangular/ tetrahedral form

» Pressurized modules are bars interchangeable with struts

o Closed form indicates a need for a lateral berthing approach
n Adaptability means ng adapters, loose parts
1 Modularity starts with the structure

A comumittee of mstallers won't get there (which is why NASA's omcxal
Space Station design is a very bad econormc bargain).

The construction system derived from these considerations consi sts of
elements 55 feet long. None of the pieces is this long, but the nodal centér-
to-center lattice element made from any allowable combination is zlways
this length. A tetrahedral lattice geometry can, if time and budget allow,
grow to fill the entire known universe. If is the kind of lattice which can be
visualized as the interconnection of the centers of congruent spheres in
close hexagonal packing. The space between these mtersectmn points is
always equal to one sphere diameter.

In normal circumstances the form of the construction will be confined
to fill only that part of universal space which is of immediate interest, but
it can do so in almost any conceivable shape and can be changed from one
shape to another as dictated by hindsight. The cost of development should
be reasonable with only seven basic units. All peripheral accessories, such
as power modules, experiments, manipulators, work stations and logistic
storage modules, are accommedated {always at pressurized nodes) by the
same docking/berthing interface which connects pressurized modules and
receives visiting spacecraft and supply vehicles.

The geometric key to the system is the form of the hub at bar



FIGURE IV-15 - A rhombic dodecchedror. the potyhédron which presents a face to
sach incoming bar, at a node of a tetrahedsci lattice.

intersections. The bars run in the same directions as the 6 edges of a
tetrahedron so that a fully occupied hub has one incoming and one
outgoing bar for each direction - 12 in all. The polyhedron whose faces are
perpendicular to the intersecting bars is the rhombic dodecahedron
illustrated in Figure IV-15. A spherical node subdivided by the projection
of this polyhedron's edges is shown in Figure IV-16. It is made from 12
identical subunits as shown, each fitted with the standard docking
interface. This connection which also serves as an airlock port, a berthing
joint, and a passageway after assembly, is shown in Figure IV-17.

Habitable modules are integrally stiffened cylindrical shells with
comnical ends as shown in Figure IV-18. They also feature the nodal ball's
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FIGURE IV-16 - A pressurized nodal sphere, its surface divided by thz projection of
rhombic- dodecahedron edges from its center. Each unit incorpcrates ldenhcol
mechanical, electrical, and 2ccess provisions for c:siondcrd inferface. .

androgynous interface on each end. Their construction is intended to
incorporate attachment opportunities at each intersection of the
stiffening ribs, as shown in Figure IV-19. Reworking structure to
provide attachment as an afterthought can be difficult and is bound to
produce clouds of unwanted chips and debris. With such a standard
stiffening pattern details like windows can be added quite late in the
production sequence (before the unit has left-the groundj as shown in -
Figure IV-20. A window can be both light and safe if its viewing area is
divided inlo openings between stiffeners, not cutting any of them. The
window itself, on the inside, cushioned in an edge sealing retainer and
supported at every stilfener node, would be a single pane.

Typically, a minimum habitable module would be furnished with
standard "housekeeping” equipment at its conical ends. as indicated
in Figure IV-21. A single end-to-end interconnection t urinel. would



//~UMBILICAL PLATE
(6 PLACES)

HANDLING
LUG (8)

- ANDROGYNY .

FIGURE IV-17 - A closer look at the catails of an androgynous docking interface, 12 of
which are-provided at each pressurizec node. ' - R ' '

EXTERNAL /
INSULATION VARIABLE THERMAL

SHUTTER BAND (TBD WIDTH)
- Z PLACES

END VIEW
SHOWING DOCKING
INTERFACE

Z ' n OVERALL LENGTH = 528 INGHES (44 FEET) -
170 OD (STRUCTURE) ' -

I -

FIGURE IV-18 - A standard pressurized habitable module which fits between pressurized
nodes, each end featuring the same standard androgynous interface found in 12 Ziaces
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EXTERNAL COMPONENT
WITH CAPTIVE BOLT
FASTENER ATTACHABLE
AT ANY GRID NODE

EXTERNAL
STIFFENING

RIE.—;I

INTERNAL ATTACHMENT
BUTTON AT EACH GRID
NTERSECTION

S

-

FIGURE IV-19 - The externd sfiffening ribs of the habitable modute shell contain
standard aftachments af each nodal intersection, with @ corresponding set of

aftachments on ihe inboard smooth sids. .

. /— RUBBER MOLDING INAP3 OVER
i INTERNAL ATTACHMEINT BUTTONS

i

FIGURE IV-20 - A standard, integratl shell fike that described, offars fimitless 6pporiuniﬁes '
for window installaticns fike that shown. The skin is cut between sfiffsners, not through them,

for @ mullioned wincdow effect
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span the gap between and would contain power outlets, ventilation ports,
and lighting. The cylindrical constant cross-section volume would be
reserved for the variable equipment required for special functions such as

command center, sleeping spaces, ward room, laboratory, ‘repair _

workshOp recreatlonal space and hygienic facilities.

A hvpothetzcal two-dimensional assembly of the 7 basm construction
elements is shown in Figure IV-22. The elements are also identified as:

: T
. ZEND TO - END INTERCONNECTION
TUNNEL - LIGHTS, VENTS OUTLETS

ea———— T 32 > 122 EeTC )
L—— OPTIONAL USE VOLUME = m———— e
. ) / s

PACE FOR GENERAL “HOUSEKEERING®

EQUIPMENT - AIR FILTERS, SCRUBBERS, & FANS -

BATTERIES, SWITCHES, FUSES, POWER PANEL -

CONIROL COMPUTESS, ALARMS, WARNING INDICATORS, ETC.

PREFERRED WINDOW LOCATION

\INYERFACE PLANE

FIGURE IV-21 - A miniral standard pressuized module would csritain basic
"housekeeping” equipment in the conical ends, leaving the constant cylindrizal section for
variable equipment suitale to any specific application - control center, laooratory, ward
room, eic. _

{1) 12-port spherital nodél balll

(2) Cylindrical portion of the habitable module

(3) Habitable module end cone with standard interface
{4) Tapered half;strut: whicﬁ nests for transportation
(5} Tripod which serves as a short half-strut

(6) 12-stub strut-connecting "hedgehog” nodal ﬁtﬁng

{7) Tunnel interconnecting separated pressurized elements
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geometry,
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FIGURE IV-22 - The seven basic madular elements in a cianar array 1o show where each
unit is applicable, ,

The strut androgynous end fitting which also appears at each
"hedgehog"” stub is shown in Figure IV-23. It is shown as a connector for
the electrical power bus which is automatically extended as the structure
grows, and is switched off when the mechanical connection is dismantled.
This function can be performed (and is more likely to be) by the tunnel
which has at its ends the larger interface common to balls and habitable
moedules. However, it may do no harm to have some subsystern integration
in both elements. Figure IV-24 shows the "hedgehog" whose nodal
like that of the nodal ball, is based on the rhombic
dodecahedron. Groups of these fittings can be assembled to each other to
make a tetrahedral lattice frame that can provide a structural bridge for
their transport to orbit. (Figure IV-25) The picture merely hints at this’
assembly. More work is required to define it and the peripheral fittings
which pick up the Shuttle's attachment provisions.

Appropriate apphcatxon of the system 1s defined in the followmg
guidelines: _
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THREADED LOCKING . : ' o - _
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FIGURE IV-23 - An cdrogynous connector for siruts in the unpressurized porfions of @
platform assemily. : : '

FIGURE IV-24 -
The "hedgehog”
ziuster fitting af each
cnpressurized node
corresponds to the .
rodal ball ot
cressurized
~intersections. The
geometric basis is
the same rhombic
. dodecahedron.
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NEAR SIDE GRID PATTERN

X Y-

FIGURE IV-25 - Assembled "hedgehog’ fitting: can form a spocé truss to bridge the
Shuitle payioad bay, providing their own cradie “or fransportation to orbit.

n The nodal port interface is androgynous and common to module ends,:.

upper boost stages, resupply systems, satellites, power-collection
assermnblies, and experiments.

o All open frame constructions attach to pressurized modules by
way of tripod struts attached at nodal ball ports.These ports
thereby remain accessible for EVA. _ o

o All nodes‘(baﬂs and hedgehdgs) are identically oriented. .

n All accessories - power modules, battery packs, fluid tanks and
clusters, experiments, etc. - are attached at nodal _ball.ports.

o External accessories which seal at the nodal interface are

accessible from the inside of a nodal ball. No EVA to reach

= All "hangar” spaces are formed by fabric "walls" (or the .
equivalent) stretched between bars inherent in the construction.
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a All docked spacecraft {OMV, OTV etc) are separably attached -
‘at ports in the nodal balls.

L Spacecraft in hangar spaces.may. be tethered to strong points
on the nodal balls between the ports

Modular Growth with a "Gr'ow'iﬁQLModule_ |

Assemblies of modular elements can themselves become modules,
suggesting a method of planning the growth of a large space base. That is,
it eventually becomes. large after having started out as the minimal
habitable cluster of 3 pressurized cylinders shown in Figure IV- 26. Since
one orbiter load consists of a habitable cylinder and a nodal ball, this
group can be carried in 3 trips, after a power moduie like that shown in
Figure [V-27 first becomes operational. '

The complete 4-launch configuration is shown as a perspec’uve sketch
in Figure IV-28. It is roughly comparable to the Skylab mission, an
ambitious enough starting point for the eventual extzblishment of a space
station or operational center. Of course, it is also possible to start out with

SHUTTLE PAYLOAD [
BAY ENYELOPE \

\//

‘B 30 OPEN AYAILABLE

PORTS . . @) )

FIGURE 1V-26 - A minimal 3- module hobitable assembly whch can be ioken to orbit in
3 Space Shuttle wips - one node and one module peririp _
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station or operational center. Of course, it is also possible to start out
with a single pressurized module. probably unmanned, attached to the
same power module. Two launches will do it. As shown in the next
illustration, Figure IV-29, the triangular group can be slightly enlarged 1o
a tetrahedral shape by adding struts. A merger of 4 such units (adding 3
more) creates a 2Znd-order tetrahedron as depicted in Figure IV-30.
Figure IV-31 shows how the replication of larger and larger tetrahedrons
makes the elements for further growth to bigger ones. In other words, the
module for this system is in every case a tetrahedron, larger at each
progression. By the time the assembly becomes a 4-th order tetrahedron,
it contains 96 bars, interchangeably struts and "hedehogs” or habitakie
modules, spherical nodes and tunnels. In the center is a multi-purpose
octahedral volume of 627,000 cubic feet. Eventually, (but not finally) a
next replication step produces a large 8th-order tetrahedral space base
with a 5 million cubic foot center space and a half mile of useful edge
length (Figure IV-32}). Continuation of the process can lead to a space city.
With special planning, identical units can be assembled intc a space base
for familiarization and training before being broken off for some such
space exploration as a trip to Mars or a return to the moon.

On the other hand, the size of each individual cluster can remain smell
as many of them are grouped loosely in a co-orbiting fornation of
cooperating units. The appropriate choice can be made after
accumulating some first-hand experience whlle the opt1on to go either
way remains open.

IV-30

FIGURE IV-27 - An energy module with folded solar arrays can be built on a nodat zall
as shown. Two can fit mro the Shuttle payload bay. One .may be sufficient for startng
operations.



o 4 FLIGHTS |
o ROUGHLY EQUIVALENT
TO SKYLAB

. .
o 3-MAN CREW

& ORBITAL MASS ~
160,000 TO
180.000 LBS

FIGURE IV-28 - A suggested starfing spacs station ¢ anfiguration with about the same
internal volume and weight as Skylab. S : :

9 ADD 3 BARS TO INITIAL
3-MODULE TRIANGLE

& MAKES FIAST-ORDER
TETRAHEDRON

\ .

ENERGY MODULE
(FIRST ITEM
LAUNCHED)

FIGURE IV-29 - Addition of three struts o the starting iriangle makes the configuration
tetrahedrcl : _
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© MAKES
2ND-ORDER
TETRAHEDRON
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© CENTRAL
OCTAHEDRON
YOLUME : .
78,430 CU. FT.

FIGURE IV-30 - Combining threa more first order tetrahedrons with the <rst one,
produces a second order tetrahedron. Any of the bars can be pressurized or unprassurized

AR

FIRST - OADER

TETRAHEDRON

(ONE BAR PER
EDGE)

4TH ORDER

s o o AND SO ON, INDEFINITELY

FIGURE IV-31 - Tetrahedral grawth involves combining continually larger teTahedral
elements - the same shape in all ccses. The process is essentfially endless. _
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FIGURE IV-32 - if four fourth order teirahedrons are combined as shown, a space vilage
or town could bs the resull, a system well on its way o becoming a space City. But thatis -
far in the future. ' ' : ' '

Payvload Bav and Subsystem Modules for a Reusable Launch Vehiéle- :

Space Shuttle payloads, as removable and launchable packages, can be
described as modules, but the payload bay itself is not. Therefore, each
flight manifest must be integrated and installed after the previous load is
removed following a flight. This kind of serial operation places limits on
the possible turnaround time reduction for a reusable delivery system, as
it once did in the unloading of ships, trucks, and railway cars. These
forms of surface transportation have simplified their problem by
containerizing cargo and freeing the delivery vehicles for continuocus
service. The containers in this case are interchangeable and transferrable
between the three modes of conveyance, but they are quite heavy. A full-
bay STS container would be like a payload bay within a payload bay, a
structural duplication which would severely limit space payload delivery
weight. _ R

The suggested alternative, shown in Figure IV-33, is a cargo bay door
functioning as a payload carrier. Such a door would also be a carrier
platform which occupies none of the valuable payload volume. That
means that already-designed payloads would not have to be changed too
drastically fo work with it. A cargo could then be assembled and checked
out while the reusable launch system is in orbit on a mission. After its
return, the doors would be exchanged. If other operations are speeded up
to reduce the rest of the turnaround time, more doors can be built and
processed in parallel, keeping these time-consuming activities from
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FIGURE IV-33 - it astrengthened payload door becomes a payloac zarrier, the next
payload manifest can be installed on another door while the Shuttle is or a mission. On its
return, the new ins_’rolio’rion can be substituted for the old, with considercole reducfion in

constraining the schedule.

How some of these other ground operations can be shortened is
suggested in the rearrangement of mid-body structure shown in Figure IV- -
34 . Here the payload bay liner has become the load path between
longerons and keel, leaving the outer surface removable for access. The
resulting panels, as indicated in Figure IV-35, can become support
structures for equipment installations, being thereby transformed into
modules which can be replaced, updated, or removed for more convenient
servicing away from the vehicle which carries them. When they swing out,
they also leave space for access to other equipment which could otherwise
not be reached. Denser packaging in this manner can perrmit more
efficient use of available space, or reduction in vehicle cross-section.

Equipment in the center body section can thus be reached even when
the payload bay is full. A large part of the present access problem comes
from the need to remove components and break into systems {o get at the
components having difficulties. There are also delays caused by having to
hold up work while thermal protection tiles are replaced. If panels can be

removed and serviced, the TPS refurbishment task can also bhe

accomplished away from the launch vehicle and the launch pad, a pre-
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FIGURE IV-34 The fuselage cross-section for a poylood carrying door scheme inCludes
an "inside-out” structure with the outer surface openable for access.

 CLOSED ~ OPEN

FIGURE IV-35 - if equipment is mounted on an external access door as shown. the door
and its equipment become a reploceable module. Because the aquiment swings away.
making equipment behind it also accessitle, packing density can be increased.
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assembled panel replacing a damaged one.

A Modular Element for a Variable Component

Carrying the modular theme into a more detailed application, a
customized pressure vessel - a container for high-pressure helium, for
example - can be made in a variety of shapes and capacitizss by developing
the sphere-torus segment shown in Figure IV-36. Six of them make the 6-
lobed sphere-torus shown. Each segment is defined as a wedge bounded
by two planes passing through spherical centers and tie center axis of
the assembly; that is, all the seams are radial equatorial cuts through the
centers of the spherical lobes. Assembly welds are locatec in these planes.

The advantage of this kind of pressure vessel is that iz can be made in
a variety of shapes and capacities, as will be shown, and et its weight per
unit of volume is as low as that of a sphere, generally ccaceded to be the
lightest form of pressure vessel. One advantage it has over a sphere is the

- . . o -

60"

FIGURE IV-36 - A standard pressure vessel module is formed from two merged -
hemispheres with a membrane gt the infersection. Six make a sphers-torus ring.



presence of convement "handles”, the grooves at the mtersectron of .
spherical external surfaces and an internal chaphragrn The support of
‘spheres can sometimes be quite unhandy, the grooves are less shppe:y.

Figure IV-37 suggests a manmactunng sequence since there is 1o yprior

experience to draw upon. Imtzatmg the fabrication of this article (or
perhaps a series of different basic sizes) is likely to entail considerable
investment, an expense not likely to be tolerated for any single
procurement and therefore a good candidate for general research and
development. . _ _

A szx-lobe torus being an unu\ely design choice, other shapes musi be
made from this module, one of which, an eight-lobed torus, showza in.
Figure IV-38. It is made from the same module, adjacent units bzing
rotated through the same angle in opposite directions to change the
assembly's curvature while remaining in the same plane. An eight-lcbed
torus is no more appropriate for most applications than a six-lobed ane,
but the illustration demonstrazes how the assembly curvature cana be
changed by rotating identical elements.

Continued rotation can produce any desired curvature to suit avaiable
space - which may be one of the awkward annular spaces betwe:n a

~
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FIGURE IV-37 - A suggested fabrication sequance for a standard sphere-torus e sment.
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FIGURE IV-38 - =y equal and alternate opposite rotation of zdjacent elements, an
eight-lobe spherical iorus can be made from the same pieces the built one with six lobaes.
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FIGURE 1V-39 - Eventually, when adjacent elemen’rs are rofated 90 degrees from their
original positions, a s‘rcugh? lobed pressure vessel is produc:ed



propellant' tank end dome and a skirt. Ultimmately, 90 degrees of opposite
rotation in two adjacent modules lines up the narrow end of one wedge
with the wide end of the next, making the radius of curvature infinite and
the pressure Vessel straight, as shown in: Figure 1V-39. ~The ends are
closed by apprOpriately co-developed hemispherical caps.

Avaﬂabﬂ:ty of a unit (or 2 series) like this may avert some of the damage
to designs which is inflicted when an inappropriate container is specified -
because it is “off-the-sheif” - or nearly so. Examples of this kind of
misapplication are abundant enough to warrant consideration of more
standardized ways of doing business.

- Conclusion

As demonstrated by the orevious examples, there are a number of ways
to apply the principle of modularity, each case arising mainly from
approaching the problem with growth and re-configurability in mind. It is
also useful to remember, as stated in the System Engineering
Management Guide previously cited, that modularity shculd be a
normal acquisition request. What is more, it should be zccorded
appropriate consideration when gratuitously offered in a propcsal, even
when nobody asks for it.

There is little reason 10 expect any cost or weight penalties if it is
effectively applied. On the contrary, it should help to identify thcse cases
- where a single procurement can serve a spectrum of functions as
effectively as multiple ones, as in the case of upper stages, sateliites, and
resupply vehicles. It sho_uld ‘also assist in the standardization of
interfaces, particularly decking devices, as will be required for &l of these
vehicles, space stations, and launch systems.
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THE SELF-FULFILLING RUMOR

-----------------------------------------

The old Santa Monica plant, for many years the headquarters of
the Douglas Aircraft Company, was a rabbit wzarren of old hangars and
shops connected to each other by overlapping roofs. Its centerpiece was
the B-19 hangar, jutting above everything else iike a camel hump. In it,
on a level above the assembly floor, was a wide wooden-floored
mezzanine, For about 15 feet back from the railing, the floor was empty
and open io all the noise of the rivet guns. A glass-paneled wall at this.
point closed off a work area where a tool design group was housed.

This group was busy, crowded, and expanding with the work
load, a circumstance which gave birth to a rumer. Some of the designers
in about the middle of the hierarchical pecking order started it, claiming
that there was a plan afoot to move all the junicr designers out onto the
open mezzanine to relieve the congestion. The story persisted for some
time with no action at all, finally convincing the troops most likely to be
affected that it was groundless, after all.

At about this time the word finally got tc the boss working in his
cubbyhole at the back of the space. Looking up and noticing that the
members of his crew were almost stepping on each other, he exclaimed,

" By George, it is pretty crowded out there. That sounds like a great
idea!” And $0 the move was made. '

The moral to the story seems to be If you can't get anyone's
attention in a sluggish organization, start a rumor!

IvV-40



V. FLIGHTWEIGHT MATERIALS AND THEIR FABRICATION

‘Except in the case of tension cables or pressure vessels the major. =~ =

problem in structural design is the efficient arrangement of material for
compressive stability. Also, to repeat a previously stated paradox: thin is
heavy; thick is light. This is because a thicker plate or deeper section is
more efficient as a compressively loaded column. Other properties being
equal, a low density material can be thicker for the same weight and,
therefore more stable over a larger span. Stiffening can be sparser and
‘lighter. That is why the property of low density is the most desirable
- characteristic for flightweight hardware. -

For a panel to resist buckling, whether from shear or compression or
a combination of the two, it must satisfy this mathematical expression:

Ner —KEt3/b2, where:
Ny = critical load intensity in lb/inch

" K = buckling coefficient dependent on type of loading. panel aspect
ratio and shape, and boundary conditions such as edgz restraint

E = material elastic modulus -
t = material thickness, inversely proportional to density
b = panel width | |

Since the important characteristic of buckling resistance is most
influenced by material thickness, low density in the materizl, by allowing
greater thickness, permits the unsupported panel to be larger, the
stiffening lighter, and the construction simpler. What all this means is
that weight saving does not require exceptional combinaticns of material
properties like those suggested by the unidirectional strength of graphite;
just low density, combined with effective arrangement. will do. For
example, magnesium alloy, with strength and stiffness about 65 per cent
that of aluminum, and a density lower by about the same amount, can,
with proper exploitation of the density characteristic, be made into a
lighter structural shell {by about 5 to 10 per cent). A side advantage,
especially when load intensities are low, is that the larger cross-sections
of lighter material are less weight sensitive to dimensional tolerances.

A near term gain can be expected from lithium-aluminum alloys
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currently being developed. They offer small but realistic improvements in
both stiffness and density. Even more important is the expectation that,
since they are usable with common practice, the prospect of obtaining

material in the large sizes needed for real economy is good.

The fact that oriented fibers of graphite or Kevlar have been badly
utilized does not mean that they are useless. There are sensible
applications, to some extent going unnoticed in the prevailing emphasis
on theoretical "trade study” numbers without proper consideration for the
system integrating role of the structural frame. For example, Kevlar has
been made into very strong, flexible, and non-conducting cables and
ropes. They have been successfully used 2s guy cables for transmission
towers. Being non-conductive, they eliminate the need for porcelain
insulators (one of the targets of vandals and unsuccessful hunters). They
are also lighter and more flexible than traditional steel wire strands. -

The under-tread reinforcement for radial tires is often aramid fiber,
the generic term for Kevlar. The quantity used for this purpose far
outstrips its use in the aerospace industry besides being a more
appropriate application. One must constantly remember that aerocspace
production is [ow, offering little inducement to a material developer except’
through heavy government subsidy - and government subsidies are

- extended to those who follow the "party line" - that is, the interests favored
by a government laboratory, for whatever reason.

There is another worthwhile application for strong, unidirectional
filaments. They are valuable ‘as an overwrap for pressure vessels, not so
much because they save weight, but because they enhance safety. Ever
since combat aircraft flew high enough tc benefit from stored breathing
oxygen, the storage bottles have been tightly wrapped with wire, the
purpose being to contain the lethal shrapnel when they are hit. This
converts a destructive explosion into a rapid but safe blowdown. High
pressure helium containers on vehicles carried in the Shuttle payload bay
should be good candidates for similar treatment. So should pressurized
storage tanks menaced by meteoroid damage from long term exposure in
space - those on long range exploration vehicles or at a space depot.

If someone could produce a homogeneous, isoiropic composite

" material with strength and stiffness ne greater than aluminum but with
- the density of magnesium, real {as opposed to illusory) structural weight

savings are achievable in general purpose structure with integral
fabrication. Direct substitution for aluminum alloy without dimensional
changes would yield a 35 per cent saving. Redesigning to make the best
use of material properties should bring weight reductions in well
designed (that is, well arranged) structure of about 40 per cent. Too
often. of late, miracle materials have been called upon to rescue



inefficiently arranged structures or applied where thexr propertles are
offset by excessively large splice penaltles It is also common practice to
claim composite superiority by companson with badly designed sheet
metal alternatlveq

As luck wouId have it. some molded chopped ﬁber composnte work
has been donie, but on such an unnoticeable scale as to have little effect on
“the usual way of doing business. Evidently, it has been intended that this
method be applied only to fittings in conjunction with laid-up sheets.
Since integral construction, recognizing that structure is mostly fittings, -
- eliminates sheet material altogether in metals, the same can and should
be done with composites for cost as well as weight reduction. This
consideration introduces a need for massive scale-up of random fiber
stock size from little 1- by 4- by 6-inch fittings and test specimens to-
plates 4 to 8 feet wide (or even wider) and as long as machine beds will
accept. Before that, methods which produce consxstent hornogenexty and
material properties must be developed.

The chopped ﬁber strips compnsmg the material in the molded part
shown with its tooling in Figure V-1 are 1-inch "broom straws" made from
carefully oriented unidirectional "prepreg” tape. The l-inch tape lengths
‘are crumbled into pieces about a sixteenth of an inch wide.

L R . - i . . _,.

FIGURE V-1 - A smail chohped-fiber section of isogrid macs from 1-inch pieces of
crumbled pre-impregnated tape. 1t is shown with the tools which made it.
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Cured in a mold under heat (700 degrees F for polyimide, 350 for
epoxy) and pressure (1000 to 2000 psi), the resin coated on the strips
flows to fill voids and solidifies to produce a shaped part. Possessing
nearly isotropic properties, this part has a surface much like the
"{lakeboard” occasionally available at lumber yards. It is not verv
homogeneous, a fact which may create problems if it is subsequently
machined. Also, its integrity in the short transverse "grain direction” (the
direction of molding cavity closure} may be less than desired. However, it
is certainly a step in the right direction - a very short step, entitled to a lot
of magnification.

Reinforceinent fibers in a matrix pick up load from adjacent fibers b
shear forces transmitted through the matrix and transferred to the fibe:
by surface adhesion. The maximurm load a fiber can carry is determinec
by its cross-sectional area and tensile (or compressive) strength.
Assuming that one-third of a fiber gathers load, the next third carries it.
and the final third sheds it to the matrix, the relationships shown in
Figure V-2 apply. Therefore, if the fiber and matrix properties are
approximately as shown, a fiber's length must be at least 150 times its
diameter to function effectively as structural reinforcement. Proportions
ont this order have been shown experimentally to be about right for
practical structure. The chopped fiber "broom straws”, about a sixteenth
of an inch wide and 5 mils thick. consist of several "tows”, perhaps
thousands of fine filaments. It has been established that they are mor=
effective at the one-inch length than when shortened to a half-inch.
Greater length may be even better. but also more likely to be forced intc
preferential orientation by the shape of the mold, not always
advantageous.

True random homogeneity calls for much shorter fibers and
economy requires a raw material which has not had so much time and
effort already lavished on it. As it happens, individual graphite fibers
before being spun into tows have an average diameter of about .000=
inch. To satisfy the requirement of L/D equal to 150, they only need to be
about .060 inch long. Let them be in the range of .060 to .100. Sinc:
coating such fine fibers with 'B stage” resin is out of the question, supposz
that the resin is thinned and absorbed by a fine compressed dry fiber felr
to produce the ultimate volumetric proportxons of 60 per cent fiber, 40 per
cent resin.

The resul'ting mixture when compressed and heated to exclude al
voids should yield a fine-grained homogeneous biock with the desired
weight saving properties prevuoush mentloned and suitable for making a
test specimen. .

The ultimate goél of molded composite R&D should be scale-up 2



elements as large as can be made in alurmnum Sooner or later someone

will suggest molding a large grid panel close to "net dimensions.” There is

always someone who worries unnecessarily about the cost of machining
and the cost of materials, both relatively insignificant in aerospace :
guantities as compared to the cost of handling, sortin “storing, -
identifying. analyzing, inspecting, and assembling parts, to say nothing of
the accomparnying paper blizzard. There are also at least two other adverse
effects when material is forged or molded to scmethmg close to fmai
dimensions: :

Fsm - ALLOWABLE =~ Fi= ALLOWABLE
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' STRESS o STRESS

O I
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FIGURE V-2 - Working o reinforcement fiber imbedded i a mairix,



Matched die sets are cosuy. The simple set shown in Figure V-1
which makes a part spanning about 7 inches cost something like
$50,000 in 1976. Since R&D budgets for large tooling of this type
are so hard to find, initiation of scale-up simply won't happen.

* - The maximum load intensity the molded part can handle is
determined by the cross-sectional area of the bars and their
strength, much less than the capacity of a solid plate. Tailoring of
a single piece to a wide range of load intensities becomes
impractical, and the undesirable {ittings and doublers reappear.

The versatility obtainable by sculpturing a solid plate is
lost.

In short, the simplest, mcst appropriate and easily made product is
just a slab of uniform thickness. Since, after machining, it should at dimes
be formable with heat and pressure against a contour fixture of some
kind, techniques must be developed for machining an incompletely cured
blank, extra consideration being given to holding it securely on the
machine bed. Nobody claims this is going to be easy, but why deprive
people of the drudgery they have already accepted as the price of making
structures out of composites? ‘

It should be apparent from the foregoing discussion that metal
maitrix composites, reinforced by randomly oriented whiskers and
particles, are particularly suited to integral structural design, and require
little change in practice other than major increases in scale. However, in
accordance with the maxim of least density for least weight, none of them
appear competitive with graphite/polyimide up to 600 degrees F.

To meet the performance demands of future launch vehicles, there
will be an urgent need for light, strong, and stiff structures usable at
higher operational temperatures. If the materials are composites, this will
call for light, strong, and stiff reinforcement whiskers like graphite, in
abundant concentration (say 60 per cent), imbedded isotropically in a-
metal matrix made of lithium, beryllium, magnesium, or some mixture of
light metallic elements. With luck, the material may possess useful
properties at about 1000 degrees F. :

To summarize, materials which can be applied to successful,
econornical, efficient designs, need to be homogeneous and isotropic,
reasonably strong and tough of the lowest possible density, and available
in very large stock sizes. A material which fails to deliver these
characteristics is unlikely to be truly effective for mainframe structures,
though it may have what is required for special - and limited -
applications.



Manufacturing Methods

The basic ways of fabricating structural parts are forming, material
removal (cutting, machining, drilling, etching, etc.) and material

deposition (platmg, for example) Castmg srobably belongs 0 this last

category.

- The material deposition process, alternating with chemical material
removal and photo-masking, is what accounts for the remarkable
versatility and miniaturization of modern electronic devices. It is also most
- effective in this case when applied to large scale production of extremely
small units with precise and intricate de:ails, not a situation found in
aerospace structural frame production. Eowever, there is at least one
useful exception - electro-forming, a heavy plating of nickel on a mandrel
which can later be etched away. For irregular, basically non-structural
parts like inlet ducts, vents, and convoluted low pressure plumbing,
electroforming is ideal in prototype or custom quantities - often more parts
than expected in a "production” run for a- Space Shuttle. It has been
‘applied with great success for single-piece seamless bellows. It might also
offer some interesting possibilities as a leak tight network of fluid cooling
passages agaxnst Lhe back of an actively cooled structural panel.

Casting is seldom found in airframe structure because the material
strength is so low as to make the parts unacceptably heavy. However, it
was the method shown to be a part reducer and cost saver in the fighter
canopy comparison of Figure II-10. Even in this case, the quantity involved
was something like 200 airplanes, many more units than space contracts
normally entail. There are expensive patterns to amortize and molds to
produce. ' :

Investment casting, because it starts with a wax replica of the part to
be made, seems a useful process for certain applications where a basic
standard part needs to be customized in nearly every case. Modifying a
wax pattern should be a lot simpler and less prone to distortion or local |
- weakness than reworking the final hard metal part. Metallic high
temperature shingles are suitable candidates for the process if thin
enough walls can be made. This casting technique has already been used
for a similar application - jet engine turbine blades.

Etchmg is a common way to remove large areas of sheet metal -
between shallow reinforcement ribs and where thick edges must be left for
butt welding. A typical example is a gore for a large tank end dome. The
technique is particularly useful where compound curvature makes
machining nearly impossible - or, at least, impractical. The application
must be cautiously adopted, however, because the large corner radii at the
bottom of pockets often add unacceptable weight. Etching is also



applicable where parts designed for light loads become so ragile after
material has been machined away that they can't be shaved down to the
desired "minimum gage" dimensions. In this instance. the test course is
to machine them oversize, chemically etching for final uniform reduction
without masking.  Masking is the most labor-iritensive par: of a chem-
milling operation.

The titanium engine ducts in Fxgure III-8 were macsa by chem-
rmlhng It is evident that there is a great deal of masking involved. In

44@.

FIGURE V-3 - A 4-axis loser set-up for cuﬂ:ng a maskant coating in *repcrahon for
chemically miling a bypass Guct assembly.



- fact, the mask coating is cut by a computer guided laser beam in a sort of
4-axis milling machine set-up (Figure V-3). The maskant is then peeled by
hand, great care being taken to see that it is all removed cleanly Since the
stiffening ribs are undercut, it is apparent that the cylinder is remasked

- somwhere in mid-etch. When asked why the whole thing hadn't been

machined since the attachment edges and bosses and pads needed it
anyway, a Chem-tronics engineer at an exhibition booth said that they
had "run the numbers”™ and found machining to be prohibitively
expensive. Since the duct requires about 200 hours for its production
while the etching takes "only about 20 minutes”, one must wonder how
the remaining 199.66 hours are spent. |

Estimators who "ran the numbers” on the S-IVB hydrogen tank
cylinder before it was built turned out. in retrospect, to be off by a factor of
10. As mentioned earlier, they said the tanks Would cost two and a half
times as much per pound as the skirts.

Machining, adm1ttedly a slow process for metal removal, has
acquired a bad reputation in the auto and appliance industries where
high speed and reduction of material loss are paramount considerations.

'For low quantity production, these atiributes are essentially meaningless
- chips are cheaper than paper. Machining large single parts which
combine all the necessary features of many has been shown by cited
examples to be the simplest and most economical method for building
aerospace structures. There is no argument with the fact that machining
is expensive; yet, when few units are made, the other piece-meal methods
are much more so. To make the most of it, the individual parts must be as
large as available material stock will allow. The work must be done on
correspondingly large machines. Figures V-4 through V-11 illustrate the
steps involved in making a fairlv large test cylinder, a subscale
representation of a much larger proposed tank for a launch vehicle. The
steps proceed from pocket milling a large plate on a gantry milling
machine to the finished flat part, from there to setting up and forming the
part in a 40-foot power brake, then hoisting this part into a weld fixture,
and, finally to the completed cylinder assembly consisting of three such
parts. The unit is 8 feet in diameter and 16 feet long.

-Chapter IV ( Figures IV-18 through 1V-21) described a large
pressurized shell, in that case, a habitable module for a space station. Its
fabrication would be much like that of the test cylinder just described,
except that the conical ends, machined from curved flat pattern shapes,
are a more challenging proposition for forming. The straight line elements

converge, calling for special tooling and procedures to feed the parts into
the brake. Note the adaptable features borrowed from Skylab experience.

Applying this construction to an axrplane fuselage is not quite as



FIGURE V-4 - Machining a test cylinder panel. Numericai control (iC) is not atways how
it's done, though the master pattern overhead was madse that way. o '
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simple unless it is confined to a constant section. probably a short one. it
“would mean that the rest of the fuselage would be more conventional,
losing the advantage of integral construction unless some method were
-devised to apply it where there is compound curvature. '

One suggested approach is to start with an approximation of the final
shape, converting lengths between body sections into semi-conical form.
These straight-line surfaces can be developed into readily machinable flat
patterns. How an F- 16 fighter's chape would be modified for this purpose
is shown in Flgure V-12.

Followmg forming by a brake or power rolls, the final compound
curvature would be achieved by shot-peening or heat treatment with
applied pressure against contour templates. More development is needed.

Those concerned about the wisdom of making such large machined
parts worry that a mistake would invalidate a large investment. There is
also expected difficulty with changdes once it has been made. In both cases,
it becomes necessary to devise a salvage redesign which will work. It has

FIGURE V-5 - A completed flat cyl rder panel. [t is 16 feet Jong and about 8 feet vide.
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V-12

been done before. each case being unique. and it does add parts,
obviously increasing cost. The result is somewhat patcliy, an undesirable
situation, but not far from normality in built-up construction. It is still no
excuse for starting that way.

Experience with programs like Delta has shown that occasional
rework is necessary, declining as learning accumulates. However, the
scrap rate is about half that encountered in sheet metal assemblies.
Evidently, any machine operator is aware that a mistake in such a large
part is a noticeable event. and he doesn’t want to call attention to
mistakes. On the other hand, the loss of a small sheet metal part is less
noticed and scrappage a more routine expectation.

When it comes to making changes which reflect changes of mind
rather than part spoilage in manufacture, that is the major thrust of
design guideline B. If attachment opportumnities exist in a regular and-

FIGURE V-6 - Applying edge shims to a co_mplefely machined panel before forming.”



predictable way. as they did on Skylab. (inadvertently} or the Delta isogrid
payload fairing (intentionally), a botched installation can be remedied by
moving the component a short distance away to nodes which have not
been damaged. An afterthought, like added insulation, can be
accommodated by picking up previously unused nodes. That occurred in-
at least one case where a payload under the Delia famng needed
acoustical shielding.

The standard stiffening pattern in the S-1VB hydrogen tank was of
little help when installations were made by cutting down the s:iffeners,
interrupting the nodal pattern to machine a welding pad in the skin, This
was initially the case on that program, but the standard pattern was still
there when needed for Skivlab. Having the pattern available is rict always
enough. It must be explained to installers that the pattern exists and
that the hard points in it {the nodal intersections) are the only zllowable
attachment points. Installation design is much simpler and lzss time

~consuming when the patterns are exploited.

It must also be standard practice to recognize the ﬂattern's
existence when designing cutouts and access doors or windov's. Much

FIGURE V-7 - Forming the large integrally-stiffened sogrid panel | in a 40-foc* power
brake.
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V-14

mischie{ can be created when these are made of arbitrary shapes which
fail to follow the reinforcement lines, as was dorie on the Delta program for
access doors in the interstage structural barrel. There have been such
misunderstandings in the past and probably will be in the f[uture,
unfortunately. It is one of the perversities of human nature to make
extensive alterations when more amenable ones will do. The first order of
business. then, is to make the intentions of such designs absolutely clear
at the start. ' :

When it comes to the manufacturing operation of assembly, probably
the less said the better because the only satisfactory way to reduce the
cost is by repeated exposure to the problem - that is, by learning. the cost
descending with quantity along the familiar "learning curve”. The only
way to obtain this experience is with production. However, even the
largest of aircraft contracts probably does not cifer enough experience and
learning to automate assembly and reduce its cost. Where companies try
automation, it is likely to be as much a public relations ploy, to create the
impression of "high-tech”, as any real attempt o be economical. It is only
human to be more interested in looking good than being good.

Just the same, there is one axiom of assembly efficiency worth
remembering. It was stated by "Dutch” Kindelberger of North American
Aviation after his visit to the Messerschmitt facilities in Germany just
before World War II. He said, "Don't let it get tco big too fast.” The practice

FIGURE V-8 - Checking the contour of the formed panel with an accurate femplate.
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followed by North American. leading to that company’s early reputation for
low cost efficient production, was to complete as much of the airplane as
possible in the subassembly stages. That is, final assembly operations
were performed on a very short final assembly lire. Workers did not
stumble over each other in overcrowded conditions.

This practice can only be followed if the design p=rmits it. The design
must feature well-defined margins and interfaces for separate units, Not
much imagination is needed to see that one very effective way to
accomplish this is the modular method described in the previous chapter.
What is good for adaptability, maintenance, and repair, is also good for
initial production, check-out, and, if necessary, replacement. At the early
stages of learning, a phase never completed in the lcw production typical
of space programs, the modular design habit should be most useful.

The elimination - or, at least, reduction - of assembly is one of the
major benefits from fabrication of very large, accurza:e parts. Large and
accurate are the key words here. They offer the prcspect of eliminating
assembly fixtures, serving in that role themselves. For example, the

FIGURE V-11- The completed test cylinder, 8 feet in diamete” and 16 feet long. The
propellant tank it represents would have been more fhcln four “imes as largs - 33 feetin
diamater by 115 faet, :
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INTEGRAL SEBLL DBSIEN PROCSDURE

® DEYELQOP FAIRED SHAP.E APPROXIMATION WITH SINGLE -
CURYATURE ELEMENTS — CONES, CYLINDERS, FLATS

@ LAY OQUT FLAT PATTERNS OF ABOVE SHAPES — STRAIGHTLINES
BETWEEN SECTIONS JOIN POINTS WITH THE SAME SLOPE
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© MACHINE PARTS FLAT
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FiIGURE V-12 - A suggested procedure or mcksng alrerarft fuselage integral shells wit-
compound curvature,
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forward face of an upper stage platform, shown in Figure V-13, is

intended. like the invisible aft face of this same assembly, to be a single

machine-perforated disc, roughly 13 feet in diameter, sculptured from .
0.7-inch thick plate. All the parts between, and attachments at the edge
pockets, are located by pre-drilled hole patterns in these parts. This-
sandwich structure assembly is the key element of the modular upper

stage system discussed in Chapter IV.

Manufacturing laid-up unidirectional composite structures is more
of an assembly than a fabrication process in the usual sense. In this case
it is just about a thread-by-thread assembly job. something like the textile
industry. That industry's product, mostly clothing, should be compared
on a cost-per-pound basis with other manufactured goods before
embarking on a large scale commitment tc built-up composites for
aerospace. While automatic machinery was first introduced in the textile
industrv and has enjoyed the longest use along with large scale
production, the price is unusually resistant to the economic benefits of
mass markets. Too many threads.

FIGURE V-13 - The front paylood atiachment face of a standard  upper stage platform,
It s infenced, ke the unseen back face of this 20-inch scndwich siructure, to be machined
from ona aluminum plate Cpproximately 13 feet in dicmater.
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This is why the cost of aerospace composite structure as currently
built has almost no chance of being significantly reduced, even if the
material were thrown in free. It is a repetition of the apparently forgotten
mania for fiberglass which plagued the aircraft industry about twenty
years ago. This time, though, the material does have the magical attribute
of low density, a property which should be exploited for truly light
structure. It is the form of the raw material, not its properties, which
stands in the way. It's a littie like developing a hfe -saving cirug with lethal
side effects.

RESEERXFREXELEERERTEEEERERRTRERER EEREEETLEEEEEER

CHANGE OF STATE

Shortly after World War II, about 1946 or '47, Frank Whittle, the
inventor,a prime mover of jet engine development in England,
was in the United States, discussing his work at a meeting of the
Institute of the Aeronautical Sciences {IAS, now the American
Institute of Aeronautics and Astronautics, AIAA). His address
was foilowed by the usual question and answer session

One smart young fellow said, "All through your talk you've been
referring to jet engine fuel as ‘paraffine’. I suppose you meant
'kerosene’, didn't you? I can't understand why you use a word
which defines wax, a solid, when you must be talking about
liquid fuel.”

Whittle's reply was, "Yes, it seems we talk different languages, or,
at least, dialects, on cpposite sides of the Atlantic. On our part,
we have equal difficulty understanding why Americans refer to-
petrol, a liquid motorcar fuel, as ‘gas’".”




Vi - DESIGN ANALOGIES, MYTHS, AND HABITS

The art of design has not changed significantly for many decades,
perhaps centuries. It is not noticeably affected by the level of technology.
Technology may change the tools available, but not the process itself. Itis
the art of understanding and defining the problem, followed by trial
solutions and the selection of an appropriate concept to solve the problem.
It differs from a critical analysis in that it starts with a blank sheet, ready
to benefit from the designer's experience and imagination. '

How it often works was well described in a 1947 series of articles in
the Saturday Evening Post by an experimental psychologist from Ohio
State. Renshaw by name. His wartime contribution had been the invention
of the tachistoscope, a machine which flashed whole airplane silhouettes
for about 1/100 of a second to teach servicemen how to recognize the
difference between friendly and hostile aircraft. Analyzing details hadn't
worked. The British tried that in a system called WEFT (Wing - Engine -
Fuselage - Tail) with minimal success.

The articles were about the workings of the subconscious mind and a
characteristic he called "structuring”. What happens, he said, is that the
brain, when confronted by a problem, subconsciously sets up a framework
- scmething like a spreadsheet computer program, but far more
sophisticated. Into this framework it inserts facts, subroutines, and
guesses to blend, prioritize, and compromise unknown conditions of the
problem until a solution emerges. This explains the "Aha!" effect, a
solution appearing, apparently fully formed, when least expected often in
the middle of the night.

He went on to say that this unrecogmzed talent, developed to some
extent in everyone, accounts for the ability of people to remember the
faces of others after many years, even after knowing them only slightly in
the past. Names and the circumstances of previous meetings may vanish,
but faces remain identifiable. At the same time, most of us are hopelessly
unable {0 remember the details of eye shape or color, nose type, eyebrows,
mouths, chins, hair, and head shape. Witnesses trying to reconstruct a
suspect’s appearance for a police artist are notoriously unable to bring out
a recognizable likeness. They retain the whole picture but have little
recollection of detaﬂs

Everyone has occasxonally seen someone at a dxstance whose
appearance seems so familiar that the observer has embarrassed himself
by waving in recognition. The puzzled recipient of the greeting, on closer
inspection, tums out to be somebody else. So, while we may form general
relational images, we also retain enough mernory of detailed arrangement
to verify a mistaken identity.
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Renshaw f{urther demonstrated the "structuring” capability by
having every student he taught learn how to expose all 52 cards in a

playing deck one at a time and then, looking away, turn them up in the

same sequence, calling out their identities correctly. According to the
articles, while the time to master the skill differed, every student managed
to succeed, and all in the same way. After slogging through the exercise in
fumbling fashion for a while, the pattern suddenly fell into piace,
repeating unerringly thereafter.

While humans seem to possess this talent naturally, it is possibie to
lose it. One of the best ways, according to Renshaw, is exposurs to formal
education. Our educational system channels thinking inwo narrow
formalized subjects, dragging the mind away from whole-concept
recognition. Renshaw illustrated his point by showing a variet: of people
an out-of-focus black-and-white closeup picture of a Guernsey cow. Most
adults thoughtfully analyzed the patterns of fuzzy black and white before
finally giving up. Youngsters of pre-school age recognized it ins:antly as a
cow.

In similar fashion, the formal procedural routine practicec on the job
by working engineers, has been emphasizing "organized” apcroaches to
problem solving, masquerading under the title of "system ergineering”
and featuring "trade studies”. This activity has probably received much of -

its impetus from the existence of computers, their accurate and rapid -

computational ability, and the tabulations necessary to make their

- information storable and retrievable. Unfortunately. it has tendzd to make -

engineers think a lot like computers when, in actual fact, they are much
more capable. This is not to say that computers are not magnificent
working tools; it's just that their output must be mterp eted with

judgment.

- While a computer can analyze ~with lightning- rapidity, it is only
able to perform as it was programmed. It lacks imagination. It cannot
interpret unusual or unexpected relationships, the sort of thought that -
produces inventions, or even minor variations on familiar themes, what
we know as analogies. It is equally incapable of recognizing the wrong -
analogy when it shows up. This is sadly becoming a characteristic of
engineers who have been trained to follow "organized” procedures.

Skylab - the Protection Shield That Wasn"t

When Skylab was launched it met with catastrophe. A meteoroid
shield was torn off by air loads, taking with it one of the "arms” from which
the power-generating solar arrays were to deploy. It also jammed the other
one, making the deployment mechanism inoperable. In one ¢f the more



interesting space adventures to date. the first boarding crew was finally
able to release the surviving solar array and rig a sun shade to keep
temperatures under control. Ultimately, the mission was completely
fulfilled and valuable information. not to mention experience, was
obtained. Luckily, a recovery was possible and a shield for meteoroied
protection proved to be unnecessary. '

The main finding of the ensuing investigation was that the meteoroid
shield was improperly sealed, that air under the shield, at higher pressure
than the thinning atmosphere being traversed at the time, lifted the sheet
metal blanket, allowing air to get under the leading edge and tear it off.
The blame for this was placed on the design group charged with the
responsibility for doing a spectacularly thorough job of sealing and
venting to prevent such a failure. While all this contributed to the
anomaly, it was not the primary cause. : : - :

The protective shield, also acting like a radiative insulation layer for
the "vacuum bottle” surrounding the inhabited volume, was intended to
stand off the tank wall a uniform 4 inches all around. Since there was no
load on it in space, it was nothing but a 40-mit unstiffened aluminum
sheet, wrapped snugly against the tank during launch. It was expanded
by extension of a fold-over section and guide links at the ends after its
release along a pyrotechnic "zipper®. As originally conceived, it was to be
rigged to a tightness approaching the yield strength of the sheet material
so that it would resist expected pressure gradients. Control of the gaps
around the edges, as later events proved, would be very difficult for about
160 feet of thin panel edges. To maintain a uniform edge seal for such a
thin sheet against the tank cylinder would not be easy to assure or even to
measure. : : :

This is where the wrong analogy entered inio the picture. While a
tensioned sheet - or cable winding - wrapped around a cylinder causes
hoop compression just as an application of external pressure does, it was
also assumed by the stress department that the allowable compression
- stress would be the same in both cases. Of course, a snugly fitting wrap
doesn't work in the same divergent way as external pressure does after
the circular cylinder goes out-of-round under load. Apparently, cables
wound on hollow drums can stress the drum far beyond the level at which
collapse would occur from external pressure. However, very little
information on the allowable load intensity was found, so a small-scale
test was proposed to establish appropriate ccefficients. The Skylab
program, however, had established a "no test” philosephy to convey the
impression of cost consciousness, the test was disallowed, and the {limsy
meteoroid shield was carefully loosened to prevent collapse of the Orbital
Workshop cylinder wall during launch. So it came off. Since none of this
got into the official investigation report, it is one of the many "lessons” not
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learned on Skylab to be available for future designers faced with similar
circumstances - or perhaps avoiding them for the wrong rezsons.

Space Shuttle - the Cargo-Carrying Bomb Bay

Analogy is always at work to some extent in the design business. It is
useful to remember a previous design which approximates the device or
system currently under consideration and apply it to new circumstances. -
For example, the Space Shutile payload bay was assumed 0 be much the
same thing as bomb bays designed into combat aircraft. Th2 same kind of
construction was adopted - a pair of longerons along ths free edges at
either side, stabilized by internal transverse frames which zlso stiffen the
shear-carrying side panels. (Figure VI-1)

It seems to make sense until one considers that bomss are secured
in place by bomb shackles up in the center of the bay, not zlong the door
hinge lines, where Shuttle payloads apply the large ine-tial reactions
caused by launch conditions.

WING
C23RY-THROQUGH

DOOR LONGERON SIDE PANEL
o

ELEC WIRE TRAY

SILL LONGERON

MAIN LANDING GEAR
TIUNNION SUPPORT:

DOOR HINGE FITTINGS (13)
WING ATTACH IN"ERFACE

BOTTOM SKINS \
FRAME STABILIZERS

FIGURE VI-1 - The Space Shuttle Orbiter center body, a payload bey built like a bomb'

‘bay. Though unnecessarily complex, and based on an inapprop-ate analogy, it is

probably the best designad structure in the vehicle. '



When properly stabilized, the longerons can effectively handle thrust
loads, but not side forces. Such long beams would be prohibitively heavy.
Therefore, in the Shuttle, these loads are resisted at the keel on the bettom
centerline of the bay, far removed from the center of gravity of the typical
payload. The moments resulting from this eccentricity are then handled as
a vertical force couple between longerons on either side of the bay. These
bending moments exact their penalties in the form of structural weight in
both the carrier vehicle and the payloads. The latter are the more heavily
penalized.

The major thrusting loads, as mentioned before, are carried b the
longerons at a pair of points 188 inches apart (15.66 feet) and 14 inches
above the centerline of the payioad envelope. Even the cradles suppcrting
relatively small payloads must bridge this long span and take the load
eccentrically at only two points. The bay was obviously designed to work
with a full 14- or 15-foot payload weighing close to maximum capzcity,
originally advertised as 65,000 pounds. o

So far;ythe only payload close to this size has been Spacelab and it,
fortunately, weighs a lot less than the maximum. Meanwhile, for cther
delivered spacecraft and satellites, a typical penalty for an adapter cradle,
the fixture allegedly "integrating” it into the Shuttle, is on the order of 25
per cent or mnore. No other carrier so heavily penalizes its payloads. What
it means, of course, is that the unattained maximum payload (made
unattainable since the Challenger disaster) was more like 75 to 80 per
cent of the claimed 65,000 pounds - perhaps 52,000 pounds, at dest.
Actually, no Shuttle flight carried more than 50,000 pounds and delivered
much less as useful payload, with future prospects considered to be much
lower. It makes one wonder how valid the Space Station program
estimates of flights to full operational capability really are. Has sufficient
allowance been made for undefined adaptation hardware?

When it comes to the loads vertical with respect to the payload bay
coordinate system, primarily the crash landing conditions which must
be meet even if never experienced, the situation worsens. These forces are
applied at trunnions along the inside edge of the longerons, 11 inches
away from the outboard side panels which eventually carry them. They
can only be resisted at the frames, spaced non-uniformly about 5 feet
apart, and the longerons are too shallow to function as effective bzams
between frames. Since the payloads, already penalized enough, cannot be
expected to adjust their attachment spacings to fit the frame spacing, a set
of removable bridges has been devised to fill the interframe gaps cn an
"as-needed” basis. They are not particularly light or efficient or
standardized because of the non-uniform frame spacing previously
mentioned. At the bottom center keel, side loads can also be
accommodated only at the frames, creating a similar set of bridges, these
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bémg further comphéated by the inability of the keel atzachments to carry
thrust forces. There are other complexities, but the description is already
complicated enough.

If all this sounds like a ‘coﬁﬂlic'ii'ng set of aftermthoughts created by

‘inadequate initial planning, it should. What should also be clear is that a

bomb bay is a poor analogy for a cargo carrying space, that the more
appropriate one would be the hold of a commercial airlifter where there
are tie-downs all over the floor. This would suggsst that the semi-
cylindrical inner contour defined by the tops of the iransverse frames,
instead of being only a non-structural liner, should become load-carrying
structure with means for support of payloads like a cargo-liner's floor..
Instead of a payload bay cross-section like that shown in Figure VI-2, the
existing configuration, it might be more like that in Figure VI-3. That is,.
the structure needs to be turned inside-out, the carg>s bay liner turning
into an integral open isogrid array (equilateral triangles. like Skylab {loors
and partitions} without skin but with lots of anchor pcints built in at the
grid nodal intersections. To minimize weight growth, these hard points,
the inherent intersections of bars in the grid lattice. can be capable of
receiving tie-downs but needn't be burdened with them initially. The
compartment can be sealed off with a very thin liner {film, if necessary, for

PAYLCAD ENVELOPE

_
UPPER LONGERON & ——. "

/—CUR'VED UPPER FRAME CAP

LATERALLY STABILIZED
v BY STRUTS

/._. . \!H\

o B INTEGRAL UPPER
: : . _ - FRAME
: i \__/ _—LOWER FRAME -
} . i N\:pqix/_su:u-up TRUSS
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_/ 1 d . |

SIDE & BOTTOM PANELS - INTEGRALLY
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FIGURE VI-2 - A typical cross-section through the Orbiter paricad bay, showing the
jumbled mixture of construction phitosophies involved. Payload ir srtial forces, opplied at
the inside edge of each upper longeron, make infer-frame bridgss necessary.
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FIGURE VI-3 - When the siructure is turned inside oul, the main load path be-ween upper
longerons and keel is an inferngi inlegral open sogrid half-cylinder which is i+ line with the
applied pavioad forces. No lcngeron or keel bridges are needed. Frames, fewsr and
farther apart, are also open integral trusses, providing passage ‘or systems
intercommunication without rewvork. -

ventilation control.

When something like this is done. interesting possibilities emerge.
First of all, the bridges can be eliminated entirely because the loads they
were feeding indirectly to main structure can be put directly into the
internal shell. Small payloads could then be mounted on this liner .
structure - not necessarily ideal, but an improvement over 15-foot cradle
beams. Frame spacing could probably be increased and, with any luck,
made uniform. Finally, the outer side surfaces, no longer ctructurally
necessary, can become removable modular panels, carriers of accessible
and replaceable subsysterns. modules, as described in Chapter IV. It also
permits access (o the volumes under the cargo bay when a load 15 in
place.

The Shelvador

ﬁlis natne was bestowed on a package-carrying door for refrigerators
made by the Crosley company. When f{irst introduced in the early 1930's it
was a novelty protected by a patent which earned for the Crosley company



a larger share of the refrigerator market than would otherwise have been
expected. Besides, it made a lot of sense. As long as a refrigerater must be
sealed by a door, why not use this structure as something more than a
lid? By incorporating narrow shelves, it can be made part of the food
storage volume in the box. More than that, as this space is swung open, it
uncovers the in-box storage behind it, making both sets of contents
accessible. At the same time, it permits the main shelves {o be shallower
and less likely to contain hidden packages in the back rows. In general,
packaging can be both denser and more accessible - denser because no
passages need to be reserved for withdrawal of the contents, and more
accessible because part of the stowage volume swings away.

For some reason this ingenious idea seems to have found little
application except in refrigerators where it is now universally the rule. The
Crosley company's competitors lost no time adopting the practice after the
patents ran cut in the 1950's. Perhaps the hinges on most other doors are
too flimsy to accept additional weight, although there are occasional signs
that the idea is recognized. Kitchen cabinet docrs sometimes support
spice shelves, and house doors can be found with letter boxes attached.

Probably the only aerospace application of the storage door can be
found on the Lockheed F-104 fighter, a machine which offered many other
examples of design excellence. The central units of this airplane's
hydraulic system are mounted on the inside of a door under the engine
compartment. Electrically-driven pumps, regulators, and accumulators,
with their interconnecting plumbing, are arranged like commonly used
hydraulic system training units; the door even hinges on hydraulic swivel
connectors. As this installation swings down for easy inspection,
maintenance, or repair, it also exposes the underside of the engine for the
same treatment.

In conventional stressed skin construction, where the stiffening

patterns are rectilinear, large openings like this tend to cause weight

penalties, setbacks which are accepted for the access they offer to critical
subsystem units. Sometimes, the penalty is reduced, but not eliminated,
by making the door load-carrying. Stressed docrs like this, held in by
closely spaced bolts around the perimeter, are removed with difficulty and
not at all rapidly. They are also subject to damage like stripped bolts and
nutplates when frequently opened. While it may not be possible to get
something for nothing, much of this difficulty can be overcome if the basic
structural stiffening arrangement is triangular or diagonal, automatically

shear-carrying whether a skin is present or not. Where appropriate, the
skin, if needed as an aerodynamic fairing or a thermal barrier, can be a
quickly removable, possibly hinged, door panel. The back side of this plug

can be designed as an equipment mounting surface, preferably with a
standard "pegboard” pattern like isogrid which has universal application -



and is also sirong and light.

To illustrate this concept, Figure VI-4 shows an access door on the
- Delta launch vehicle as it was actually built. The siressed door swings
open to allow an elcetronic package to slide out on a irack for access. This
may look like a fairly neat idea, and has been so considered by some
observers, but there are a few drawbacks: '

‘The door, like all stressed doors, comes off slowly. Its jamb distorts so
much if the door is opened when the tanks are full that it  cannot be
reinstalled. This has happened and has led {o the production of a heavy
removable {rame (o reinforce the opening for such events.

Wlhen the electronic package slides out {or service, it completely fills the
opening, making anything else in this intertank space inaccessible. That
accounts for the other access door.

To position the cleetronic package so thal it emerges in the right
place, it is installed lar inboard from the structural shell which must resist
its incrtial toads during launch. This creates a heavy set of beams and
brackels (o fecd the load out. A major cause of overweight in flight vehicles
is this practice of carrying load in long flexible beams - the cradles in the
Space Shultle, for example.

PROPOSED DESIGN EXISTING DESIGN

12 IDENTICAL PIECES e ESTIMATED 120+ PARTS
¢ UNSTRESSED COYER PLATES ARBE: , STRESSED ACCESS DOORS
- EQUIPM'T MODULES

~ ANTENNA WINDOWS : 4 EQUIPMENT BLOCKS ACCESS
» TANK VENT PORTS ¢ LARGE WIRING LOCP CAUSED
= ACCESS DOOQOAS: BY TRACK TRAVEL

¢ NO ASSEMEBLY TOOLING REQ'D © 5 {NEFFICIENT LOAD PATHS

FIGURE VI-4 - A compgrison of a simpiified interiank structure for a Delia launch vghicle
wlth the existing design. The anticipation of subsysiem needs in the structure i fypically
lacking in such cases, the Delta vehicle being no worss off than moest.
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Then, of course, there is the long {and. consequently, heavy) wiring
harness which must stretch to accommedate travel along the track
without becoming caught in it and jamming the action. The track itself is
another heavyweight like the supporting beams and prone to becoming
jammed by little objects. Further, if it works {reely it does not support its
load very rigidly, making its survival in a shake test a bit doubtful. If the
adjustment is too snug, the track can seize. Hinges are much more
reliable and a lot lighter. Essentially, this ins:allation has been considered
analogous to a file cabinet or electronic rack, another example of the
wrong analogy. '

Alternatively, if the basic intertank structure consists of "X'-shaped
integral panels, interspersed with diamond-shaped holes, as shown on -
the other side of the figure, equipment can be mounted accesssibly on the
inside of panels covering these holes, feeding inertial loads directly into
the shell, allowing rapid release because they are not needed as primary
structure, and permitting easy access to the spaces behind them when
they swing out. Panels like this can aiso, if made from dielectric
materials, serve as antenna "windows". In cther applications, the holes
can accommodate umbilical panels or veniilation shutters. Of course,

_electronic packages of the present size wouldn't fit but also wouldn't be

likely to grow as large under different circumstances, their place being
taken by more and smaller units.

Perhaps the ultimate application of th2 "Shelvador” principle is the . .
conversion of a Space Shuttle payload bay cdoor into the cargo carrier, as.
mentioned in the discussion of modularity (Chapter IV}. This permits
cargo manifests to be installed and checked out while the Shuttle is in

“orbit, offering large benefits for reduction cf ground time. It would seem

also to permit a similar exchange at the cther end of the trip if a first
knocked-down unit can be assembled in orbit, ready to fill the payload bay -
gap for subsequent entry. Such units, in fzct, could replace the "logistic
module” now contemplated for a space station as long as berthing
interfaces and, poss1b1y, pressurized canisters were mcorporated into

their demgn

The whole area of de31gn with equlpmﬁnt carrying outer panels held
in an open skeletal structural frame is largely unexplored Further .
examples, like the modular family of upper stages mentioned in Chapter
IV, need to be examined in greater detail.

Accessible Enginé Installations

An engine compartment urgently needs to be accessible because .



there is so much ecquipment that must be examined, checked out,
repaired, or replaced, and the engine itself makes a formidable
obstruction. This is why jet engines are mounted on npylons, covered by
removable panels. Reciprocating engines, for the same reason, were
mounted on open trusswork ahead of a firewall and covered by easily
reinovable cowlings. A {urther virtue of such installations is the ability (o
offer the same basic airplanc powered by differcnt engines in the same
general class and o update with more ellicient or power{ul units at a later
tirne, '

Rocket engines are often out in the open with no cowling around
them, though their accessories may be buried behind some form of heat
shield. In the case of the Space Shulttle, the ultimates in inaccessibility
seems to have been reached. The engines, a cluster of tiiree, are supported
by trusswork, closcd off by a heat shicld bulkhead. and surrounded by a
heavy structural shell, as fllustrated none too clearly in Figure V1-5. This
is an attempt lo show a very complex installation in simplified form. All of
the equipment is omitted for clarity, but the pump supports where the
feced lines meet the engines show that all three engine installations are
different. It is hard lo foresee any great improvement in turnaround time
for this vehicle as long as such an inaccesible condition prevails. No
amount of advice from airline experts can make the necessary design
allerations, the cure which might work.

SHELL STRUCTURE THRUST STRUCTURE

FIGURE VI-5 - The interdependent shell and "fruss” siructures of ‘ne Space Shuttle Crbiter
aft fusetoge. Because the "truss™ is not a complete siand-alone si:ucture, the outer shell s
indispensable in his design, making ready access 1o the sybsystems in this compartment
impossible without large weight penalties.
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The trusswork should offer all the structural support needed in this
area, except that it is not a complete truss. It is not stable unless it is
connected to the shell. The inability of the members to handle the
exiremely large thrust loads comes from an arrangement that must leave
room for six 12-inch propellant feed ducts as well as furnish hard points
for turbine pump and gimbal actuator reactions. A geometric hodge podge
is caused by a square gimbal pattern superimposed on a triangular engine
cluster - thus the dissimilarities at the three mounting points.

Study of the situation reveals that the problem seems to have arisen
from semantics; the gimbal axes which position the engines have been
labeled "pitch” and "yaw” which have been interpreted to mean the pitch
and yaw axes of the overall vehicle system. If these axes are recognized as
mutually perpendicular directions which can be rotationally oriented in
any appropriate way, the engine cluster geometry can be dreatly
simplified. The . interface plane pattern, as shown in Figure VI-6, is
basically symmetrical about a line between the gimbal actuator
attachment and pump support points. In a triangular grouping of
uniformly spaced engines, the symmetrv lines can converge at the center
of the pattern, creating essentially identical patterns at the comers (Figure
V1-7). The mathematical rotation of gimbal motion components into the
vehicle's pitch and yaw directions is a relatively simple algorithm for a

FUEL PUMP

FLUID |
DISCONNECTS — : |
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THRUST L 4
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ELECTRICAL
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SYMMETRY

FIGURE VI-6 - The basic geomefry of the Space Shuttle Main Engine (SSME) mounting
intarface, shown aligned with the vehicle coorginate system. The interface is essenholty
symmetrical about a line bisecting the angle between gimbxal axes.
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CESYMMETRY PLANES
CONVERGE ON .
CENTER OF
PATTERN

FIGURE VI-7 - How a three-engine clusier can be organized fo offer identical instaliation
for each of the engines by arienting the thiae interfcses so that their symmetry planes
converge at the cenler. The integrally machined oper ‘russ-work at the angine mounting
planea always coniains the elements shown but can be extended 1o the oufer surface as
neaded in different gpplications. .

guidance compuier, c'onsidering all the other computations it pefforms.

The canted plane defined by the {hree endine thrust points, conlains
a triangular face of an octahedron, its ferward counterpart being a
reversed triangle on the aft bulkhead of the payload bay. This geometric
arrangement is shown in Figure VI-8. Figure VI-9 is a photo of a small
scale model which more clearly, if incompletely, describes the situalion.
This distorted octahedral box is all the structure necded for the Orbiter's
afl end. all the external panels being removatle for access, serving as both
cquipment-carrying modules and as a heat shield to protect the enclosed
volume. The engine support structure can be functionally (with
appropriale disconnect provisions) and structurally isolated {rom the rest
of the vehicle, facilitating ils removal for replacement and updating for
advances in performance or technology. Its adaptation for other vehicles
based on the same system can also be contemplated, as 111ustrated in
Figure VI-10 .
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The "Quick and Dirty" Myth

It is too often assumed that something which looks crude is
inexpensive. It is, to be sure. a "cheap™ way to go if the word "cheap” is
correctly interpreted to mean lower quality. However, if a one-of-a-kind
test or demonstration article is made of a lot of pieces, such as a
substitute machining blank built up of welded elements, cost will increass
rather than decrease. This is what was discovered in the cost analysis of 2

prototype fuselage bulkhead in 1953, the case of the XF3D-3 mentioned in
Chapter IL o '

In the welded blank example, the various pieces must be held in
proper alignment to assure a reascnably sound weld; that means a tool. a
weld fixture with appropriate stops, clamps, locating pins and holes, ard
probably partial dismantlement for removal of the finished part. Extra
man-hours are incurred by designing and building the tooling. They are
bound to cost a lot more than simply starting with a much larger blark

- and spending a bit more time making chips. Weldments, beside degrading

the physical properties of most materials where least wanted, frequenty

| : EnGINE AOUNT PLANE
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FIGURE VI-8 - The overall geometric arangement of the fri-symmetric engine grouging
s it applies to the canted thrust vector raquired by the Space Shuttle Orbiter.



applied to a siand-alone iruss system for the Space Shuttle. The outer shell can then be
made entirsly of removable panels, possitly with equipment mounted on their inside

distort out of shape, adding a straightening operation. This may be
necessary both before and after machining, as internal stresses are
relieved by material removal. Then, of course, there is the added paper
work to keep track of the extra pieces, extra inspections, and extra
operations, a cost which probably exceeds all the others combined.

. Therefore, if a demonstration unit is part of a proposed design effort,
it might as well be just like the ultimate finished article. The result is a
much more presentable and authentic product, one which also will not
need cormmplete redesign for a working system. '

The only pfoblern is convincing a customer that he is really getting a
bargain because the bidder knows what he is doing and can do it for less.

"Let's Do It the Old Way' - Another Myth

In a recent bit of brochuremanship put out by a contractor, the
impression of economy was conveyed by a chart with the sheet metal
details shown in Figure VI-11. :
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The subject was an expendable payload carrier for a Shuttle-derived
launch system. The caption read "Conventional Construction Employed”,
as if that were the economical and preferred design for an expendable
system as opposed to the more carefully sculptured machined metal
design on the Shuttle itself, Not that the Shuttle design is completely
satisfactory, because, as already mentioned, it seems to be insice out. A
more appropriate and economical redesign for any vehicle, expendable or
otherwise, calls for more integral construction, not less.

In a Shuttle-derived launch system, if the payload carrier is
expendable while the propulsion module is not, too little of the present
mid-body structure is appropriate. To begin with, it is not readily
dismantled in flight, That is, a fairing, shroud, door, or similar payload
protection should be ejected as soon as there is no more atmosshere to

6 - SEGMENT FOLDING
PROTECTIVE LID
THAUST PAD '
{6 PLACES)

NS 3 PLACES

FIGURE VI-10 - How a particlly expendable boost system, built from Spcse Shuttle
components {modified In the case of the External Tank) can benetit from a recovercble
engine pod which incorporates the tri-symmelric engine arrangament. The cer-ar portion.
of the engine mount plane bulkhead is identical to that found in other applica: ons.



fight. Propellant is saved and payload increased when this can be done.

A design governed by these considerations is shown in Figure VI-12. .
Not havilng to {air into a wing, this carrier's cross-section {and weight) is
reduced by undercutting the lower corners, leaving only a narrow strip
next to the expendable external tank (ET). This strip must flare outward at
the aft end to cover existing - and retained - Orbiter attachment points and
propellant {eed umbilicals. The basic load carrying section {(Figure VI-13)
as a result consists of the longerons {appropriately sized and shaped to
accommodate payloads designed for Shuttle), an inner integrally stiffened
open isogrid semi-cylinder, a keel element with integral payload support
provisions, and a vertical longitudinal shear truss which connects to the
Lottomn centerline strip. This strip, incapable of being discarded because it
is trapped against the ET, is integrally stiffened to worlt as part of the basic
structure. 1t is intended that the external sidewalls, the door, and the nose
fairing all be ejected on ascent as soon as airloads and heating effects have
sufficiently subsided. Since the structural shell attaches to the inside of
the longerons-where payload forces are applied, there is no need for the
ever-present inter-frame support bridges and less need for the frames
themselves. Consequently, the {frames are lighter, more wxdeiy spaced, and
external to the shell.
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FIGURE VI-11 - Sheet meta! details of an expendable payload carrier for a Shuitle-
‘derlved launch system. This "conventionc! consiruction” was offered to convey the
impression of economy.
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»

EJECTA
PANELS

FIGURE VI-12 - A desigr for an expendable payload carrier apply ng the integral
construction philosophy. Fewv er but considerably larger parts are the key o reat economy
whether the vehicle is expendable or not.

Similarly. the central keel longeron is part of the basic structure and
machined to shape like a wing spar cap. Containing continuous
accommodation for payload keel trunnions, it also dispenses with
auxiliary bridges. : :

Since the payload doors are ejected while the engines are still
thrusting, it may be necessary to retain at least a part of the outer skin for
a modicum of torsional stiffness. For the balance of the external area, the
panels should be the largest possible ejectable units, made, if possible, of |
chopped-fiber-reinforced plastic foam, shaped by spraying against the
inside of a mold. This construction method is also recommended for the
nose fairing. The rest of the load bearing structure is machined from the
largest obtainable aluminum alloy plates, it having been demonstrated
already that the most economical airframes are made from the fewest.
parts, irrespective of the fabrication method.

It is true that the aircraft made of sheet metal several decades ago
were less expensive than the ones made today, but that is also true of



everything that was made decades ago. Inflation has taken care of that.
However, what is true today was true then, that reducing the numter of
parts reduces cost, although at that time there were not such large milling
machines, there was no numerical control technology, and rolling and
forging mills were not producing blanks of the needed size. In those t'mes,

the improvements in part count and handling of picces were embodizd in
the sheetl metal construction which was then supplanting the [rail vood,
wire, and fabric methods used for the airplanes of World War L.

The passage of time was graphically illustrated in a regular feature of
the AIAA publication Astronautics and Aeronautics, now called
Aerospace America. In one of the magazines published in 1983, the 50
Years Ago page carried an item about the U.S. Navy's air arm budgzt for
the year 1933. For the breathtaking swn of $9,320,000, the Navy plenned
to procure two aircraft carriers and their complement of 90 airplanes.
Nothing was said about subsequent cost overruns, as likely then as now,
but think of what could be done in those times {or considerably less than
half the prlce of a modern jet fighter!

So, if we want drastic co:t reduction, we might hope to accomgiish it
by turning the clock back. something that present techinology is still
unable to do. All we can hope is that we arce able to recognize what we have
done right, and wntmue lodoitin Lhe fulure, perbaps in a modifiec form.
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FlGURE Vi-13 - The core struc’rum cross-section for an expendoble Shume substituie
payload comer _
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The Stressed Skin Efficiency Myth

Stressed skin construction was an improvment on trusses covered
with fairings as indicated in Figure VI-14. It was efficient because it was
a design compromise, but the stiffened semi-monocoque shell itself
cannot rightly be called more efficient on purely structural grounds than
the basic truss structure it supplanted. The advaniage lay in more
efficient use of internal space since the outer fairing was not a parasitic
add-on dictated by aerodynamic considerations. Instead, it was the
structure itself.

The new stressed skin technology spawned a completely new set of
production machines like the hydropress for flanged flar sheet metal parts
and stretch-forming machines for skin panels with compound curvature -
also handy for shaping of extruded frame caps. Rcuter blocks and
blanking dies came into use to eliminate hand work, contrilbuting to the
production miracles of World War II.

With these investments came the habit of building sheet metal shells
and a reluctance to depart from this practice. A body of literature emerged .
to guide designers and analysts in the methouds to apply in designing -
such structure. At the same time, the conventional wisdom propounded
the notion that truss structure was inefficient for all applications, even
ruling it out for internal structure, which was a real mistake.

TRAUSS FAAME] | ACED BY . STRESSED
& FAIR!NG‘-7 | REPLACE SKIN |-

® EOEERS, SADINGERS, & 45 FULL SHELL WORKING

@ TRUSS DEPTH LIMITED @ FULL DEPTH STRUCTURE
@ SMALL USEFUL AREA @ LARGER USEFUL AREA

FIGURE VI-14 - Stressed skin construction successfully replaced the earlier construction
method involving parasitic fairings added o a truss frame for the reasons shown. it is not
superior structurally and is not appropriate as internal structure for inat reason.
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LIGHTENING" HOLE INEFFICIENT,
REQUIRES REINFORCEMENT

DIAGONAL SHEAR WRINKLES WEB,
COMPRESSES JOGGLED STIFFENERS, ADDS
SECONDARY BENDING IN CAPS

o

FIGURE VI-15 - A simplifiec sheet metatl buill-up beam sized to minirze waxgm by
alicwing the shear webs {0 wrirkle. The consiruction i obstructive, made of many pieces,
and not very odcptoble withoot Subsionhal rewaork,

One elfect of this design philosophy has been the orthogonal
arrangement of struclurzl elements. The old fashioned triangle has been
forgotten. Bul it is still the only stable polygon provided bt nature, in
spite of the relentless march of technology. These ideas have led to some
very incflicient ways of feeding load around penetrations, the misnamed

"lightening” hole, for example. The curved path around its perimeter has
an eflect opposite to that intended by removing material.

Then there is "diagonal tension”. another phrase o conceal the fact
that nalure is getting even by finding a diagonal load path when none has
been provided. This adds to the load (and the weight) in the vertical
sliffeners as they struggle Lo resist the tendency of the beam caps to pull
together. An addilional effect is secondary bending in the caps themselves
from the distributed pull of diagonal tension, causing stresses which are
superimposed on the basic tension and compression induced by bending
moments. The situation is illustrated in Figure VI-15.

These effects stem f{rom tihe inability of thin sheet to lhandle
- compressive loads well. if at all; it wrinkles, still cartying tension but
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BOND LINE

FIGURE VI-16 - A grid-stitfened sheet metal constructior with @ minimum number of
parts. The skin and grid are separate to limit crack propagction. The attachments at grid
nodes preveni ihe bond from peeling, the penetrations occuring only where there is good
local reinforcement. '

ineffective in compression. It can be stabilized for shear and compression
resistance if stiffeners are closely spaced, but when these stiffeners are
riveted angles or the equivalent, unusually close spacing means excessive
weight in the attachment flanges. In the outer shell, this has led to the
concept of an "effective width" of skin acting with each stiffener. There has
to be some loss of efficiency because there cannoct be an "effective width”
without a concomitant "ineffective width". Then there is "inter-rivet
buckling”, the formation of transverse wrinlkles across rivet lines when the
rivets are not spaced closely enough, a situation which can pop mvet
heads off as load increases, making the problems even worse.

The sxmple way out is integral construction. stxﬁ'ener spacing being
determined by elimination of skin buckling. In addition, the triangular
arrangement of stiffeners called isogrid offers a secondary structure
redundant to the skin it stabilizes while it remains strain compatible with
that skin. Both "fail safe” and fatigue resistant properties are enhanced. In
the fail safe case, the skin and stiffening lattice should probably be

separate pieces, attached fo each other as shown in Figure VI-16.
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Misconceptions about Trusses

In keeping with "conventional” design philosophy, trusses have been
pictured as built-up assemblies of hollow tubes and fittings, as shown in-
Figure VI-17. The wing spars of the Boeing B-17 bomber were made
somewhat this way out of square cross-section alurmnum tubes, including
the caps. :

’I‘hey were a headache for manufacturing, involving a square cross--
section buckmg bar {called a "mouse} for riveting gusset plates to the
~tubes. The "mice”, at the tips of long rods, were inserted at the spar cap
ends, their position. in line with a rivet, inferred by measurement of rod
length. The bucked end of the rivet, inside the tube, and thus invisible,
could not be adequately inspected. To be on the safe side. the next larger
rivet was indicated. These assemblies of tubes have given trusses a bad
name and a not unfounded reputation for structural inefficiency in this
form. The tube with its inaccessible interior is hard to attach to anythmg
except by the mouse method or blind fasteners, and it certainly can't -
readily be attached to another tube without an intervening fitting or gusset
- or both. In earlier truss construction, the tubes, made of high strength
steel and welded directly to each other, made a somewhat more compact
joint, but the material, an iron alloy, was about three times as dense as
aluminum.

Tubes are appropriately efficient for long slender columns and if a
beam assembly is deep their selection is justified unless intermediate
support can be provided. As long as the the cross-section is tubular, round
or square, breaking the span length to add such support is impractical
because the joint weight and cost becomes unacceptable. It follows that
there should be some other more suitable shape for a truss bar.

When the entire truss is a single piece machined from a single plate, -
the cross-section can be an "I" shape as shown in Figure VI-18, Bars then
cross one anocther, those in tension stabilizing the ones in compression. To
be sure, there are nodal penalties in such a case, but part of the extra
weight can be reduced by properly placed holes. These, in turn, become
rational points for attachment of equipment, eliminating or minimizing
bracket weight. At the same time, any intercommunicating cables,
harnesses, or pipes can snake through the construction without degrading
the structure and without entailing more parts. Extended negotiation and
argument, prompted by changes for equipment accommodation, is also
avoided. As was demonstrated in the floor beam example of Chapter i, the
deszgn can, and should, be lighter.
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FIGURE VI-17 - A simplified popular conception ¢f a built-up tubular fruss beam. It is
simplified by making the caps non-tubular, but each ertical and diagonal fruss member
consists of at least three parts.

FIGURE VI-18 - Variations on the machined integrai truss beam. All are producible from
the same starting blank, a thick aluminum alloy plate. The number of pieces remains the
same (cne) regardiess of the number of truss bars,



Trade Studies and "Optimization"

In these days of "systems engineering” it has become fashionable to
conduct "trade studies”. That is, various solutions to a design problem {too
often, a large number of mediocre ones rather than a few elegant ones) are
evaluated with the hope of selecting the "right” one. To some extent, this
has become a tactic for reaching a foregone conclusion instead of
achieving quality. It has also become a formal procedure which often .
selects one candidate without further pursuing answers to questions
raised by the evaluation That extra effort in itself can derive a new and
better candidate by combining features of the originzl ones. |

- If as much energy Were'focuséd on really grappling with the problefn
as is spent furnishing window dressing and justification, the results
should be consistently better.

For some reason, formalized studies always seem to start at "square
one", re-inventing unpromising ideas that should have been eliminated by
experience, That, after all, is what experience is ‘about - learning to
eliminate false starts by directing eflort down the right track.

Another shortcoming of the "trade study” evaluations, is the
assumption that they must rigidly conform to a set of pre-ordained
"requirements”. The only real requirements are those dictated by the
immutable laws of physics. Those that are made by people can also be
unmade by pecple, and should be recognized as alterable, especially when
they force imbalance in the design. The "requirements” should always be
questioned. - :

In the early 1970's, when the Interimm Upper Stage {IUS, now standing.
for Inertial Upper Stage) was being designed, a chart describing its trade
study for the construction of skirts and intersiage structures was
circulated through the industry. It dutifully reported that three candidate
schemes were investigated: unstiffened monccoque (boilerplate},
aluminum honeycomb sandwich, and conventional built-up sheet metal
skin, stringer, and frame construction. :

The monocoque shell was identified as the most economical but
heaviest alternative, and eliminated for its detrimental overweight. This
candidate is always included in studies of this kind. apparently just to fill
space, because nobody expecis it 10 be a winnér. Without any question, it

is the heaviest choice, but it is not at all certain that it is econornical; after '

all, it contains no provisions for installation of equipment or reinforcement
around openings to gain access to internal spaces. By the time these
unanticipated extras are added to the bill, the cost should not be far

behind that of built-up sheet metal. As interpretation of the S-IVB cost

VI-25



study showed, the basic structure of the aft skirt cost about a third as
much as the afterthoughts begotten by inadequate initial planning.

Honeycomb was identified as the lightest construction, but was ruled
cut by assumed highest cost, a likely finding by any company having
much experience with it. Again, its lightness, after it has been reworked
support equipment not accounted for originally, is in question. The
Shuttle-borne pallets for Spacelab are heavyweights which exemplify the
high cost of reliance on honeycomb construction - and compasites, too.

Skin, stringer, frame construction was selected as the happy medium
for all the reasons that put it into the S-IVB, mainly familiarity. The
candidate which could be expected to surpass all three, integral
construction, was not even mentioned. Anyone armed with the
information derived from the S-1VB experience could have made the
appropriate selection for the IUS skirts without the benefit of any trade
study. To put it another way, investigating past experience to develop
sensible guidelines for future application could eliminate a lot of
unnecessary labor and prevent loss of time spent wheel-spinning,

In another example, somewhat in the same vein, a 1972 study of a
Shuttle upper stage called Space Tug, produced a design much like that
depicted in Figure VI-19. Each element of the construction was carefully
evaluated and optimistically sized (possibly to the point of manufacturing
impossibility), whittling weight to the bone. When the result was presented
to the cognizant center, the immediate reactxon was, "It looks
complicated.” '

The de31gn shown in F:gure VI-20 was the response to this criticism.
Taking a 500-pound penalty in tank weight by using the same shape and
size of end dome throughout, it was additionally simplified by extending
the thermal isolation tank support struts to bridge the full gap between
tanks, allowing the spaces between to be occupied by removable
equipment-carrying panels. This change also eliminated two girth joints
and a pair of ring frames. The weight estinate for this design turned out to
be about 100 pounds lighter than the "refined and optimized" version.
While such a small difference is well within the weight estimation
tolerance expected for preliminary analysis, at least the design was not
heavier, as expected. It proves that a sucessful design is not necessarily
achieved by combining all the "winners” of individual studies. To strike a

~ sensible and effective balance some "winners” need to be combined with a
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few "losers”.

Save the Hardware; Don't Redesign It

Often during the preliminary design 'phase of a 'program.there is



scant atiention paid Lo‘ siructural arrangement. It is considered almost
insignificant, a mere 5 to 10 per cent of the total cost and therefore not
wortliy of careful atlentionn. However, once the design has been "cast in
concrele”. the structure suddenly becomes inviclate, not to be redesigned
except as a last resort if existing hardware cannot be made to work. It is
the aitilude {hat makes the "Shuttle-derived launch vehicle” (SDLV)
appear aliractive because it "saves” a basketful of tinware, inappropriate
cnough {or its original purpose and much less so {for derivatives. The term
"Shutile-derived” is sensible enough if that which is saved has meaning in
a new program, but saving everything that has been "qualified” makes no
sense atl all. The point is illustrated in this quite distantly related example:

Pyrotechnic actuators and thrusters are a specialty of the U.S.
Army's Frankford Arsenal. One of their thrusters was applied as the
emergency power source for jettisoning the canopy of the F4D fighter. Its
arrangement was roughly as shown in Figure VI-21. When the spring-
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FIGURE VI-19 - The iniiial design produced by a study 2r a Space Tug whach was judged
to be "Moo comphcoted" though highty Ophmlzed
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loaded striker was held back by the retention pin, the pin's early cr
inadvertent withdrawal was potentially catastrophic, threatening to
explode the device during handling. A second cross pin was therefors
provided, so that the main pin could be withdrawn for inspection  c¢r
cleaning. It also meant that the extra pin, if forgotten, could still be in
place, making the system inoperable in an emergency.

The extraction force was also somewhat unpredictable, relying on an
accurate assessment of static friction which could increase as the "safing
pin” slowly corroded before use.

It was therefore decided that a power extractor, another mechaniczl

device, was needed. This extractor, incorporating a retention pin as an
extension of its piston, was actuated by the gaseous products from za
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FIGURE VI-20 - The revised simpiificaticn of the Space Tug. while paying a SOO*pomd
penalty for non-optimum tanks with standardized end domes, was stilf estimated o =
slightly fighter. Exfra memibers, porhculor:y frames, and joints were ehmanofed to produce

a more balanced de5|gn



explosion in another unit. a gas generator. The generator, in turn, was set
off by an initiator. a much more ingenious device than any of the others in
the mechanical train. These gadgets are shown in Figure V1-22 and their
relationship with the thruster in Figure VI-23. '

The initiator firing pin was initially safe because its spring was only
slightly compressed. just enough to prevent rattling, and the plunger
weight was held away {rom the percussion cap by its connection to the pin
through a ring of balls. The pin's withdrawal compressed the spring,
- adding energy just before the retention balls slipped outward into an
expanded bore, releasing the weight which the spring then drove into the
percussion charge. This set off ihe grain in the gas generator, much like
that of a solid rocket motor, building pressure which, piped to the
extractor, pulled the firing pin on the thruster. Rube Goldberg would have
loved it. ﬁ
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FIGURE VI-21 . A"pyrotachnic thruster for such applications as ejection of.qircr-c:ft
canopies. Variable friction forces from withdrawd! of the firing pin caused the modification

shown, addifion of a gas-driven power extractor.
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The reaction of most listeners to this description of mechanical
complexity has been, "Why not just build the ingenious little initiator
mechanism into the head of the thruster and be done with it?” Why not,
indeed! But this would mean redesign of the thruster hezd with
consequent "requalification” of the entire unit. Evidently. such
requalification was considered prohibitively more costly than the zddition
of three new units which themselves must be qualified. It's par: of the
illusion, so commonly embraced, that there is some econom: to be
realized by "saving” that which is worthless. Unlike wise investors. we are
too often unable to recognize when the time has come to cut our Icsses.
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FIGURE V1-22 - To supply gds preSsure o the power extractor, an explosive initiccor and a
gas generator like a small solid rockst motor were added to the system.



F THRUSTER EXTENSION EJECTS CANOPY

——t

PULLING FIRING PIN SETS OFF INITIATOR
WHICH IGNITES GAS GENERATOR

PROVIDING PRESSURE TO ACTUATE EXTRACTOR

WHICH PULLS THRUSTER FIRING PIN
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FIGURE VI-23 - Schematic diagram of ihe evem‘uol pyrotechnic canopy ejection systerm.

If the content of this chapter conveys the impression that
engineering design is not always an exact science, that is its intention.
Mathematical analysis and calculation are essential for accurate, efficient
resulls, but the arrangement as well as the interpretation of the analysis
depends on people with judgment and experience. Unfortunately, as
program duration increases along with cost. programs become fewer and
farther apartl, lcssening the opportunily for designers to acquire
experience and sharpen judgment. At least we must allow cormumnon sense
to crecp in once in a while lo avoid bcmg carried away on the tide of
technical soplnstxcatlon :
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MEMORY BOOST
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My friend, Hal Linderfelt, one of the most creative designers I ever
met, found employment in the field of his choice to be scarce in the early
1830's. So he settled for a job as a sales engineer with an aircraft
equipment supplier, selling such items as Tinnerman sheet metal nuts.

The job entailed many brief encounters with a lot of pecple whose
names were hard to remember even if their faces were not. Hal had
difficulty, as most of us do, with name recall and developed an associative
method of classification. For instance, anyone named Browmn, White,
Black, or Green belonged in the class labeled "color™.

One day he arrived at a supplier’s office to keep an appointment
with an individual whose name had slipped away, apparently beyond
recall. Entering into negotiations with the receptionist, he started out, " I
have an appointment with one of your buyers but can't remember his.
name. Is there anyone here by the name of Paul, Peters, St. John,
Matthews...... something like that?”

Getting no favorable response, he settled for a list of names in the
department he was invoived with. "Well,” the receptionist said, "we have a
Mr. Johnson, a Mr. Jones, a Mr. Smith, a Mr. Bernard -* -

"Aha! That's it,” said Hal. "He isn't a saint - he's a dog I"




Vﬁ - SPECIAL DESIGN PROBLEMS

Structural mainframes. as mentioned before, are primarily
concernied with lightness in conjunction with compressive stability. These
- characteristics must be achieved while, at the same time, the designer
anticipates the subsequent arrival on the scene of subsystem components
. which must be accessibly fitted in, supported and protected.
Interconnections between them, such as wiring runs and fluid pipes.
must also be accommodated.

In the course of these design tasks, it frequently falls upon the
structural designer to design some mechanical devices, primarily access
doors and hatches, but occasionally some fairly complicated hinges,
particularly those associated with devices like wing flaps, as well as
release and separation mechanisms. These mechanisms are part cf the
main vehicle, not separable or replaceable subsystems. Since these
problems are unavoidable, a few examples are in order

In addition, there is that special class of structures which are
designed primarily by tensile loads - control cables, seldom found since’
the advent of "fly-by-wire”, and pressure vessels, which, in some cases,
make almost the entire vehicle. Propellant and pressurant tanks and
pressurized habitable spaces are the most prevalent forms..

Safe Access to Pressurized Comgartments

Now that a U. S. manned Space Station is about to begin, with the
prospect of permanent human occupancy in this interesting but
unforgiving environment, it is rimely to think carefully about safe passage
between inhabited spaces and the hard vacuum of space. The
consequences of opening ports at the wrong time, leaving them carelessly
unsealed, or designing a ciosure which releases too easily can be
catastrophic. Loss of life for everyone aboard is a distinct possibility.

The problems involved are not insurmountable and many of the’
needed capabilities are routinely demonstrated in airline operation. In
fact, airline experience {and kigh flying aircraft experience, in general) is
the kind to draw on for guidance in space operations. The total time of
manned operations in space has been too short to reveal the weaknesses
in designs which become embarrassingly clear during accident
investigations. For the airlines, one such accident in perhaps a billion
passenger miles, is one too many. So it is in space operations as well,
though it may take decades to gain the experience.
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Too many aircraft accidents have been caused by closures that
opened outwardly too readily. Passengers and crew members have been
sucked outside through improperly secured escape hatches, navigation
domes, windows. and entry doors. It has led to requirements for internally
opening doors on most of the current jet fleet. With the advent of the wide-
body jets and modular cargo containers, this requirement was relaxed for
belly cargo compartments, resulting in a DC-10 crash with loss of 355

. lives near Paris.

After the Apollo fire disaster, the crew hatch was redesigned for
rapid outward release. While this may have been considered necessary
under the circumstances, it is the last option designers of airliners would
choose. Fortunately, this hatch, and the Space Shutie crew door since
then, have been operated relatively few times and always by ground
crewmen who were thoroughly trained and fully aware of the danger from
improper operation. In retrospect, it is also apparent that the Apollo
redesign was a somewhat hysterical reaction to a highly publicized event.
The accident was mainly caused by an ill-advised ground test employing
pure oxygen at dangerously high concentration and pressure, a
circumstance which was not corrected. This Apollo redesign was only part
of the "shotgun” activity but left its mark on the Space Shuttle, which
appears to be undergoing the same treatment.

For a space station, particularly one assembled from modules, there
will be many hatches for compartmentation as well as
assembly in vacuum, at joints whose inadvertent release will be just as

hazardous as an accidentally opened door or a blown window. With the -

passage of time. procedures will be relaxed or forgotten, mechanical
interlocks and electronic warning devices will get out of order, and an
increasing number of untrained or forgetful people will be operating the
hatches. The consequences of carelessness will not be as simple as letting
flies in or heat out, circumstances which have led to automatic door
closers in homes and businesses. Here is where every conceivable shred of
ingenuity must be exercised to circumvent Murphy's Law. Adding backup
devices on top of preventive interlocks on top of special adjustments and
procedures on top of safety devices is no way to get there. Simplicity
should be much better

The Right Shape

Notched panels which define a diamond shape and slide past each
other to close an opening may provide a proper dramatic touch for a
science fiction movie or television show, but simpler devices are a more
reliable analogy for real operation in space. These are manhole covers - too
large to shp through the openmgs they seal and thereby injure work crews



below. If inwardly opening hatches in space modules are to foil the
insidious effects of Murphy's Law, they too should be incapable of Passing
through the openings they cover. The appropriate shape, in both

~ instances, is round. There are ' other constant width shapes, some
irregular, which can produce the same effect, but they introduce other
problems : uneven distortion of doors and jambs which make sealing -
difficult and special orientation which complicates positioning
mechanisms, to name two.

It may be argued (and has been) that such a door inside a closed
volume cannat be removed for replacement when the need arises {or even
installed after the sealed unit is built). True, but it should not be too
difficult to design one which can be partially dismantled for this purpose.
When fully assembled, it should still be incapable of passing through the
hole.

As already mentioned, a round, regular door and jamb are unlikely to
distort under pressure and cause leakage. This is the case when a round
opening is at the end of a cylinder or cone or similar axi-symmetric shape,
or anywhere on a spherical surface. A round opening does not work well in.
the middle of a square, some other polygonal panel, or on the surface of a
cylinder. Nor does a polygonal shape in the middle of a circular panel. The
consequence of this kind of inappropriate design are not necessarily
serious, unless one is nervous about excessive structural weight or
difficult mechanical operation. If the door designer finds himself faced
with such a problem, it is probable that somebody working at a hxgher
level of system definition has blundered.

Once again, it can be said that there is airline precedent for doors in
the sides of cylinders, so why not? First of all, they all leak unacceptably
for a space habitation where all the atmosphere must be imported.
Secondly, they are never operated in flight while under pressure (except
accidentally). Also, their jambs are not structural hard points where
adjacent modules are connected . Besides, if they accidentally pop open,
the results are not likely to be quite as serious in most cases. Alrlme
precedent and expenence are useful only up to a point. .

The Right Size

As space vehicles, especially manned ones, and their components
become larger, the appetite for larger openings increases. Devisers of .
requirements can always think of another larger object to pass through
an access opening. In some instances, these objects are only used in quite
specialized situations, making their accommodation an unnecessary
penalty for all the openings in habitable volumes In other instances, the
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insertion of the equipment in habitable spaces may not be justified -
consider control moment gyros in this category: they might as well be
outside. Rather than size critical openings into a space station by the
dimensions of existing hardware, it might be wiser to redesign or reshape
the offending articles. After all, space stations can be expected to be
around longer than most of the components which might shape them. The
Manned Maneuvering Unit (MMU) is a good exampie which, with relatively
painless redesign, could be brought into a pressurized space in three
parts, two "arms” and a back piece. The same treatment can be given to
oversized standard modules; they can be replaced with more sensibly
sized units, like wall and base cabinets in the kitchens of homes on the
ground. '

Another difficulty in maximizing the size of apertures is that the lids
which cover them must sornehow be stowed in the internal spaces without
blocking the passages. This is exactly what didn't happened on Skylab in
the Airlock Module (Figure VII-1). These circular hatches became so large
that, once they were lifted off the jambs, there was no place to stow them
except back in the opening. The situation is illustrated in Figure VII-2
which shows that the ultimate door divides the cpening like a butterfly
valve. Why the airlock openings became so large is difficult to explain;
there was little reason to make them any larger than the port in the top of
the Orbital Workshop, a reworked S-IVB hydrogen tank. All the structural

"

FIGURE VII-1 -
Skylab Airlock
hatches. They are so
targe that, when
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the holes they cover.
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for a space habitation where all the atmosphere must be imported.
- Secondly, they are never operated in flight while under pressure (except
accidentally). Also, their jambs are not structural hard points where
adjacent modules are connected . Besides, if they accidentally pop open,
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an access opening. In some instances, these objects are only used in quite
specialized situations, making their accommodation an unnecessary
penalty for all the openings in habitable volumes. In other instances, the
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Manned Maneuvering Unit (MMU) is a good example which, with relatively
painless rede31gn could be brought into a pressurized space in three
parts, two "arms” and a back piece. The same treatment can be given to
oversized standard modules; they can be replaced with more sensibly
sized units, like wall and base cabinets in the kitchens of homes on the
ground.

Another difficulty in maximizing the size of apertures-is that the lids
which cover themm must somehow be stowed in the internal spaces without
blocking the passages. This is exactly what didn't happened on Skylab in
the Airlock Module (Figure VII-1). These circular hatches became so large
that, once they were lifted off the jambs, there was no place to stow them
except back in the opening. The situation is illustrated in Figure VII-2
which shows that the ultimate door divides the cpening like a butterfly
valve. Why the airlock openings became so large is difficult to explain;
there was little reason {o make them any larger than the port in the top of
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e OPTIMUM - STOWED
DOOR GRAZES
OPENING :

© TCO

STOWED DO-OR
EMCROACHES,
CHANGES OPENING
SHAPE
o _MUCH TOO BIG -
STOWED DOOCR
SPLITS OPENING
L - . -

FIGURE VII-2 How torsduce the access passage by enlarging the cpening. Doors in
cyiinder ends, enlarged beyond ihe optimum size, shown at fop, increcsingly encroach on
the opening when stowed. Uttimately, the door, aimost as large s the inside diameter of
the cylinder. can only roiagte about its center, splitting the opening like the vane of @
butterfly valve.

pieces making up the Workshop were required to be small enough to pass
through this 40-inch opening. Once the restriction was known and
accepted, it created no great hardship. A similar size of round opening
seems reasonable for a space station, particularly when door weight,

- which is approximately proportional to the square of door area, needs to
be controlled like all weight transported to orbit. At any rate, a careful
study which takes into account all the previously mentioned factors and
further considers the long term effects of any space station decision may
reveal that the appropriate size for standard ports may be consxderably :
smaller than originally specxﬁed
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The Right Mechanism

The design rules for airliners may specify internal plug doors
without introducing any confusion, but for a modular space station or
similar compartmented space habitation, it must always be assumed that
a barrier between two pressurized volumes can be subjected to pressure
from either direction. The plug principle may work adequately in one
direction, but, in the other, the door would be hanging on its latches.
Perhaps it wouldn't be flung into space if the latches let go, but, with
pressure behind it, it could become a very hazardous battering ram. The
situaticn can bé likened to an outward-opering canopy on a fighter or a
cargo door which cannot be allowed to swing into a cargo container’s
space.

Orie solution to this problem has worked quite well in at least one of
these cases. That is to make the door itself {or, in this case, the canopy)
the latch, suspending it on a compound hing: mechanism (See Figure VII-
3). A similar concept is found in the inwarc-swinging, outward-opening

/ B y FIGURE VII-3. - A
o : : - compound hinge
LOCKED allows an akrcraft

canopy to move as
a single unit to
engage locking
pins or lugs on fixed
structure. The
-mechanism 5 the
same for one
attachment point
of a dcozen. No
system of individlual
interconnected
latches offers as
much safety as
having fixed parts
- of the cover behind
iixed elements on.
the structure,

RELEASED -




passenger doors on DC-8 and 707 transporis. No system of
interconnected latches, however cleverly devised or zccurately adjusted,
can offer the safety and reliability offered by having fixad parts of the door
behind corresponding fixed parts of the jamb. Another advantage of this -
technique is that the number of attachment points between door and
jamb is independent of mechanical complexity. A closer spacing, that is.
more attachment points, can be obtained without redesigning the
mechanism.

Whﬂe the closure acting as nts own latch works well for doors, it is
quite impossible for connections between assembled habitable modules.
No way has been devised to rotate a pressurized mcdule at one end to
engage it without, at the same time, unfastening the cpposite end (unless
there's a heavy, possibly unsealable, swivel joint in -he middle). In this
instance a separate. probably redundant, latching system is indicated.
Here again, it is not wise to be overly clever with mechanical gadgets. One
mechanism which should be applied with utmost restraint, preferably not
at all, is the overcenter toggle latch. :

In 1951 this writer had the assignment of designing a latch system
for the F4D-1 fighter {at the Douglas El Segundo riant which used to-
-make Naval combat aircraft). The initial product of the exercise was a
double-action double-overcenter bundle of mechanical complexity which
was duly, and with some pride, presented to the U.S. Navy for routine
review and expected approval. It was flatly turned down with the
cormient that "no ‘hair-trigger’ devices like overcenter toggle latches are
acceptable for closures on pressurized volumes™. Eack to the drawing
board.

It's unfortunate that this gem of goocl desxgq practice was not
hiceded in the design of the DC-10 belly cargo door. At least, if learning is
to be gained by avoiding the repetition of mistakes, such experiences are
worth remembering.

It is recommended, in light of this knowledge, that the appropriate
mechanism for joining separable pressurized modules which cannot serve:
as their own latches is something more humdrum and conventional like a
set of interconnected jack-screws. If thoughtfully designed, they can
slowly open without sudden release. The attendan: leakage should be
warning enough. In any case, it is prudent to demgﬂ mechanism which,

while opening, can back off without abruptly {(pertaps, treacherously)
letting go. : _
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One Way to Design a Hatch

From the standpoint of accurate fit, economy, and leak tightness, it
is desirable to make a hatch from a minimum number of parts,
preferably one. However, since something must be removed to get it
through the hole, no less than two pieces will do. An arrangement which
fits this requirement is shown in Figure VII-4. Integrally machined {rom
rlate stock, both the door and the removable segment can be very
accurate, assuring snug and consistent fit. Permissible leakage can and
should be minimal. ' -

As indicated, the perimeter of this round door incorporates equally
spaced lugs. To assure the mechanical simplicity and reliability
achievable in no other way, the docr is its own latch. In the case
illustrated, with 18 external lugs alternating withh an equal number of

-

©DOCR EDGE LUGS
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FIGURE VII-4 - A round hatch with uniformty spccéd lugs around the edge can be
locked by rotfating it s¢ that these lugs dre under corresponding fixed hooks on the
structure. It is released by rofating it to place irese lugs between the elements on the
b, _ _ Aty 0



spaces, the rotation between the open and locked positions is 10
degrees. Door lugs, fitting under jamb lugs, caTy pressure w1th equal
safety in either direction.

Figure VII-5 shows the edge relationship berween door and jamb in
greater detail. The seal, though small to minimize overlap, is double-
{lapped to seal in both directions with enough allcwable travel to maintain
contact during any expected and controllable relative motion. A bulb seal
would require high contact pressure to work, possibly demanding a
pressure system. another potential failure point. When the only force
available is the differential pressure across the clesed port, a flap seal is a
better choice because its edge is flexible, conlorming more easﬂy to
irregularities, and it offers more area for pressurz to lay it down.

Since the seal must slide hghtly along the sezaling surface when the
door is operated, it cannot be allowed to move laterally for fear of tucking
under. When the seal is circular, the motion during operation is always
tangential without lateral components. This is another ma_;or reason for
making the door round.

INTEGRALLY STIFFENED DOOR
WiTH NOTCHED LIP

SEAL

RETENTION
- STRAP .
DOUBLE FLAP } NOTéHED
: _ SEAL LOCK RING
FIGURE VII-5- A SEALING
detaqil of the round SURFACE N\
door edge and f =
adjacent jcmb, i I
showing the j; '
relationship ! ' l/
between them ; !
and the means of — 2/

sealing.
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Note that the sealing surface is part of a step in the jamb edge. By
being so located, below two projecting corners, it is protected frem
damage by objects bumping the edge as they pass through the opening
. The seal is similarly placed in an edge concavity, although, being

flexible, it can move unresistingly away from a damage source; in any

case, it is also replaceable. As intended, it would be made as an
accurate, continuous-loop meciding, slightly undersize to fit snugly
against its retaining shoulder. Ifs retention strap would also be
continuous like a bandsaw blade, slightly oversize and heat-shrinkable.
The shrink temperature must be lower than that which would damage
the seal. -

Many positioning {or latching} methods can be adopted for this dcor
design without involving much risk as long as the door lugs lie betwez=n
the jamb lugs when the door is opened and closed and behind them
when the door is secured. The mechanism can include an overcenter link
arrangement but, in this case, it is only for establishing and maintaining
position, not directly involved with resisting pressure. The pressure load,
in fact, acting as it does on the peripheral lugs, makes this hatch
difficult, if not impossible, t¢ open when there is any substanual
pressure across it. Since it is unsafe to open the door when a pressure
differential exists. anything which prevents it should be considered a
safety feature. An added elaboration like an "emergency” over-ride
creates its own emergency - an instant need for survival in a vacuum.

No hinges or stowage guide links have been shown because they are
likely to be different for different applications and would only serve to
confuse matters. In any case, it will be desirable to keep such devices to

- a minimum - if possible, none at all. As one corollary of Murphy's Law

states: "You can't make anything foolproof because fools are too
ingenious.” However, it might help to counter such ingenuity by keeping
airlock hatches as simple as possible, leaving minimum scope for
mischance, misadjustment, and operational mistakes. :



‘Bubbles and Barrels

Fressure vessels and propellant tanks (not necessarily the same
things) offer recurring design problems. The purpose of this discussion is
to sort out some of the main problem elements and gather some useful
information. While the background theory must be kept in mind, there are
other factors, such as the compromises necessary for balanced design,
access and installation considerations, and manufacturability, which
govern the design of these containers.

Generally, pressure vessels are unstiffened membrane containers
designed almost entirely by the requirement to remain intact (with
apprepriate margins) while resisting uniform internal pressure at the
highest prudent stress level. Propellant tanks, on the other hand, are
often as much affected by pressure "head" gradients exerted by dense
- fluids under acceleration. They are also affected by dynamic slosh loads,
requirements for venting and draining, and the basic vehicle loads
resulting from their integration into the structural frame. So, while they
may be influenced by the theories governing pure pressure vessels, their
evaluation cannot stop there.

Pressure Vessels

The minimum attainable weight of a pressure vessel relative to the
volume it encloses is expressed by:

W = KPd
V s

- P = pressure, pounds/square inch
d = material density, pounds/cubic inch
s = membrane workmg stress, pounds/sq. inch

and K is the shape coefficient. The ratio comes out as pounds of pressure
vessel per cubic inch of volume contained.

The minimum value for the shape coefficient is 1.5, that of a sphere
or a spherical lobe assembly, the lightest known pressure vessels. A
coeflicient of 2.0 defines a headless cylinder {that is, a section of circular
cylindrical pipe), a multi-lobed cylinder, or a perfectly designed and built
torus (see Figure VII-6). The equation applies only to ideal pressure
vessels, those without joints or penetrations whose elements all work at
the same high stress - in short, animals as mythical as unicorns, Easter

VII-11



bunnies, or corporate images, suitable only for reference purposes. In a
study comparison, it beils down to the credibility {or position in the
pecking order) of the individual who assigns the "fudge factor” to account
for realities. Note that the size or number of pressure vessels is not
involved. In other words, a hundred little spheres weigh no more than one
big one with the same capacity - and the same values for the other
variables in the equation. Of course, there are some differences in the
penalties from the number of connections, occupation of space . joints,
brackets, and penetrations which deter anyone from testing this theory in
“actual practice. '

3 33% HEAVIER AT BEST.

{ATTAINABLE ONLY WITH TAPERED WALLS)

FIGURE VII-6 - Asshown here for typical cases, the weight of a pressure vesseirelative o
its volume is determined by its shape factor, 1.5 for a sphere and 2.0 for a cyiinger.

VII-12



Spheres and Spherical Lobes

While a sphere is the lightest ferm of pressure vessel, it doesn't fit
very comfortably into many of the available spaces in typical aircraft or
space vehicles. It is also an inherently slippery object to hold, requiring
special necks, saddles, or straps which are sometimes quite heavy and
impose large eccentric moments on the back-up structure. Just the same,
for minimum pressure vessel weight and minimum surface area where
heat transfer must be minimized, spheres are often the logical choice.

The whole subject of sphere installation can fill a book. However, the
main point to remember, for spheres as well as all other pressure vessels,
is that membranes possess in-plane or tangential strength and stiffness,
paying large weight penalties when resisting forces - or components of
forces - are applied normal to the surface. Loads, particularly local ones,
should always be applied tangentiallv or at stiff corners where surfaces
intersect.

Efficient high-pressure metallic spherical containers are generallly
made in two hemispheres (mostly, of titaniumj} with an equatorial girth
weld. They are usually made from thick-walled forgings which, while
supported on precisely shaped mandrzls matched to a precisely machined
interior, are machined down to minimum thicknesses on the order of .030
inch, sometimess less. All inlet ports. mounting pads, and weld lands are
integrally incorporated. The halves are joined by welding in a sealed
chamber filled with an inert gas, usually argon. They receive individual
solution heat treatment before welding after which the assembly is stress
relieved by a heat soak.

It is evxdent that a lot of expense is incurred to gain efficiency.
Besides, qualification testing is lengthy and rigorous. As a result,
programs usually look for qualified "off-the-shelf” hardware from previous
programs, items on a listing of "available” pressure vessels. Usually, these
are unavailable containers made for some long defunct program. A re-
order is much like starting from scraich; the manufacturer probably has -
no tools or drawings left and can't obzam forged blanks from the material
supplier.

Such experlence is typical. No ctandardzzaﬂon is achxeved because
the industry loses interest between major programs. Vehicle designs
continue to be compromised for non-existent "available” hardware which
is often radically altered, but not improved, after the wrong choice has
done the damage. There is need for standardization but no program
seems willing to shoulder the cost "burden” and nobody seems interested
in the general problemn. It is a relatively minor {even if constantly irritating)
subject which fails to interest a resezrcher who is bent on stemming the
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tide of progress.

One particular variation on the sphere offers some interesting-
possibilities as a standard module. It is a part of a spherical lobed
pressure vessel, which, as previously indicated is theoretically as light as
a sphere. The derivation of its shaoe factir is shown in Figure VII-7. This
module has already been described as a standardized building block in
Chapter IV, the general subject of which is modularity.

Analysis indicates that arcuate forms of such tanks will not straighten
out under pressure as toroidal arcs will; tests are probably needed to
confirm this. At any rate, it's not difficult to see how stancard vessels
which can be made to diferent curvatures can readily be fittec to many of
the odd shaped volumes in space vehicles. Good exampi2s are the
annular crevices between intertank cylinders and the tank 2nd domes
jutting into them. These tanks also are endowed with gcod natural
"handles”, the stiff and stable inter-lobe creases whers spherical -
membranes and disc membranes intersect.

SPHERICAL P =PRESSURE :
SURFACE  |p = MATERIAL DENSITY

o= WORKING STRESS

Y OLUM _ _
PROPORTIONAL TO i sp
SPHE RICAL SURFACE (W/v=_:._6_")
: CONES "CONTAINED® BY DISC
‘\—Dlsc_ MEMBRANE BETWEEN LOBES

LOAD INTENSITY _ PRcos®
DISC THICKNESS = =F
! THICKNE STRESS - |
DISC WEIGHT = (AREA)(THICKNESS){DENSITY).

3cosasinlep
- (nstlnzsj(Pnc?B)(p) - xPR coﬂsasm 8p

CONE VOLUME = (ABEANHEIGHT) _ 2nR3cosesinZe
: . 3 3 ;

3 24
W/v =2npPR7cosesin“ 8 _ 3PP (gaME AS SPHERE)
2noR3cosGsin28 1L

FIGURE VII-7 Derivation ¢f the shape factor formula for a spherical loks of a multi-lobe
pressure vessel. The weight/volume ratio is not affected by the humbber of obes.



In the actual application of this unusual but promising pressure
vessel, certain cautions must be kept in mind:

0 As the number of lobes and inter-lobe discs mc'reases the
membranes become unpractlcallv thin and, therefore, unbuildable; the
penaltxes of "minimum gage"” apply

¢ In the same sxtuatlon the number of equatomal welds also grows
with corresponding joint weight penalties.

0 Similarly, the theory assumes sharp corners where membranes
intersect; in actual practice, there are fillets at all these corners which
entail weight penalties - with careful design they can be kept small.

& When such a vessel becomes a propellant tank, the increase in
numbers of sumps and vents with accompanying penetrations, lines and
so forth can very rapidly outweigh any improvements in so-called
"volumetric efficiency” which, after all, involves other things tran
propellant containment.

On the other hand, any other pressure vessel {such as a sphere)
must also be penalized by girth welds, penetrations and mountng
hardware before it can be put to practical use. This is where design
judgment comes in.

 Cylinders.

- While a cylinder is at an inherent disadvantage as a pressure vessel
with its shape factor of 2.0, it has many applications for combined
resistance to internal pressure, bending, and axial load. It is the logical
shape for integral propellant tanks in launch vehicles - Thor/ Delta Atlas,
Titan, and Saturn, for a few examples. ‘

As shown in Figure VII-8 , when a cylinder is sﬁstaining pressure
only, the critical tensile loading is hoop tension:

Np, = hoop load intensity, Ib/in =PR.
P = differential pressure, psi

R = cylinder radius, in
The axial load intensity, Ny, is half as high:
Nz =PR
' 2
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FIGURE VII-8 - Whilz a cylinder is not the lightest pressure vessel, e difference
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between hoop and leagitudindgl stress (a 2.1 rcmo) allows it fo sustal- large bending
moments while pressurized.

This means that a pressure shell made of isotrcpic material like a
metallic alloy plate or sheet must be sized for hoop tersion and therefore
possesses residual strength for axial forces chiefly from bending. If the
maximum axial compressive stress from bending is squal to the axial
tensile stress from internal pressure, the net axial stress inn the membrane
at that point is zero, as much force as an unstiffened m2mbrane should be
expected to sustain without buckling, and:

PR =M _ or M = gPR3
2  aRZ o | 2

That is, if an unstiffened cylinder 10 feet in diame:er is sized for a 20
psi pressure differential, it can carry wihout additiona! penalty a bending
moment of 6.79 million inch-pounds, the moment generated by hangmg '
28.3 tons on the end of a weightless 10-foot boom. _

Fluids under pressure can accomplish quite spectacular results like
the example just cited and, occasionally, explosions. Since the principal
task in designing aerospace structure is resisting compressive loads
efficiently, it's always a temptation to let compressed gas handle the job.
Blimps do it this way, maintaining rigidity in the buoyant gas bag with a



pressure of only 4. 5 inches of water head about .18 pSl

The Atlas ballistic missile tank is an unstiffened welded stainless
steel cylinder, lightweight but fraught with operational difficulties. The
trouble is that loss of pressure from improper seals or leaky valves and
regulators means collapse; overpressure means disaster. Consecuently,
Atlas must be handled with a stretcher strongback during fabrication
while the ports are open and with an attached pressurization kit during
transportation and erecticn at the launch site. Centaur has been
designed with the same philosophy which may partly account for the lack
of enthusiasm-in some: quarters for its adaptation as an upper s:age for .
the Space Shuttle. Other booster systems like Titan, Saturn, and
Thor/Delta reflect a reaction to the problems of Atlas. Their shells are
stiffened to carry the weight of any upper stages and full fuel while on the
~launch pad, unpressurized. In some instances, there are no flight
conditions which can cause compressive loading in the pressurized shell.

Most cjrlindrical tanks are round tubes, but they can alsc have
multiple lobes with the same weight/volume ratio as a single cylinder, as
shown in Figure VII-9. This is analogous to the spherical lobe vessel with

2 VOLUME.
“CONTAINED"
- BY CIRCULAR
. CYLINDRICAL -
2Rsin® ° gyURFACE,
' WHERE:

w _ 2Pp
v o] :
INTERNAL Pnsg URE

S
MATERIAL DENSITY
WORKING STRESS

' .%/_R

weS i on | on e oso_nd

o .

Ny=2PRcos@ I~ 21COSO—=
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Qu v
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WT/UNIT LENGTH = (WEB WIDTH)(THICKNESS)(DENSITY)
. WEB THICKNESS = 2PRcosg

2
= (2 RsinB}(2PHcosS)(p) - 1PpR ’;"‘9‘“”9

VOL/UNIT LENGTH = (2Hﬂ“6}2(2m:°39) = 2R2sinBcosB

W, =-2Pp (SAME AS CIRCULAR
vV o CYLINDER)

FIGURE VII-O - A Icbed cylinder is theoriefically as hghr asa smgle round cyimc*r as
shown by this derivation of its shape factor, 2.0
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one important difference; the tank end domes become quite complex. In
the late 1960's, General Dynamics built an experimental two-lobe tank of
this type. It was a technical success because it carried pressure, but it
was complicated and costly, with the weight penalties that complexity
engenders. No urgency to repeat the job seems to have arisen since.

One other cylindrical variant is the torus, whch can be described as
a cylinder turned around on itself to make a loop without ends.
Elimination of the end dome problem is an advaniage which is soon offset
by the problems of manufacturing saddle shaped pieces and joints and
penetrations in them as well as the inability of such a tank to contribute
significantly to the general structure. Where liquid propellants are
contained, there are additional penalties in acded sumps needed to
minimize residuals, and slosh baffles which are difficult to design and
build. A problem which refuses to go away is basic structural inefficiency.
At best, the shape factor is 2.0, achievable onlv with walls of tapering
thickness because the meridional load intensity (squivalent to hoop loads
in the straightened cylinder) is higher inside the "doughnut hole" than at
the outside perimeter. This difference is reduced as these two diameters
approach the same value, that is, when the doughnut is thin with a large
central hole. However, this kind of a tank is very inefficient volumetrically.
Tapering the wall thickness of this vessel is formidable enough to have
been avoided in real practice. This means that weight penalties, even
disregarding penetrations, are higher than for cilinders. The shape has

repeatedly been considered since space vehicle design began, but each

time the dxctcouragement of closer mspectxon has shelved it until the next
round :

Cylinder Ends

The trouble with straight cylindrical tubses is that they cannot
contain anvﬂnng without ends and these ends are a perennially
controversial issue. The issues are weight and volumetric efficiency - as
measured by overall vehicle length. A long tank ¢nd not only takes more
space but requires a longer and heavier skirt structure extending from the
tank cyhnder ina typlcal rocket vehicle.

The lightest end dome isa hexmsphere since it has the same shape
factor as a sphere. However, its height is equal to the tank radius and its
strain is incompatible with that of the cylinder. A hemisphere is uniformly
stressed in all directions so that its bi-axial stress ratxo, as measured
along any pair of mutually
perpendicular axes, is 1:1; the cylinder's 10ng1tuc;1na_l to hoop stress ratio
is 1:2. As a result the cylinder’s hoop deformation is higher than that of
the sphere (or hemisphere) at the same stress. The hoop contraction from



longitudinal stress caused by Poisson's ratio is less than the equivalent
contraction in the hemisphere. This strain mismatch, or discontinuity,
requires some extra material at the joint, material that is almost always
present for the dome to cylinder joint or for skirt attachment in most
cases. Quite often, the physical requirements for space and structural
depth in the vicinity of such joints make the attachment rings much larger
than would be dictated by theoretical strength or stiffness. The weight
penalty, if any, is not readily expressed mathematically. :

A shorter and more strain-compatible end dome shape for a
cylindrical pressure vessel is an ellipsoid. The special case which works
best in theory and practice has a dome height equal to the cilinder radius
divided by 2. This shape requires a thickness equal to that of the
cylinder (or twice that of a hemisphere) where the two shap=s join. At its
apex, the radius of curvature, twice that of the hemisphere, also requires
twice the hemisphere's wall thickness. The same holds true all over the
surface of such a dome. A uniform thickness is optimum. Other
proportions of ellipsoids and similar shapes are only optimum when the
skins are tapered, a manufacturing task difficult enough to be generally
avoided. :

The V2 elliptical dome plus the length of cylinder added to bring its
capacity up to that of a hemisphere weighs twice as much as a
hemisphere and is .9 times as long. It's a considerable weight price to pay
for a length reduction of only ten per cent, but a price which has been
willingly paid in most cylindrical tank applications. The shorter cylindrical
skirt needed to extend the structure evens the weight; if this skirt is
inefficient enough, the ellipsoidal domed tank installation can be lighter.

- Another form of end dome, one which appears heavier for a tankas a
pressure vessel only, is a spherical segment, the shape defined by a
sphere of larger diameter than the cylinder. The intersection corner is in
circumferential compression but is well stabilized by the membranes on
either side. The extira material required makes a relatively heavy but
conveniently rugged "knuckle” which can easily -
include attachment provisions. This configuration is common in such
cases as pressure bulkheads at the ends of transport airplane passenger
cabins. It is also found in one of the more successful expendable space
boosters, the Thor/Delta (Figure VIi-10).

The rigidity of this corner is particularly advantageous for attaching
discrete elements like truss strut ends in inter-tank and skirt areas. This
improves both access and thermal isolation. While it will always appear to
be heavier in a purely structural evaluation, the overail effect on a
complete configuration is usually favorable - often in intangible and
initially unmeasurable ways. In one study which comes to mind, the
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FIGURE VII-10 - A tank end made from a spherical cap, as shown, is not theoreﬁcolry'
sfficieri but in pro_c:'rice is simple to build. - ' .

propellant tanks alone were 500 pounds hzavier on paper than carefully
sized ellipsoidal ones (out of a total 2500 pounds of structural frame) but

the overall weight was slightly lower. The reduction came from the

elimination of ring frames in skirt and intertank areas. Ring frames, like

all curved structural elements loaded primarily in beanding, are
excessively heavy and well worth eliminating wherever possible.

The non-tangential intersection of dome and cylindrical wall makes
an open angle where skirts attach, easing space restrictions in the

attachment area and permitting structurzl depth for stability where the

skirts need it. The more open crotch is also less likely to trap loose parts
like nuts and washers during fabrication. The spherical surface of the
dome, since its radius of curvature is constant in all directions, is simple
to make and measure and allows standardization of penetrations. '

Probably, no discussion of end domes for cylinders is complete
without at least a mention of the Cassinian dome. It offers little, if any
benefit, being useful mainly for demonstrating one’s technical footwork.
While it may not save any weight, it will at least offer a number of
manufacturing challenges like tapered skins, irregular reinforcement at
penetrations, and tricky geometric form. These shapes (a whole family of
them) are the outlines of slices taken through the edges of toroidal -
doughnuts as shown in Figure VII-11.



SHAPE GENERATING TORUS

oty

1__—5}

T
1

7

(77

—-

s,

i
[

IV
7
7

/A

/it

7
Lot

¥
%,

{277

1_41

N7
l

Iﬁll
\/
|1

FIGURE VII-11 - Cassinian fank end domes, interesting but not particularly
advantageous, are derived from the shapss of sections cut thro-gh a forus as shown.

Similarly esoteric possibilities can probably be extracted from the
shapes of super-ellipses. These are mathematically defined by variations
of the familiar equation for ellipses with the exponent being any number
larger than 2. A favorite mathematical recreation of a Danish designer,
Piet Hein, the shapes have so far been useful mainly for generating the
forms of coffee tables and traffic "circles” in Copenhagen. o

Propellant Tanks

Liquid containers are, as previously mentioned, subject to non-
uniform pressures from the gravitational head of dense fluids, adding
considerable material in the sump region. This pressure head is exploited -
to deliver fluids to pump inlets. However, dense propellants like LOX (71
pounds per cubic foot) or nitrogen tetroxide {90 pounds per cubic foot)
can cause quite steep gradients at accelerations of 3 or 4 g's, gradients too
steep to be simulated effectively in hydrostatic tests of full-scale tanks,
particulary in routine acceptance tests applied to every vehicle. Suggested
partial solutions to the verification problem include giant cetrifuges and
dense, muddy siurries hard to clean out after the test. No program has yet
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paid for such elaborate measures, so tanks are hydrostatically tested with

- plain water which has been (reated to prevent reaction with the tank

VII-22

walls. Since the worst case situation must be demonstrated in the test,
upper parts of the tanks will be subjected to higher pressures than seen in

service (Figure VII-12). Weight penalties incurred by this practice must be
taken into account.

Penetrations, Reinforcements

The theoretical pressure vessel without penetrations or
reinforcements for local load is fictitious, as previously mentioned.
Inattention to good practice in the design of these inevitabilities can make '
liars out of optimistic weight estimators.

A very important consideration is the difference in local shape
between the pressurized and unpressurized conditions. Excessive and
uneven distortions will raise stress levels, increasing the weight of
reinforcement to prevent this, or increase the probability of leakage where
the joint is required to open. The one type of penetration which can be
expected to work reliably is that which is defined by the intersection of two
spheres or a sphere penetrated by a cylinder whose axis passes through -
the sphere's center. This intersection is circular and lies in a plane,
remaining flat and round whether the container is pressurized or not.
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FIGURE VII-12 - A typical tank for a spacs vehicle pays a weight pendity for being

designed fo meet an achievable test rather than the real conditions of flight.



Even in this ideal situation it is important to align the centroid of the

reinforcing ring with the pressure resisting memtrane {Figure VII-13). The
local rotations induced by the eccentricity when this practice is not

followed cause non-uniform stresses, especially undesirable in welded

joints. For similar reasons it is desirable to locate the stepped reinforcing

lands at welds on the outside of a pressure vessel so that the secondary

bending caused by bulging of the membrane between straps creates

relieving compressive stresses in the notch of the step.

Intersections between cylinders or between spheres and cylinders or
cones which are not on coincidental centers are not round and do not lie
in planes. The shape distorts under pressure causing either leaks at
disconnectable joints or extra weight and testing to avoid them.

Figure VII-14 shows the original design of one of these troublesome
intersections, the fill and drain line into the LOX tank of the Saturn S-IVB
stage, the modification which came about because the weld could not be-
made successfully, and the redesign proposed to relieve the problem. The
original weld had to be produced on a 5-axis positioning machine capable
of following the distorted elliptical intersection while changing torch angle
to bisect the continually changing intersection angles around the path.
The operation, which also called for control of electrode feed, torch
advance rate, weld current and gap, required automatic programming.
The redesign was proposed after the canted weld repeatedly cracked
during proof pressure testing of new tanks. Because only 5 or 6 more
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FIGURE VII-14 - The fil and drain line “or the S-IVB LOX tank penetiates the end dora ot
an angle, creating the assembly problems indicated by the subsequent redesigns shzwn.

vehicles were scheduled to be built under an existing contract and al! the
parts were on hand, the proposed change was vetoed by the project ofice.:
Eventually, all the available parts were destroyed in unsuccessful
attempts to build the assembly, each part having to be re-ordered at l=ast.
once and, in some cases, 2 or 3 times. This joint was describecd by
manufacturing engineers at Marshall Space Flight Center (MSFC) as one
of the 10 most annoying "show stoppers” in the Saturn program.

Surfaces and Veolumes

Finally, because this is supposed to be a brief dissertation, not a
pressure vessel textbook, some useful area and volume relationships are
offered. :

A simple but too-often unfamiliar relationship between cylinders
and spheres of the same diameter is shown in Figure VII-15. Knowing this
can save a lot of time and computation. Figure VII-16 relates ellipsoids
and hemispheres, a fairly sxmple exercise when volumes are compared,
but quite a different matter for surface areas. Figure V1I-17, showing how
the volume of a spherical cap relates to its height, is useful not only for
calculating the volumes of spherical segments but for detemnmng the
volume of liquid in a spherical tank as its depth varies.
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Figure VII- 18, a special case of the spherical cap volume formula,
defines the volume of a torus lobe. Figure VII-19 aids rapid estimation of
the proportions for a lobed torus of given volume, by varying outside
diameter, lobe diameter, and number of lobes.
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'Androgynous Connectors

It hardly ever happens, but it would make a lot of sense to make
disconnects whose opposing sides are identical. It is beginning to be seen
that this makes sense for docking mechanisms, but the principle should
have much wider application than that.

Fluid couplings. garden hoses being a particularly familiar and
tvpical example, are of the male-femnale variety, a probe on crte end and a
receptacle on the other. The system works well until a male-to-male or a
female-to-female connection is indicated. For such cases, adapters must
be provided, demonstrating once again that there has been insufficient
forethought in the design. When the hardware store is not 00 far away,
the problem can be remedied fairly painlessly, but what woutld happen in
space if a scheduled delivery of parts did not come off as planned? There
would be an embarrassing oversupply of the wrong units, causing a
shortage correctable only when the next supply ship arrives - perhaps
ninety days later. For circumstances like this, and, {or tha: matter, as a
standard design practice, it would be well to consider androgyny, the:

-condition of identical mating parts, a standard practice. So far, the 1dea
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has been consistently overlooked.

 When this practice is accepted as a first pnnmple of joint desngn the
problem reduces to visualization of a shape which, whez rotated 180

EX"”Z\JDED
IDENTICAL HAL_\JE:‘?

FIGURE VII-20 - A sirole androgynous fension joint. The shape is one which, when
rotated 180 degrees abcut the center point, fits itself,



degrees, will fit itself, Figure VII-20 depicts a simple application of the idea
for a fitting at the end of a tension strap which can be joined to another
identical unit. Some kind of tie-down kit of straps with such ends could be
offered to a potential customer without fear that he would be unable to
use them. They might prove useful in a space station or space depot
environment. Closer to home, something like this could be applied
effectively by owners of pickup trucks.

Another device of the common "garden” variety is the garden hose.
the first example cited in this discussion. There has been a plethora of
patented quick-disconnect couplings, all of which involve two non-
identical ends. Let's see what could be done for this case, as an example cf
what might be possible in other instances. One way, as illustrated in
Figure VII-21, is to incorporate both male and female parts of the joint in
each end. There's nothing very wrong with a design like this except that
the open passage covers a relatively low percentage of the available cross-
section, making it either restrict flow or grow to unreasonable size. The
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FIGURE VII-21 - A hypotheiical design for an androgynous garden hose coupling. Ecch
side incorporates maie and female elements. o
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FIGURE VII-22 - - revision of the garden hose Couphng ’ro rec.ze ifs cross-secf;onoi
area by making the passages "D -shaped.

problem can be corrected by changing the mating crcss-sections to a "D”
shape (Figure VIiI-22) and introducing the problem of questlonable fit and
leal tightness. Never mind; there are other ways.

One of the other ways, shown in Figure VII-23, is to alternate spring
fingers and detent notches around the perimeter while preventing
inadvertent separafion with a pair of lock rings. Leakage is prevented by
seal-to-seal face contact. In this design, care must be taken to shape the
engaging elements so that the joint won't be too hard to pull apart. The
extended grasping {ingers may also be vulnerable tc damage. No doubt
someone can come up with solutions to these probiems, introducing a
device that has patentable novelty, reliable performance, and a lucrative
return for time invested. It should cost much less to make 200,000
identical units than 100,000 each of two different kinds.

It is probable that the lack of such devices for everyday use and for
the alleviation of space logistic problems stems from the fact that the idea
has never been introduced as a requirement for coupling devices, though
there should be a large economic incentive, as just indicated, for doing so.
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FIGURE VII-23 - A third variation cn the garden hose theme, each haif consising of
alternating hooks and engaging stegs. A design of this general typs is called for ai the
center joint between half-siruts in-the modular plc\‘f_orm system desc;ribed in Chapter V.

Not coincidentally, the proposed scheme for the construction of
space platforms, described in Chapter 1V, incorporates androgynous
joints where all the main elements are joined. One is that shown for the
"hedgehog” and half-strut; the other is the docking/berthing interface
between nodal balls and habitable modules, not to mention all
experiments and accessories. In this interesiing (and probably
profitable) area the surface has hardly been scratched.
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DIFFERENT STROKES

m:mx:mnnnnnunnnununnunnn:nnnunnnunnu

A mauntenance worker at one of the major aerospace firms, who had
slogged through his mundane routine for fiftesn years at modest pay and -
even more modest opportunities for advancement, found himself one night
at a meeting of his local union where the latest demands for a new
contract were being discussed. There he met a former fellow worker he
hadn't seen for a long time. : :

His old friend, it turned out wasn't thers to chscuss union .
negotiations; he no longer worked for the same old employer. He had -
found that there was opportunity out there and had formed a small
company which offered janitorial services for large office buildings.
Business had been so good that he was in need of some experienced help,
someone to manage clean-up crews in one of the larger office complexes.
So he offered his {riend the position along with a pay increase in excess of
filty percent.

Upon his return to work, the lucky janitor told his friends of his
stroke of fortune, indicating that he was abour to accept and give his
employer the customary two weeks notice. However, he was still pushing
the same mop about six weeks later, causing his friends to wonder why.

"Well,” he said,"it was really a good chance to make more money,
and I gave it really serious consideration, but I just couldn't bear to miss
the excitement of aerospace!”
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" V111 - THREE-DIMENSIONAL MODELING

Nowadays, the term "modei” usually implies a graphical cr
mathematical model generated for work with computers.
Considerable - realism, including rotation, enlargement, anrd
shrinkage, can be obtained. However, this is not the same as a
physical object that can be handled and felt. For design work, such
physical modeling is of real value; however, if a designer appears %9
be enjoying himseif, he is usually suspected of indulging
frivolous play. - |

In structural design, cemparable models can rapidly show the
advantage of one arrangement over another. The designs for a spezd
brake, mentioned in Chapter 11l make a good example. Figure Vili-1|
is a photograph of the models that were tested, now somewhzt
tattered but still capable of illustrating the point they were meant
to demonstrate, that the triangular arrangement without an innsr .
skin is twice as stiff in torsion as a rectilinear arrangement with a
skin. They are only about 5 inches long, costing a minute fraction of
the computer model and accompanying analysis needed to prove the
same point. In fact, the computer model tells nothing abeut
torsional stiffness unless that kind of loading is imposed on it and
measurements of deflections are specified. The physical mocz2l
conveys the idea directly by feel. It helps one to recognize what
characteristics the analysis should be exploring.

~ Similarly, models of stiffening arrangements( Figure VIl - 2),
thin cardboard to which thin plywood strips have been glued, show
the difference between square and triangular patterns. To the
surprise of a number of engineers who have practiced structural
design for many years, the triangular arrangement is shown to Se
perhaps nine or ten times as torsionally rigid. it demonstrates that
a torque box, often incorporated in a design to handie inescapable
eccentricities, does not have to be closed and- inaccessible. it
implies, but does not show, that this form of stiffening can resist
the formation of buckling waves because of its torsional stiffness.
That must be demonstrated by comparative tests. -
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The design for a cylindrical Shuttie cradle for a satellite
discussed in Chapter H} was first demonstrated with the cardboard
model illustrated in Figure VIII-3. it proved that substantial forces -
in all directions could be resisted at a pair of points when they fed
their load tangentially into the cylinder.. The same thing was
demonstrated in another case with the cardboard model shown in
Figure VIll - 4 In this instance, the grid bars were printed on
paper glued to the shell. Copies of drawings, printed black on white
paper and glued to a stiffening sheat, hel'p to add realism. '

The reasons for takmg the time to build models, frem simple

demonstrations to more elaborate show paeces can be summed up
about like this:

O The designer needs to satisfy himself - and any skeptics he
must deal with - that the arrangement of elements he is proposing
will indeed do the job. It can also be shown that accessibility to the
interior of the structure is satisfactory - or not, as the case may -
be. The model, in fact, gives him the opportunity to see the effect of
small changes, the addition of a strut in a critical place, or the
- stiffness lost when part of it is cut away. It may also allow him to

discover, early in the game, that a complete rearrangement is in
order. _

0 The énélyst may see, from handling the model, what questions
must be answered for adequate preof of the concept.

O Quite. often, the designer’'s oeers and his management can't
visualize from a 2-dimensional 2crawing how the finished product
will look. They need 2 more complete description than words and
drawings will provide: Too often, in fact, the manager empowered to
decide is inexperienced in design, not really competent to make
sound judgments; he must be "sold”™ on concepts. For him, the
spiffier the model, the better.
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Models are particularly useful for exploring unconventional
solutions to new problems - or familiar ones, for that matter. The
model depicted in Figure VIII-S was built to verify the suspicion
that a structure subject to bending loads could function adequately
when the shear material is not continously attached to the beam
caps. In this instance, it was necessary to handle large loads in an
intertank region of a large recoverable booster after large slots had
been cut in it to accommodate a nose-gear well ¢n the bottom and
two large retractable panels carrying cruise-back iet engines safely
out of the airstream during launch and the early stages of re-entry.
The uninterrupted shear path follows an inner surfzce defined by the
propellant tank domes and a network of criss-crossing straight
struts tangentially -attached to the domes and forming an open
basket hyperboloid of revolution between them. The idea, which was
never carried any further than this, is sketched in Figure VIlI-6.
This is a method, among many others, for making the best use of the
awkward (and usually inaccessible) space between propetiant tanks
on a lot of space vehicles.

Without a "feelable” model like this, an idea as unconventional
is likely to pe rejected out of hand as unachievable. By handling the
3-dimensicnal object, one is easily able to appreciate that there is
nothing unfeasible about it. It very handily resists all types of loads
- applied to it by hand, and doesn't rack from either side shear or
torsion. '

Making Models

The design tool model can be made from very simple materials
and equipment. It has been said that 2 wing folding scheme, for
many years a proprietary trademark of the Grumman company, was
first demonstrated with a pair of rubber erasers and a paper clip
bent to the proper shape. This system involved a rotation of the
wing as it folded back so that it ended up with the chord plane
- vertical, leading edge down, and the wing tucked against the side of
- the fuselage. 1t was done with a single canted axis of rotation.

That was a mechanicai device whose prihciple really needed
some 3-dimensional demonstration not possible with 2-dimensional
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FIGURE VIH1-5 - A small scale model of an unusual arrz-gement of
structure in the arsa between two propellant tanks. Shezr is carried.
across the gap by a tangentially attached network c¢7 diagonal
members. forming a hyperboloid of revolution. Thev are not
connected to the mzin bending members.
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FIGURE_VHI-S - A sketch of a design f<r a re-uszble booster with

flyback air-breathing engines. They z'e mounted inside panels
covering structural gaps in the arrangement examined by the
subscale model in the previous figure.
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pencil layouts, but most structural models stay fixed after being
built. Shapes can be approximated, often guite accurately, with
folded paper, the thin, strong cardboard scrdunged from {ile folders,
or the heavier mzterial in pad backs. There is almost aiways in
every engineering office a "pack rat” who has kept a stack of all the
pad backs he's used for the last several years. For struts or the -
occasionally needed_ local reinforcement, there are paper clips, thin
wooden dowels or bamboo skewers, and toothpicks saved from the -
company cafeteria or the lunch time martini. All these ingredients .
can be stuck together with model-builder’'s or housshoid . quick

drying cement. - R

~Wwhere spherical elements are involved, about the handiest
readily available unit is a ping-pong ball. Light and strong, it
~ unfortunately comes in only one size. If it is too far cut of scale,
there are rubber balls from toy stores, Christmas tres ornaments
(preferably plastic ones) and dangerously fragile items like light .
- buibs. Plastic coniainers and lids come in handy at times, but must
be used with some caution because they often estabiish such a’
weird scale for the model that nothing else fits with ‘t. For more
irregular forms with compound curvature, a form can bz made with
templates {cardtoard or thin plastic) which support znd shape 2
plaster-of-paris or modeling clay mandrel. Wet facial tissue, sized"
with water solubie paste, can be draped on this and thsn dried and .
trimmed around the edges. Of course, in a drafting office, some of
these measures zre a bit untidy, so they're better dcne at home,
‘where a designer can mess up his own kitchen (having first obtained
permission from his wife). o

Ultimately, where real fidelity is in order, patierns can be
made by carving, sanding, or machining. From them silicone rubber
molds can be produced for casting more parts in lew-shrinkage
plastic resin, a two-part epoxy or similar system. The node for 2
modular space piatform system, shown in Figure 1V-15, was made
that way from twelve identical molded parts.

Large open truss structures, reduced to miniature scale for
easier overall evaluation, can be made with simpie bars like
toothpicks which are remarkably consistent in size, ragardless of
source. The round, double pointed ones are 2.6 inches or 66
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miilimeters long. In Figure VIHI-7 the framework representing a
"power tower” configuration for Space Station buiit. with the
construction system described in Chapter {V is shown. Since its -
bars are intended to be 55 feet long, it is about 1/250 scale. A
mocel like this demonstrates quite clearly that such a structure can
be stiff and stab!e

More solid objects are simply made with cut, folded, and glued
pager or thin cardboard. The same pressurized node for a modular
space station as shown in Chapter [V was originally made this way.
It is shown in Figure VHI-8. While it seems to be round, it is
actually made from flat, cylindrical, and conical elements. The
"spherical” surface consists of twelve 120-degree cones with the
small percentage of area between them of somewhat undefined
shape but without compound curvature. The flat patterns of the
pieces are shown in Figure Vi1i-9. There should be enough definition
to altow the reader to construct one for himself - or, better vyet,
twelve of them to make a complete ball. it's best to leave one of the
basic units unattached for access to the interior.

Fiat parts and cylinders are easy to imagine and draw, but
cones are more of a challenge. Therefore, the definition of cone fiat
paiterns and the method of defining a tapered grid pattern like
those on the model in Figure Vili-4 are offered for the prospectwe
do-it-yourseifer in Figures VHi1-10 through VIII-13.

Miniature Experimental Testing

For more serious testing of concepts, an accurate miniature of
the intended design can be made from piastic materials, probably
the most suitable being thermo-setting polycarbonate. One of its
more familiar forms is marketed under the General Elecric trade
name of "Lexan”. Strong and impact-resistant, this material is
commonly used in casings for double-insulated power tools such as
hand drills, saber saws, sanders, and the like. it is also used, in its

clear, unfiiled form for such apphcat:ons as shatter resistant
window panes.

1t is in this clear form that it is most useful for structural
experimentation. It has the useful property of a stra_ight_*line
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FIGURE VII1-7 A stick model reprezenting an arrangement of
standard modular elements to build a gravity-gradient space
station. It is constructed of teothpicks, with tissue paper defining a
hangar bay. ' '
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FIGURE VHI-8 A spherical ‘node ~ for habitable module
interconnections in a modular space station assembly. Its twelve
identical subassemblies are constructed of thin cardboard.
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FIGURE VIII-§ - Flat patterrs of the' elements for a nodal
subassembly, twelve of which mzke a complete ball.
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stress/strain curve, extending to elastic deformation well bayond

that in metals at ultimate strength. Therefore, it is handy as a
demostrator of compressive stability, where that characteristic is
difficult to calculate because of unusual shape or arrangement.
Models of this kind have shown that spherical segment ends for
cylindrical pressure vessels, the shape of the domes on the Deita
Taunch vehicle mentioned in Chapter VIi, remain stable at their
edges as hoop compression rings when the elastic strain is well
beyond that in aluminum alloy above the compression yield strass. it
has also been demonstrated that buckling will occur in such models
at strains equivalent {o those at which metal structureh will
buckle.

Unlike a metal test specimen, which is generally desiroyed
when it buckles in a compressive test, the polycarbonate zrticle
- bounces back as good as new, ready for retesting. As aresuit, it can
be repeatedly tested under a variety of loading conditions, previding
much more information at a far lower cost. A series of tests on .
rib-stiffened spherical segments proved, in 1964, that the sogrid
triangular stiffening arrangement (or the closest equivalent which
could be mapped on a spherical surface) was superior to racial -or
square patterns of stiffening ribs for resisting reverse pressure.
The models and the test set-up are shown in Figures VIli-14 through
-18. Figure VIiI-19 shows the metal articie whose configuration
was determined by the miniature tests in piastic.

Similar tests have been conducted with isogrid-stiffened
cylinders like that shown in Figure VII1-20. More elzborate
variations have also tested the effect of various shapes and sizes of -
cutouts with different arrangements -of reinforcement arounc them.

Finally, there is the show-and-tell elaborate model without
which no final presentation of a proposal would be complete. The
miniature milling machine shown in Figure VIlI-21 was such a
model, intended to prove how tank panels would be produced
economicatly, but in a losing cause. By the time a model like this
appears, of course, it is too late to prove anything more usefui than
“the fact that it can be made to look pretty with the proper -
application of cosmetic pamt
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FIGURE VII1-16 - A dome section stabilized by a square pattern of
stiffening ribs under test with reverse pressure zpplied to it. '
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FIGURE VI11-17 - The square stiffened test dome after failure.
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FIGURE VIII-18 - A test article with a triangular pattern of
stiffening ribs in the test fixture. it proved to be the mest efficient
stiffening pattern investigated. It was the forerunner of the
“isogrid’ stiffening system whichhas universz! application.
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FIGURE Vil1-21 - A display model of a special milling machine to
produce targe isogrid panels for a propellant tank. It was never built
because the contract was awarded to someone else.
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Too often, this is the only model built for a program other than the
desk top miniatures later produced for customers and executives
after the contract is awarded and practically finished. Too few
management organizations recognize this model building as a useful
tool for effective design, viewing a medel shop as an expensive and
unnecessary overhead cost. Playing arcund with computers is much
more fashionable. = IR
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- During World War 1l - and ever since - the identification of
employees at the entrance gate has been given careful consiczaration
by the aerospace industry. Of course, at first, it was just the
aircraft industry - there was no space division anywhere.

At the Douglas Company each employee was required i) show.
not only his badge, a plastic decoration with only a number cr name -
on it, but a pictorial identification card as well. These photss were
‘about the gquality found on passports at the time, making it fairly
easy for the forgetful at times to pass through the gates ac George
Washington after wavmg a wallet with a one-dollar bili in the .
wmdow

With all its limitations, the badge was regarded as a valuable
document and carried on its reverse side an offer of two doilars for
its safe return. The employee who lost one was harshly reprimanded.
and fined one dollar. After this company policy became ¢znerally
known, there was a perceptible increase in the incidence of badge
loss, not at all what was intended.

These badges setdom were lost for long ; generally they showed
up in a day or two, the finder coincidentaily being a friend of the
loser. Each became slightly richer - fifty cents worth, to be sxact.

The company- tock quite a while to adjust the fine anc reward
balance and was disrespectfully considered a little bit stupid as a
result. However, there's the possibility that this was just 2 scheme
to identify candidates for promotion to management, those who
were enterprising and willing to expend inordinate amounts of
effort for fifty cents. [t could have been something like the

corporate practice of appomtlng an “ombudsman® to identify
troublemakers.
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. IX - CONCLUSIONS -

Aerospace vehicles in general could be vastly improved if structural
designers stopped resenting the intrusion of o:her subsystems, and
- worked at anticipating their needs. It would berzfit both the structure -
and the subsystems living with it, minimizing argument time. and
making the vehicle hghter and more econormical.

Provincialism within design "chsmphnes wes demonstrated at a
recent kick-off meeting for a new program  at a NASA center {summer of
1988). A manager of structural design rose to proclaim, "We will not
compromise our structure an inch {o accomrmodate avionics!” The
industry teems with such defenders of lost causes. I each case, the
structure loses!

Such mstances are not uncommon and indicate that more feedback
from previous experience is sorely needed. It is not likely to be found
- unless requested - and with some urgency. Unti then, the information
herein should be useful to show both the need fc- and the promise to be
expected from a rechrectmn of customary design sractice.

‘For a start, the gmdehnes stated in Chacter g are restated for
thoughtful consideration :

A Keep the number of parts to a minimurn.

Anthpate change with standard features and patterns
Mirwng tooling with accurate, self-indexing parts
Antic_ipate access needs with open internal structure
Avdid materials which cannot produce firtings - |

Modularize

S B - B SR

Triangulate -
: L2 B I ]

To keep parts to a minimum, it must first be clearly understood what
is meant by "a part”. Economy has been claimed for composite
structures because they allegedly contain fewer parts. While there may
actually be a sheet metal assembly so clumsily designed that it contains
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more parts than its composite counterpart, this possibility is quite
remote. In the early 1970's exactly such claims were made in a
presentation by a composite enthusiast from Wright-Patterson Air Force
Base before a dutifully respectful group at the McDonnell-Douglas

~Astronautics Company in California. After he was through, the

Engineering Vice-President rose to ask why these cost-cutting results had
not been detected in his company's research. Nobody present had the

courage to say that the reason was quite simple - the staterzents were not
true. _

A part is anything that must be identified, described, stocked,
handled, or inspected. A single leaf in a multi-ply layup -cf a composite
assembly is a part. When a dozen to 2 hundred of such glies are fused
together in a plastic matrix, the product is an assembly - though often
mistakenly identified as a part. The same is true of a number of
individually simple units which are welded together. They are also an
assembly - not at all comparable to a single unit (that is, part) of the same
shape which has been carved from a smgie block or plate

Few parts, obviously, means Iarge parts.. Thexr size is limited by three .
main factors: the size of stock available in the material of choice,; the size
of machines available for working the material, or the imagination of the

designer. Unfortunately, the last reason is too often the determinant of
part size. _

There are other reasons for separate parts
¢ One part must move w:th respect to another mechanical motion. -

¢ Special proper’ues are required in a local area - r931stance to
wear, electrical or thermal insulation, adustabilitv for proper
fit, excesswely high local load intensity, etc.

¢ Manufacturability - part must be hollow, extrems change of
shape, etc. A spherical container, for instance, must be made in
no less than two halves. ' '

¢ Something must be removable for access.

There are probably some other reasons in unusual cases., but these are
the most likely. If there are joints for none of these reasons, there is bound
to be room for considerable cost and weight reduction in the product.

There is a firmly implanted idea in aircraft as well as space vehicles
that integral construction is only to be applied where it i3 structurally
important. Implicit in such an attitude is the assumption that extra cost



is incurred. That is, the main s{ructural boxes in aircraft wings, often

- functicning also as integral fuel tanks, are considered important enough.

The leading and trailing edges, "feathers”, so to speak, considered

relatively unimportant, are assemblies of sheet metal, giving secondary

structure the benefit of secondary considerztion. As one engineering vice -
president for a major aerospace corporation put it, "We worry about the

‘bones’ of the construction, but the 'featkers’ usually cost and weigh
more.” In cases like this, attitude rather than reason prevents more

widespread use of integral construction. Besides, it is not generally known

(because nobody asks) that it is actually mcre economical.

In many cases, lack of understanding that integral construction
should be preferred practice, has led to inadequate funding for the
machines that make it possible. Some aercspace companies are simply
not equipped to make large parts. When they re-equip their shops with
updatad numerical control machinery, ther order machines with small
beds, incapable of making anything much larger than two or three feet
wide, and often less than ten feet long. Even at that, their designs are not
likely 1o challenge their machines’ capacit:. There is plenty of room for
improvement. :

E X EFE

Providing useful attachment fittings 23 an inherent feature of the
construction is even rarer than applying integral structure. In the S-IVB
case, the one which has been most thoroughly scrutinized, a lead designer
remarked that every attempt had been mzade to minimize weight at the
~ tank stiffener intersections, even to the exteat of drilling holes centered on
these blobs of material. It was eventually cecided that the labor involved
- was not worth the minimal weight saving, though nobody apparently
considered these strong points an asset to-be exploited. Where
attachments were made to the tank wall, the standard pattern was
interrupted. the stiffening ribs were cut dcwn and tapered to blend with
‘special large thick pads to which attachment fittings were welded.
Ultimately, it was realized that an S-1IVB, serving as the Orbital Workshop
for Skylab, already possessed inherent fittings that with the minimum-
modification mentioned in Chapter II were sufficient to support the crew's
living quarters and experimental equipment.

A by-product of this discovery was the inherent inclusion of such
attachment provisions in the floors and wells of the Workshop where the
open isogrid form of structure provided uausually strong fittings at the
juncture of six bars. Subsequently, this geometry has been applied as
stiffening for the skin of tanks, interstages, and payload fairings in the
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Delta launch vehicle, about 85 per cent of its surrace being in this form.
The opportunities afforded by the stiffening have been recognized as
useful for locating and supporting slosh baflles in the propellant tanks
and for varicus mountings for equipment components. '

Curiously. as soon as machining is accepted as a process for making
paris. great attention is paid (o simplifying it. That is, milling parallel slots
to leave standing parallel stiffeners is usually preferred to pocket milling,
although the latter can be a complete structure whereas the former

- cannot. It is cheaper only because it is incomplers. When the necessary

frames, cross-bars, clips (or whatever) are added. the cost comparison is
no longer ciose. Besides, there are no longer any inherent features for
equipment mounting, that task. (and its accompeu vmg damage} bemg left
to the instailers.

Other than the few cases cited, there has been virtually no recognition
of the opporiunity that the nodes of structural pat:erns offer and even less
indication that any procuring agency will ever ccnsider such capability
essential. No such requirement has been seen in a proposal request (not
even for Space Station where it would be invaluable} or even recognized
as an asset when offered. Why must it be assumned that the negotiations
involving structural alterations for "sytems integrztion” are inevitable?

*rE X E

When large parts are machined, accuracy is an inherent feature. When
this is recognized, an adapter cradle or a basic vehicle itself can be built
without expensive tooling. The Orbital Workshop loor pictured in Figure
I-1 used the accurately made machined panels themselves to align all the
rest of the parts, allowing it to be built on nothing but sawhorses which
held it off the assembly floor, as shown. This “floor assembly, as it
happened, was not the final version, but the criginal one which still
contemplated the so-ealled "wet workshop” immersed in liquid hydrogen.
For the later one, an assembly jig was made anyway. The intent of the very
large structural sandwich core of a standardized upper stage, shown in
Figure V-11, was to exploit the accuracy of the fuil-bay face plates in the
same way. This one, however was never built.

Jlg borers are precision tools which can usually be seen in an air-
conditioned dust-free room off to one side of a large machine shop floor.
Their function is to make very accurate and precisely located holes for
indexing pins in precision assembly fixtures. Most of the time they just sit
there, looking shiny and unused and expensive. It would seem logical to
employ these machines to produce actual parts for low satellite
production. They could at least locate and drill accurate hole patterns in
an integral bulkhead, rib, or similar structure, making an assembly tool



unnecessary by turning the unit itself into an assembly fixture. The
accurate hole patterns can also index the core part on the machines
uhich subsequently shape it.

It is safe to say that this accuracy only apphes {o parts which are flat.
By the time a flat part has been formed to a half-cylinder or one-third-
cyvlinder, there is probably enough plastic deformation to require at least
a trim tool to true up the edge. Conical formed parts are even more
susceptible to uneven deformation. For these cases and others where
even more severe forming is required {involving compound cuxvature, for
example), an assembly tool is sure to be needed.

FEEX

- When the internal structure is open, consisting of discrete bars
instead of obstructive barriers, it is self-evident that wiring and plumbing
runs can pass through it. Without any need for changes which add new
parts, extra reinforcement, argument and negotiation, the open structure
Labit can be expected to produce less costly and lighter structure than
can be obtained by conventional practice. The passenger airplane floor
team example in Chapter III and the revised cross-section for a Shuttle
Orbiter payload bay shown in Chapters IV and VI typify the kind of
improvement that can be expected. It can be achieved most effectively if
the trusses are considered machinable {rom single plates instead of built
up from tubes in conventional fashion. If's so obvious that it should be
tried more often than it is. The hang-up seems to be a mental block
holding a designer back from a bold move which includes dxscardmg over
mnety per cent of the material in the startmg blank

To carry the theme further, one should re-examine the orthogonal

frames, longerons, beams, and such internal framework, replacing as
much of it as possible with a lightweight internal strut system. Only as
heavy as it needs to be to stabilize integrally stiffened external shells, it
allows these shells to contain all the elements now identified as spar caps,
frame caps, and bulkhead rings. A wing spar thus becomes nothing more
than a light truss lattice with no caps because those are part of the slkin.
The idea is essentially the same as that which created sandwich structure

- only, in this case, the faces of the "sandwich” are the outer surfaces of
the vehicle. _

EEEE;

As soon as the old sheet metal way of doing business is adopted, as in
the case of composite construction now considered fashionable for weight
saving, individual fittings are required wherever large concentrated loads
are found - at landing gear attachment points, control surface and flap
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hinges. door hinges and the reinforcement zround the opemngs engme _
mounts, etc., etc. On the other hand, with thoughtful design, these

_provisions can be incorporated into a large integral panel or shell. Load

intensity can vary within the same part from perhaps 100 to 200 pounds
per inch of width all the way up to the maximum capacity of the basic

plate - about 50,000 pounds per inch for one-inch aluminum plate. The

plate can be whittled to match any load intensity between these extremes,
a property which permits exceptmnally efficient tailoring of the material

for light weight as well as for minimum cost because only one plece is

involved.

It must be added that prudent blending of cuts between areas of

- varying load intensity to avoid stress concentrations, as has been done for
- many vears on wing spar caps, can significantly extend the fatigue life of

such' structures, particularly when load is not transferred between
overlapping sheets by rivets or bolts with their crack-inducing holes.
Where there are attachments, as between one large plate and another, the
points of attachment can, and should, be adequately remforced with
integral bosses.

These desirable properties must be forfelted when the basic material -
(rolled sheet or laid-up plies) can handle cnly a limited range of load
intensity. The inability of these material forms to make fittings is a sound
reason for avoiding them. Their promising physical properties cannot be
effectively employed. It is why the engine bypass duct mentioned in
Chapter III could be made lighter from tiianium than from graphite
compcsites although the titanium is about three times as dense.

As indicated in Chapter V, there is nothing wrong with the remarkable
strengith and stiffness of graphite fibers imbedded in some kind of matrix,
except for the method of application. When it takes the form of an
isotropic block or slab which can be molded or machined to shape, it
should offer exceptional improvement in flight weight structure. Until
then, it will only be superior to poorly designed metal structure - which is
abundant enought to foster the 111us10n of lzid-up composite supen0nty

In general, the economy of very large pa:ts with inherent fittings and
load-tailored members justifies avoidance of materials unsuitable for
fittings - even when the material proper’aes cf the integral parts appear to
be 1nfe"10r

L I 2% J

Modularization is seldom found in flight vehicles, the single exception
probably being standard cargo containers found in later model air

~ transports. There have been studies for its application in space vehicles,



‘and one attempt at a real system, but these cases have rigidizeded the
subsystem packages into invariable modules, drastically restricting the
range of applications.

Not only must modularization start with the structure, but :he
structural parts must be recognized as those least in need of change frcm
one mission or application to another. They are the backbone, along with
some distributive runs. The subsystems are the variables which can
adapt for different purposes while the structural frames and containzrs
remain essentially constant. Even the structures can be more usefu! if
geometrically standardized while allowing for variable weight and strength
to widen their application. _

‘TR xE

It should not be necessary to mention it, because every structural
designer should know it, but structure can be much more effective if i: is
arranged in triangular arrays instead of rectangles and squares. That s,
when structure is arranged in rectangular patterns it must be stabilizad
by obstructive shear webs, or worse, suffer weight penalties from carrnying
shear by bending loads in the structure surrounding an opening. Eut
when structure is a lattice of straight, stiff, axially loaded bars, it is light,
penetrable, and inspectable, in most cases needing no rework when ot=er
subsystems must have space and support. This open basket form <an
only be efficient when the arrangement is triangular. That is, to sax it
again, there is only one stable polygon - the triangle.
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SNOCPY AWARD

When Daniel Haughton first took over as President of the Lockheed
California Company, having acquired somewhat of a reputation as 2
disciplinarian at the Georgia divisicn, he was seen every moming for a few
weeks standing at the entrance to Building 63 at the Burbank Airpo:t
(then Lockheed Terminal) watching latecomers arrive. This led
considerable muttering, sotto voce of course, to the effect of "I wondsr
what's bemg left undone in his office, while he spends his time watchir.3
what we're doing?”

Before long the questlon was answered in the fashion known =3
workers throughout the industrv, the warning memo about employs2
attendance:

IR it has come to our attention that our working hours from 7:39

in the morning to 4:15 in the evening are not being observed by a1
employees. Some have been arriving late, taking too long for lunch, and
departing early in the afternoon. Offenders are warned that disciplinary
action may be necessary i these habiis conlinue - and you know wkho
you are!” '

Ken Watson, an immigrant from the Bristol Company in Englanid,
was one of a fairly large British contingent, properly assigned because of
their lengthy experience to the Preliminary Design department, bzt
frustrated by underutilization and underestimation of the1r worth. E=
carefuliy read the memo, a smile lighting his face.

"A-a-ah,” he said, waving the paper above his head, "Recogmtmn
at last!!”



