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sorts of interesting design concepts previously not attempted with the t r a d i t i o n a l aerospace materials. Along with the positive aspects of composites, the limitations must also be assessed. Prior to failure, modern metallic aircraft structures have a capacity to redistribute loads by plastically deforming, whereas filamentary reinforced materials do not. Failure of composite structures under load is usually sudden. Examination of the stress-strain response of three typical aircraft structural materials will clarify the point, as shown in Figure 1. First, note that the response of the 143 Eglass fabric is linear (straight line) from 0 stress to f a i l u r e stress of 105,000 psi. The stress-strain relationship is the same at 80,000 psi as



Modern Composite Aircraft Technology By Hans D. Neuhert (EAA 631181 6051 Prado St.



Anaheim, CA 92807 and



Ralph W. Kiger 10201 Wembley Circle Westminster, CA This article, first in a series, deals with materials and predesign aspects of modern composite aircraft technology. We have tended to be a little more technical than one normally finds in SPORT A VIATION on the premise that education and information to you, if not abused,



strengthens the EAA movement.



in homebuilt and certified aircraft is certainly not new, having been used in cowls, tips, closures, landing gears, etc. for many years. However, the current trend of using composite materials in primary structure (wings, fuselages and empennages), as evidenced by the Vari-Eze, KR's and others, represents a substantial departure from previously accepted applications. These materials offer new avenues for efficiency, cost savings, fabrication ease and all TABLE 1



FIBER DESCRIPTION



BORON



During World War II, the need for new materials to replace scarce metals accelerated the research and development of plastics and reinforcements. In 1975, the total consumption of reinforced plastics in all markets reached approximately 1.7 billion pounds, with reinforced thermosetting materials accounting for about 85''f of the total. In the middle



1950's, NASA, the military services and i n d u s t r y recognized t h a t advanced composite materials would dominate in the 1980's due to inherent low weight, high strength and stiffness characteristics, whereas the strength-to-density and stiffnessto-density ratios of most metals fall in a closely grouped area. The emphasis has been to exploit a new class of reinforcements. These new fibers include tungsten substrate Boron, rayon and polyacrynitrile precursor graphite and inorganic Aramid fibers.



SELECTED ADVANCED COMPOSITE FIBER PROPERTIES



TRADE NAMES
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PART I. MATERIALS BACKGROUND AND PRELIMINARY DESIGN
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FIGURE 1 STRESS-STRAIN COMPARISON Of E-GLASS, 4130 STEEL, AND 2024-T3 ALUMINUM



STYLE 143 E-GLASS WARP DIRECTION



EPOXY RESIN



To date, NASA and the military services have funded the aerospace in-



dustry in excess of $400 million to bring this technology into full maturity. These advanced fibers are mentioned here so that you may be aware of their existence because, as increased demand lowers cost, their utilization by the homebuilder will become possible. Table 1 gives a physical property comparison of these materials. In the meantime, the only cost effective fiber available to homebuilders is fiber-glass. The use of fiber-glass construction 58 JULY 1976
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it is at 40,000 psi. At 105,000 psi, the



glass fabric fails without warning. In comparison, the a l u m i n u m and steel materials shown also have a linear elastic regime. However, at
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the proportional limit, the response of these materials changes into "plastic deformation". When one bends metal to a new position (i.e., bending an angle out of sheet stock), the material is taken into the "plastic" range. When the load is released, you



each glass composition, but is generally 2500' F. The molten glass is then drawn directly into fibers, or made into modules which are subsequently remelted and drawn into fibers. The fibers are drawn from a plati-



to bend up the angle from sheet stock, assume you are stressing the aluminum sheet to 52,000 psi and, as a result, have introduced a permanent set of .01 inch/inch strain. Upon load release, the material relaxes back



holes, gathered together and drawn or stretched m e c h a n i c a l l y to the proper dimensions. The number of



have permanent set, but the material still retains its properties up to the proportional limit. For example,



to zero stress. At any additional applied stress up to 52,000 psi, the material response is linear, just as it



was before being bent (fatigue aspects not being considered for this example). The fact that a unidirectional glass fabric does not have a "plastic deformation" range is not a bad feature; it only must be considered in the design process. Most EAA members recognize that



not all plans promoted in the classified section of SPORT AVIATION are the product of engineering trained



num alloy bushing containing many holes in its bottom. The molten glass in the bushing is gravity fed through



holes in the bushing determines the



number of filaments per strand, while



the glass temperature and the drawing speed determine filament diameter.



Although glass is strong, it is friable and subject to self-abrasive damage. To prevent this, a binder composed of starch and lubricating oil is applied to the filaments as they leave the bushing. The binder also aids in the further processing of this



yarn by preventing damage to the



filaments during various preparation steps, such as twisting, plying and weaving. The nomenclature of glass yarn



designers, nor have all prototype designs enjoyed the luxury of a thorough stress analysis and subsequent load test verifying the analysis. Since the EAA policy for homebuilders is "caveat emptor" (let the buyer beware), it is our purpose to educate



consists of an alphabetical and a numerical part. The first letter refers to glass composition (E for electrical grade, C for chemical, S for high strength, etc.); the second letter designates fiber form (C for continuous, S for staple); the third ( a n d fourth, when used) specifies the filament diameter (D= .00021 in., E = .00029 in., G= .00036 in., etc.). The



lightly; that the design/analysis process is difficult to perform, more so



is the glass yield in yards per pound.



those contemplating the use of composites in primary structure. We do this to demonstrate that aircraft structural design is not to be taken



in composite materials; and that you, the builder, ought to have some means of applying judgment to test the "caveat emptor" principle. Our educational approach to you will be via a series of articles dealing with preliminary design, a detailed design example, fabrication demonstra-



first part of the numerical portion



TABLE 2



FIBER DESCRIPTION



E-GLASS



FERRO



tion, and maintainability and repair.



In this first article, let us present



material, and perform a preliminary design tradeoff and optimization of



the T-18 outer wing.



FIBER-GLASS



Introduced in the late 1930's, fiberglass is made by mixing the various



ingredients together in dry form and melting the mixture in a refractory oven. The temperature varies for



fill for making 181 style cloth — a



typical aerospace grade. The code tells us that it is E glass, continuous, with 204 filaments per strand and .00029 in. filament diameter.



The yield is approximately 22,500 yds./lb. and three strands of ECE225



are plied together to form ECE2251/3. ECE225-4/3 would be made by first plying four ECE225-1/0 strands together, resulting in an ECE2254/0 yarn. Three sets of ECE225-4/0 plied together yield the ECE225-4/3 final yarn, which is used to make 184 style cloth.



E-glass is the predominate fiber



produced today. For special applications, typically aerospace, high



strength S-glass has been used. This fiber is marketed to two forms — aerospace (MIL-Spec) grade and commercial grade. The difference is primarily in the quality control requirements and means a 3-to-l price differential. All E-glass is of commercial grade, receiving nominal qual-



ity control during its manufacture. Shown in Table 2 are data for E and S-glass.



GLASS FABRIC CONSTRUCTION



The inherent properties of glass yarn are passed on to the fabric. Principally, these include high strength, flame, heat, weather and chemical resistance, and dimensional stability. FIBER GLASS PROPERTIES
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redesign a typical outer wing of an



a brief background on composite materials, select and characterize a



OWENS-CORNING LIBBY-OWENS-FORD



The method to be utilized will be to



existing design (John Thorp's T-18) on an equivalent strength and stiffness basis, and finally a test-to-failure to show satisfactory compliance and correlation.



FIBER SUPPLIERS



singles plied together. For example, ECE225-1/3 is used in the warp and



S-GLASS (AEROSPACE GRADE) S-1014



FERRO



S



OWENS-CORNING
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The second series of numbers which resemble a fraction designate the number of single strands in the plied



yarn. The digit to the left of the slash shows the number of strands twisted together, and the digit to the right of the slash indicates the number of



650,000 (STRAND TENSILE STRENGTH = 500,000 PSI)



Glass fabrics have been engineered



for specific applications by designing the fabric construction to give



the required weighfarea, thickness



and breaking strength. The weave construction governs the drape characteristics and how the warp (long SPORT AVIATION 59



ber, before using any fabric without knowing its history, determine that the finish is compatible with the resin; otherwise, property degradation will occur with time due to moisture in the air.



directionl and fill (width direction) yarns are interlaced. For instance, a satin weave is used in producing u n i f o r m laminates with compound curvatures and deep draws. The basic weave patterns are plain, twill and satin. Variations of these i n c l u d e basket, crawfoot satin, eight h a r ness satin, leno, mock leno and unidirectional. Table 3 lists only a few of the more t h a n 250 designated weave styles available. Standard width is 38 in., with 44, 50 and 60 in. available.



EPOXY RESIN



Since t h e i r i n t r o d u c t i o n in the United States in the early 1950's, epoxy resins have gained wide acceptance in such diverse applications as surface coatings, transfer molding compounds, reinforced plastics and adhesives. This versatility is due to the combined factors of chemical structure, reaction mech-



FINISHES



It is recalled that during manu-



be varied from bisphenol A resins to other chemical types to impart specific characteristics to an epoxy composition. These variations include: Epoxy novolac, cycloaliphatic epoxy, brominated epoxy, aliphatic epoxy and special high functionality resins. Each of these special and distinct formulations were developed to satisfy the requirements of special applications. For example, epoxy novolac is most widely used in electrical components for elevated temperature performance, chemical resistance, stiffness and r e a c t i v i t y reasons. Epoxy novolac is very brittle and not useful for laminating in homeb u i l t aircraft applications. Bromi-



TABLE 3 DATA FOR SIX SELECTED FIBER GLASS FABRICS (E-GLASS)
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MAJOR FABRIC WEAVERS: BURLINGTON INDUSTRIES, J.P. STEVENS, HEXEL/COAST MFG. UNITED MERCHANTS, AND CLARK-SCHWEBEL



facture a starch/oil sizing was applied to the fibers to prevent abrading. Because glass fabrics have many diversified uses, it is necessary to remove this sizing from the woven fabric and apply a special finish which will provide optimum performance for a specific application. For aircraft uses with epoxy resins, the interface between the fiber surface and the resin is chemically degraded in the presence of moisture. The moisture in the air will diffuse through the resin and attack this bond. The result is a rather dramatic reduction in strength properties. To overcome this problem, a number of standard and proprietary finishes have been developed by the weaving industry. These finishes are normally applied in solution form after the fabric has been heat cleaned and washed to remove the starch sizing. Finishes have been developed for melamine, silicone, polyester, phenolic, epoxy, polyimide and other resin systems. Epoxy and polyester-compatible finishes include Volan A



anism, wide formulation latitude and high performance inherent in epoxy resin technology. Epoxy resins are a class of low-molecular-weight resinous compounds generally characterized by the presence of the threemembered oxirane ring. Most epoxies produced are based on the reaction product of epichlorohydrin and bisphenol A. Thus it is bisphenol A epoxies that are usually referred to in discussions of epoxy properties. The physical structure of bisphenol A epoxy molecules imparts the desired characteristics. The rigid aromatic backbone connected by short glycidyl ether linkages promotes high strength and modulus properties, as well as increased thermal stability and good c h e m i c a l resistance.



A1100 ( a m i n o - t y p e silicone), UC Y4087 (glycidoxyprophy trimetho-



susceptibility to ultraviolet degradation, which manifests itself as yellowing and chalking. The result is a reduction in strength properties. The basic chemical structure can



( m e t h a c r y l a t e chromic c h l o r i d e ) ,



loxysilane) and Garan (vinyl-triet-



hoxy). There are others, but these



are the most widely used. Remem60 JULY 1976



Chemical polarity provided by hy-



droxyl and ether groups contributes toward the widely recognized adhesive qualities of epoxy resins. Thus, functionality promotes intimate wetting of metal, wood, fiber-glass and other polar substrates. This aromaticity does, however, result in one of the drawbacks of epoxy — their



nated epoxies are utilized where a high degree of fire retardency is desired. Cycloaliphatics provide good electrical arc resistance, and find applications such as electrical potting and encapsulations. Unsaturated polyesters (the type most familiar to homebuilders) have not been mentioned, primarily since epoxies, as a whole, provide 20 to 25^ increases in performance over the polyesters in the areas of strength, stiffness, stability, impact resistance and fatigue life. While formulations are available to bring a specific characteristic equal to or greater than a comparable epoxy, other desirable traits are reduced. As a whole, the epoxies are much more suited for p r i m a r y aircraft structure where maximum structural performance is desired at minimum weight. Polyesters are most ideally suited in secondary structural applications — i.e., wing tips, cowls, fairings, seats, etc. Most epoxies are designated by a number and several manufacturers offer essentially the same epoxy. For example, Shell E P O N " 828, Dow Chemical D.E.R. 331, Union Carbide 2774 and Ciba-Ciegy 6040 are all equivalent. The same holds true for curing agents, reactive dilutents, modifiers and other additives. With



literally hundreds of products on the



market, the situation is confusing,



even to those who have worked in the



resin field for many years. Criteria for selecting a particular epoxy include characteristics during



processing, strength, stability and



properties after cure. Pure bisphenol A resin by itself is not generally used for l a m i n a t i n g : it is b r i t t l e when



cured and has a high viscosity, giving poor wetting during layup. Resin distributors normally blend various



combinations of resins together, add



reactive diluents to control viscosity, mix in elastomeric modifiers to control toughness, solvents and cheap



extenders to reduce cost. Sometimes



fillers and pigments are used to reduce shrinkage, adjust thermal pro-



perties, improve chemical resistance and increase hardness (powdered



a l u m i n u m , for example). It's all like



a cake recipe, with countless variations for special uses and each with a different identification n u m b e r .



The result is a high degree of confusion, claims and counterclaims of what is better, and most often the f o r m u l a t i o n is proprietary to that p a r t i c u l a r resin supplier. All you see is a can with resin inside and a number on the label outside. Therefore, selection of a resin for a particular application is a complex pro-



cess, but should be done with great care.



EPOXY PROPERTIES AND CURING AGENTS Bisphenol A-type epoxies are all very similar. For comparison, let's examine Shell EPON 815, 820 and 830. The chemical structure of a typical molecule of the base resins is identical. Shell has added to the base Bis A, resin additives and reactive diluents to control viscosity and reactivity (pot life) with the curing agent. For Shell epoxies with increas-



ing numerical designation, the viscosity increases, the average molecu-



lar weight increases and elevated temperature s t a b i l i t y increases. EPON" 815 and 820 contain a monofunctional diluent, whereas 828 contains a bifunctional d i l u e n t . Incidentally, a diluent is a thinner which controls viscosity, but is chemically included in the resin chain reaction



4. EPON 1 Curing Agent T-l For longer pot lives and room temperature curing, one may use: 5. EPON" Curing Agent V-15 6. EPON' Curing Agent V-25



7. EPON Curing Agent V-40 All of the above curing agents require seven days at 77' F for complete cures.



Each of the above agents results



in a cured epoxy having slightly different f i n a l characteristics. They



were developed for large non-aerospace user(s), each with special requirements. Of the EPON" (as well as other manufacturers) resins cured



with the above, they all tend to have brittle fracture characteristics, which



is not desirable from a fatigue nor an impact point of view. These resins lack toughness, as evidenced by poor



peel strength performance. These are i m p o r t a n t c o n s i d e r a t i o n s for



homebuilts, since one expects to get utilization from the airframe over a



long period of time. Early attempts toward improving



toughness and peel strength have been successful, but only at the expense of other performance characteristics. Only recently, a new approach was taken, which is an elastomeric (as opposed to chemical) modification of the epoxies which maintains essentially all of the attributes TABLE 4



blending this resin for use by aircraft



homebuilders. We thank him for the data he has supplied, which is given in Tables 4 and 5. As one can recognize, the elastomeric modified resin



has comparable strength and stiffness, but the substantial increases



in shear strength and climbing drum peel are noteworthy. Chemical resistance is also comparable to the



standard epoxies. From what we can determine from the literature at this time, this "new" epoxy system is preferred for our homebuilt aircraft applications. MATERIALS CHARACTERIZATION



In order to successfully design an



aircraft structure, one must know the stress-strain behavior of the material. For our example, we have



chosen to use Style 143 fabric, which is sometimes known as "the poor



man's unidirectional weave". This material, with its highly different



MECHANICAL PROPERTY COMPARISON (CAST RESIN SAMPLES) TYPICAL BISPHENOL-A EPOXY SYSTEM



FLEXURAL STRENGTH
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CUSTOM AIRCRAFT BUILDERS EPOXY SYSTEM



17,000 PSI



FLEXURAL MODULUS



4 . 4 X 10 PSI



4.4 X 105 PSI



TENSILE STRENGTH



11,400 PSI



10,000 PSI



SHEAR STRENGTH



4,760 PSI



6,100 PSI



CLIMBING DRUM PEEL STRENGTH



1 in-lb/in



54 in-lb/in



ULTIMATE ELONGATION



4.4%



9.0%



HEAT DISTORTION TEMPERATURE



270 f



248 F



5



TABLE 5 CHEMICAL RESISTANCE COMPARISON % WEIGHT GAIN OF CAST RESIN SAMPLES AFTER 30 DAYS IMMERSION)



at cure, as opposed to paint thinner



TYPICAL BISPHENOL-A EPOXY SYSTEM



which evaporates from the pigment. For EPON" 815, 816, 820, 826 and



828, Shell recommends seven curing agents for wet layup laminating and room temperature curing. For short pot lives and fast cure, one may use: 1. DIETHYLENETRIAMINE (DTA) 2. TRIETHYLENETETRAMINE (TETA) 3. EPON' ( Curing Agent U



of the epoxy, but which possesses the added benefit of improved toughness and excellent peel strength. These elastomeric epoxies are relatively new (1960's) and have not yet enjoyed widespread application. An associate, Ray Lambert of Northrop's Manufacturing Research and Development Department, has been independently evaluating and
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METHANOL



7.24%
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properties in the warp and fill directions, allows us a better chance of



optimizing the layup. This basic material (143 E-glass/ epoxy) is then tested in tension and compression in the warp, as well as transverse to the warp direction. Inplane shear and Poisson's ratio are also determined by test. The results of these tests are shown in Figure 2 in the form of stress-strain curves. In composite materials, one must think in terms of strain, as opposed to m e t a l l i c materials where one thinks in terms of stress. In order to utilize composite materials properly, we now establish a design allowables criteria and some definition of terminology. Limit Loads: Most severe combination of loads and environment expected to encounter in service. Ultimate Loads: Limit loads times a factor of safety, usually 1.5 for aircraft. Margin of Safety: Additional safety factor above ultimate before actual failure. The M.S. must be equal to or greater than 0; limit loads to limit strain or ultimate loads to ultimate strain. Yield: Yield is the onset of inelastic behavior. Proportional Limit: The point on the stress-strain curve beyond which stress is no longer proportional to



will always be 1.5 times limit. Our margin of safety between limit and ultimate loads will always be conservative. Second, by designing at limit loads, we are using linear elasFIGURE 2



every time one mixes a batch of resin and applies it to a fabric, one experiences scatter in the property values obtained by test. Experience has shown that properly prepared



STRESS - STRAIN BEHAVIOR OF STYLE 143 E-GLASS/EPOXY RESIN
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Damage: An inconservative phenomena which may be observed by: a) Permanent Deformation bl Degradation of Modulus c) Reduction in Strength d) Loss of Environmental Resistance Criteria: We chose to design to limit loads using proportional limit strains, with damage to the composite not permitted at limit loads. In the determination of design properties, we actually work with strain and apply our factors to those values. To satisfy our damage criteria, we choose between either 2/3 of design ultimate strain or proportional limit, whichever is lower. A summary of these computations for in-plane tension, compression and shear is shown in Table 6. We have now defined the properties of one layer of Style 143 E-glass cured in epoxy. This is summarized in Table 7. This one layer of material we refer to as a "lamina". The next step is to define and predict how a "laminate" behaves. A laminate consists of any number of layers in any orientation relative to some point of reference. For wings, the span is usually the reference direction. In applying this criteria to our design example, we have done a number of things. First, by proper selection of limit strain, ultimate strain 62 JULY 1976
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tic properties. If we were to design using ultimate strain and loads, an elastic plastic analysis would be required. Also, fiber-glass tends to deflect more than metals due to lower modulus, and large deflection analysis (updating of stiffness matrix) is difficult to perform. Combining an elastic-plastic material with large deflection analysis is extremely difficult to do for complex structures. The only recourse is to go to finiteelement techniques and there are only a few computer programs in the country to handle that class of problem. Third, all available optimization techniques consider only linear



elastic materials. In summary, by



designing with limit strains to limit



loads, the design problem is solva-



ble by expedient techniques.



Since a new material is created



materials fall within an 0.8 to 1.2 distribution of test averages. This factor agrees remarkably well with statistical approaches. For example, our material has an average ultimate failure stress of 105,000 psi. For comparable fabricated laminates from different lots and batches, we



would expect that 95r^ of all tests would be greater t h a n 0.8 times 105,000 psi, or 84,000 psi. Therefore, our computed design test ultimate, based on statistical history, is 84,000 psi. If our structure fails



higher than that, then we have a built-in factor of safety.



In the optimization process, we



are concerned for orienting the least number of layers in the proper direction to achieve an acceptable structure at minimum weight. Since it is impractical to fabricate and test vir-



TABLE 6 DETERMINATION Of DESIGN LIMIT PROPERTIES FROM STRESS-STRAIN DATA (FIG. 2)



STRAIN



DIRECTION & LOADING



YOUNG'S MODULUS (M5% FIBER VOLUME



ULTIMATE STRENGTH (FROM FIG 2)



.8ULT STRENGTH (KSII



ULTIMATE STRAIN (FROM FIG 2l



YIELD STRAIN (FROM FIG 2) (IN/IN)



(IN/IN)



CALCULATED DESIGN LIMIT STRAIN



.



ultimo'*



'10* PSD



(KSII



4.23



105



84



.025000



.013340



56



443



69



60



-.016875



-.009000



40



1.82



10.2



8.16



.019000



.003000



,008100



5.4



1.80



33



26.4



-.026000



-.002700



-.009700



4.86



..002560



t. 011600



5.05



( .8 x 2/3 x .iroin)



' "t LONGITUDINAL IN TENSION '"c LONGITUDINAL IN COMPRESSION '», TRANSVERSE IN TENSION



CALCULATED DESIGN LIMIT STRESS ( E X ' 1



'"c TRANSVERSE IN COMPRESSION *.2 IN-PLANE SHEAR



6.3



'.86



.51



t. 017500-



•ULTIMATE SHEAR STRAIN IS DETERMINED AS THE INTERSECTION OF THE SHEAR STRESS-STRAIN CURVE AND 70% SLOPE OF THE INITIAL SHEAR MODULUS.



TABLE 7 STYLE 143 E-GLASS/EPOXY RESIN PROPERTIES USED FOR LIMIT LOAD DESIGN ANALYSIS ALLOWABLE LIMIT STRESS = MODULUS X DESIGN LIMIT STRAIN
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tually hundreds of orientation and layer combinations, we choose instead to compute these properties using the industry-wide "plane stressorthotropic material-lamination theory" method and the maximum strain failure criteria. To explain all that
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would fill another book. MIL-HDBK17A probably treats the subject as



The following will alert you to the computational complexity involved. In industry, we employ the computer
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for expedience and accuracy.



The mathematical relationship of Hooke's Law for specially orthotropic materials is as follows:
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The above holds true only in the direction of the fibers and transverse to the fibers. If a layer is placed at sone angle 8 relative to our reference (span), we nerforn a fourth-order tensor transform, giving us:
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The ahove relates the properties of one layer at some angle to our reference, where the x direction is spanwise and the y direction is chordwise. We do the above for every layer. The above equations are then incorporated into strain-displacement relationships. If we have totally confused you, and shown you that it becomes a computational nightmare if done by hand, then let's stop, be-
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cos3 9



cause there is much more and it gets worse. Also, if you are impressed that an engineering approach to aircraft composite materials design is complicated and therefore beyond the scope of the average person, then our point is made. Do the design job right or not at all; improper design could be hazardous to your health. Results of three computations for our material are shown in Figure 3. Notice the elastic properties on the lower left of each curve are the lamina input properties obtained from Table 6. For the layup orientation shown in the title, the material will result in elastic properties shown in the lower right hand of each curve. The limit strengths of the layups are read from the curve, X (spanwise), y (chordwise).



FIG. 3. In-plane strength characteristics of style 143E — glass for 3 lay-



cos 9



In summary, we have taken actual test data for the chosen material, and carefully applied judgment and experience to its strain-stiffness characteristics to define a single layer which meets our design criteria. Then we mathematically transform and compute the performance of any combination of layers and orientations relative to our reference system (span-chord). In the optimization process, we search for the minimum number of layers at the correct angle to just satisfy the applied loads. Additional layers result in excess weight, extra cost and more labor. M I N I M U M WEIGHT DESIGN EXAMPLE Nearly every application of composite hardware to contemporary airframe structures has been through the replacement of a conventional metallic component with a composite one satisfying the same form, fit and functional requirements. These replacements have been justified on the basis of singular or synergistic advantages offered by composites through increased structural efficiency, weight savings, cost savings, fabricability, r e p a i r a b i l i t y , maintainability, etc. An example of such a trade study is presented here and also uses a conventional metallic component as a baseline for design purposes. This aluminum baseline provides geometric and structural parameters which pace the sizing of the composite concepts and



thus allow a comparison of each design on the basis of relative structural weight. The concepts presented are not strictly "optimum" designs, but more a combination of theoretically derived minimum requirements modified by practical considerations which allow for simplicity of construction. The net result, however, is an indication of the inherent flexibility of design and potential weight reduction associated with the judicious application of filamentary composites to a typical primary aircraft



component.



BASELINE METALLIC CONCEPT



The existing metallic component selected as the baseline for this exercise (with the approval of the originator) is the outer wing panel of the Thorp T-18 Sport. This segment of primary structure, the entire aircraft not withstanding, has been designed



with the homebuilder in mind and has sacrificed e v e r y t h i n g but integrity in order to provide construction simplicity. The wing skin is a one-piece wraparound sheet of 0.025 in. 2024-T3; all ribs are formed 0.032 in. 6061T4 sheet; the rear spar is formed 0.032 in. 2024-T3 sheet; the front spar has an 0.025 in. 2024-T3 web capped with 3/32 in. thick 2024-T4 extruded angles. The modified NACA 63j -412 airfoil is constant chord and constant depth. This type of simplicity is the trademark of the very popular Thorp T-18. OPTIMIZED CONFIGURATIONS



Attaining a m i n i m u m weight design for a given structural application involves a process of tradeoffs between the various portions of the structure. To accomplish these tradeoffs, some functional relationships must be established which identify weight changes in the various components resulting from changes in configuration. Once these relationships have been determined, the configuration can be systematically altered and a minimum weight design found.



The inter-relationships of ordinary



indeterminate structures are nonlinear, so some form of simplifications are necessary to allow solution of the problem in a reasonable time. These assumptions fall i n t o two classes — those required to yield solvable mathematical relationships, and the technique utilized to solve



the resulting equations. Other assumptions include linear elastic materials at constant temperature, the structural geometry and loads are known quantities and assumptions required based on fabrication



details (i.e., simply supported boundary conditions).



CONCEPTS I AND II — SKIN-STRINGER



For this design configuration, the literature indicates that a near minimum weight design is reached when the applied loads cause panel buckling of the skin and column buckling of the stringers simultaneously. This way, the skin carries its share of the load up to ultimate failure and is known as the simultaneous failure mode theory for compression covers. The upper cover is designed to be adequate in compression at the 5g load case, and the lower cover is designed to be adequate in compression at the 2.5 negative g load case. The respective covers are satisfactory in tension, determined by subsequent inspection, since the material is fully effective up to ultimate load. A series of mathematical expressions can be derived which relate the following parameters together: Skin material strength and stiffness; skin thickness; stringer material strength and stiffness; stringer area and moment of inertia; stringer f i x i t y ; rib material stiffness: rib thickness: rib spacing and end fixity. For a given set of loads, dimensions (span, chord and height), El and GJ stiffness requirements, and m i n i m u m gage requirements, a series of computations may be performed which tries numerous possibilities between skin thickness, number of stringers, area and moment of ine r t i a , rib spacing, rib thickness, then c o m p u t i n g a weight for that combination. A change is made and a new weight is found. This process, while not elegant, is continued until the combination which gives minimum weight is found. This process is repeated for each rib station from root to tip. The results are then collected together and a weight is computed based on the total volume of material used. By hand, this technique would be very tedious, but with high speed computers, mere seconds. Some of the limitations of the algorithm include 1) the user supplies the m a t e r i a l properties based on layup o r i e n t a t i o n , 2) each station



is optimized independent of the previous station and 3) stringer configuration must be determined independently. All this means is that we try different material layup combinations for skin, stringer and ribs



w h i l e we try to m i n i m i z e overall



weight. We search to find the opti-



mum layup orientations which give the lowest weight, then we "massage" the results slightly to make the results physically realizable. At one rib station, the results may indicate a stringer at 1.5 inch intervals and the next station might in-
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dicate a 1.6 inch interval. For constant chord wings, it is desirable to maintain some consistency of stringer spacing throughout the span, changing areas, moment of inertias and terminating some as we proceed outboard. A number of test computations were made, including an all aluminum version and an all fiber-glass version. Three different skin layup combinations were tried (see Figure 3) with unidirectional stringers and ±45 l( layup ribs. The results of this preliminary optimization search are shown in Table 8, Concepts I and II. CONCEPT III — HONEYCOMB SANDWICH PANELS



One of the most efficient design concepts available for flexural beam applications is honeycomb stabilized skin. By utilizing the shear carrying core to support thin facesheets, wing box covers of comparatively low weight can be achieved. The technique we employed here was to size and optimize each cover for the average load intensity. In this way, core thickness and facesheet thickness could be reduced (and weight saved) as the loads decreased going outboard. The procedure of finding the right combination of skin and core thicknesses is given in MIL-HDBK-23. The process is to iterate on facesheet stiffness, facesheet thickness and core depth, all as a function of layup orientation, using the design charts provided. Observations made during the calculations include: Panel stability against buckling was insensitive to core density, the skin thickness plays the predominant role; the weight tradeoff of panel size versus more ribs was not thoroughly explored, hut favored the configuration shown in Table 8. Foam core was not considered since a 1.8 Ib. density honeycomb was shown to be adequate and no appreciable weight savings would result. Besides, honeycomb is structurally superior for sandwich panels. For homebuilt application, foam core would be more adaptable to our fabrication methods. Of the configurations studied, the concept shown was found to be of minimum weight using fiber-glass composite materials. CONCEPT IV — FULL DEPTH FOAM



This configuration was of interest



to us since this is the design employed by Burt Rutan in the VariEze. Our optimization procedure was



one of hand calculation using the results of the other concepts. Much



to our surprise, this configuration is



heaviest. This is due to the large



volume of foam, light as it is. This design required the least amount of



fiber-glass, but the weight savings were lost due to large mass of 2 Ib. per cubic ft. full depth foam. Of the approximately 12 Ibs. total weight, half is in the foam. Results of our analysis for this type of design are shown also in Table 8. SUMMARY



In this first article, we've given you a background on the composite materials and a summary of a predesign effort using an existing design as a baseline. If the data shown was a little too technical, we regret any efforts to "snow you"; that was not our purpose. Composite materials for aircraft structures are here and now, and have earned a favorable reputation for their continued usage. Just as the introduction of a l u m i n u m required a new kind of t h i n k i n g while wood and fabric aircraft were being made, the same holds true now for composites. SUBSEQUENT ARTICLE



For the next article, we plan to choose one of the design concepts and perform further optimization, culminating with a final configuration, the results of which w i l l be passed on to you in the form of analysis and engineering drawings. ACKNOWLEDGMENT
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