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PRF.FACE 

Aflvamrmmtfl in the devri^pment of ri(;id radomrn for ground envi ronmentn 

have been rapid oirur Lincoln Laboratory bccime actively involved in 19')3. 

The letennity for sheltering very large antennan and for transmitting ever 

higher frequencien hull compounded t)ie technical (.'roblcmji re!»ting to geometry, 

malei.aln, and construction i.rj ilia! literally hundrcde of engineer» in Die 

United State» and Canada are no-v fully involved in producing nolution». The 

tank of keeping the»e people informed of »yelcm requi remenln and of recent 

developments had not been eany. 

Therefore,   with the endorncment of the Joint Service» AdvUory Committee, 

Limoln Laboratory conducted a Symponium on Rigid Radomeo on 8, 9, and 10 

September 1958 at M.I.T.'B Kresge Auditorium in Climb ridge, Maosachuoett». 

It» expresoed purpose wa» to provide an opportunity to preoent and to discus» 

in an informal atmosphere the »yslemn requirements and technologies that 

relate to the developmer» of large rigid radome» for ground environment». 

Area»  ^1 interest were     Systems requirements,   environmental conditions, 

electrical performance design,   electrical measurement techniques, mechanical 

design,   structural analysis,   and materials and processes. 

The responne was excellent.    We are indebted to the Speakern for their 

careful preparation and for the quality of their papers.    And l:o the session 

chairmen for the skill with which they r'oderated each session,    but   the 

success of the symposium was also due in large part to the enthusiastic 

participation of the 200 attendees whose quentions and obse^-vations contributed 

importantly to the vitality of the meetings. 

Now that these Proceedings »re being disseminated as the final act of the 

symposium,   it sterns appropriate to give recognition to those who were 

most instrumental in planning and •dinating the affair.    I refer to the 

Symposium Committee composed of A.  Cohen,   P.  Davis,   M.   M.  Hannoosh, 

A. E. Johnson,  and S. C. Nllo. 

October 15,   1958 

J.  A.  Vital« 

Division Head 
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ANALYTICAL METHODS FOR THE PREDICTION 

OF RADOME PERFORMANCE + 

T.E. Tice, P.D.Kennedy, J.R.Baechle, S.N.C. Chen 

Antenna Laboratory, Department of Electrical Engineering 

Ohio State University, Columbus, Ohio 

ABSTRACT 

The three most important detrimental effects of a radcme on a radar 

system are the loss of signal power, the increase in side    »be level, and the 

ooresight error.   For large radomes where optical methods ire applicable, 

analysis of these effects is often based on ray-tracing methods and the 

electrical properties of infinite plane dielectric sheets, while more rigorous 

electromagnetic formulations must be used for very small radomes,   A 

different approach is called for in the analysis of radomes where the effects 

of structural members predominate.   Here, one   -tudiss the currents induced 

on the structural members and the consequent scattered radiation. 

Note:     The research described in this paper was performed under 

Contract AF 30(602 )-162Ü between the Rome Air Development Center 

and The Ohio State University Research Foundation. 
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ANALYTICAL METHODS FOR THE PREDICTION 

OF RADOME PERFORMANCE4 

I.E.lice, P.D. Kennedy, J.R. Baedile, S.N.C. Chen 

Antenna Laboratory, Department of Electrical Engineering 

Ohio State University, Columbus, Ohio 

INTRODUCTION 

Before going into the details of radome analysis, it may be of value to 

very quickly review the effects of a radome on a radar system in order to 

bring into focus the reasons why certain properties arc of interest.   It is 

probably safe to say that the three most important of the radome's detrimental 

effects are the loss of signal power, the increase in sidelobe level, and the 

tracking error or boresight shift, although the one which would be of most 

interest would depend on the individual application.   To take an example of 

signal loss, a radome which attenuates the outgoing and incoming signals by 

0.5 db ii equivalent to a loss of transmitter power of Zl% or a reduction of 

detection range of 6%,   As for sidelobe level, an increase of one or two db 

means that much increase in noise level when there are ground reflections, 

celestial noise sources, or jamming sources present.   The effects of tracking 

error on a fire control or missile guidance system are obv.ous, and this factor 

would probably govern the design of radomes for this type of radar. 

+ Note:   The research, described in this paper was performed under 

Contract AF 3&(602)-1620 between the Rome Air Development Center 

and The Ohio State University Research Foundation. 



In the history of airborne  radomes, the emphasis has been almost ex- 

clusively on self-supported, dielertrir structures of uniform thickness and 

cross-section, and this background applies directly to the air-inflated and 

rigid foamed plastic ground-based radomes.   On the other hand, the introduc- 

tion of large  radomes incorporating substantial rib structures has  required a 

new body of theory which recognucs the predominant effect of the structural 

members.   The analysis of these two distinct radome types will be dis- 

cussed separately. 

RADOMES   WITH   UNIFORM   WALLS 

While few radomes consist entirely of flat dielectric sheets, much can be 

learned about the design of practical radomes from a study of the electrical 

properties of infinite plane sheets.   Not only is such inform-.tion helpful in a 

preliminary design, but it can be used in more elaborate analysis procedures. 

The analysis of the transmission and reflection of electromagnetic waves by 

such dielectric sheets is essentially a straightforward problem based on Max- 

well's equations and the necessary continuity of the electric and magnetic fields 

at the boundaries between the various media.   As with many other problems 

which are simple in concept, many analytical complications arise when there 

are several such boundaries, and various artifices such as reflection and trans- 

mission factors, etc., have been devised to permit systematic analysis of com- 

plex situations.   (See Reference 5, Chapter 2, by J. H. Richmond).   It is not 

necessary to go into this here because the characteristics of many configurations 

1,2,3,4,5 
have been tabulated for convenient use in radome design. 



Dielectric sheets for radomc applications may be divided into three cata- 

Rories:   electrically thin sheets, which arc Icr.r, than 0.1 wavelength thick (as 

measured in the dielectric); half wave homogeneous sheets, which are designed 

to be a multiple of a half wavelength in thickness at some particular angle of 

incidence; and multi-layer sheets, of which a variety '4 types have been de- 

signed to combine superior mechanical properties and good electrical char- 

actc rustics. 

Mechanical strength is usually the limiting factor in the application of 

electrically thin radomes; this in turn is governed by the wavelength at which 

the radome is to be used.   However, if a thin wall design can be used, high 

transmission and small insertion phase differences are readily obtained.   This 

is illustrated by Fig. 1, which gives the transmission through two types of walls 

which might be used for ground-based radomes:   the thin fabric-reinforced 

flexible sheet of an air-inflated radome ( d-0.0156X., l-r = 3.5^o= ^ inches) and a 

rigid, foamed plastic construction ( d-0.12X., er = 1,2, \0 - 25 inches) .    (A 

distinction must be made between perpendicular and parallel polarization  , 

and the coefficients are not the same for these two cases.   Perpendicular 

polarization is used for illustration in this paper, and the coefficients for the 

other polarization are similar.) 

If mechanical requirements and operating frequency rule out a design 

which can be described as electrically thin, a second possibility is a half-wave 

sheet, which derives its desirable electrical properties from the cancellation 

of reflections from the front and rear surfaces of the sheet.   Thus, it is pos- 

sible to make the transmission coefficient very high at some particular 

wavelength^ X.0, and angle of incidence, 90. 



For a lossles« sheet, the th.ckncss giving this result is 

t - 
n\0 

where n can be any positive  integer.       Fortunately, when this is done the pro- 

perties arc fairly satisfactory over a range of incidence angles, as illustrated 

by Fig. ^.   It will be  noted thai the characteristics are not as desirable as 

thobe of the thin wall, but may still be adequate for many purposes. 

The multilayer dielectric sheets are intended to have good electrical pro- 

perties with a higher strength-to-weight ratio than an equivalent solid sheet. 

The sandwich construction combining strong and relatively heavy skins 

separated by a light core material such as plastic foam or honeycomb is 

typical of this type of radome, although other types of sandwiches are in use. 

Together with its mechanical advantages, the sandwich type of radome 

wall can be designed for broadband operation by the use of several adjacent 

sandwiches.   Also other configurations, such as ones having a denser core, 

for the single sandwich may have improved electrical and mechanical proper- 

ties over the half wave wall of comparable weight. 

Fig. 3 shows the calculated transmission properties of a panel similar to 

one which was intended for a 55 ft., S-band radome.   It will be noted that at 

the higher incidence angles these characteristics deteriorate more rapidly 

than the previous examples but that for angles of incidence encountered in 

practice they compare quite favorably. 

The material just covered has presented typical properties of flat di- 

electric sheets, but this is obviously only the first step in the prediction of 
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radomc performanct'.   The remaining elements of tht- procedure will be seen 

to follow logically from this statcrncnt of the inotit common method of analysis: 

the aperture excitation of the antenna is assumed or measured and the modifi- 

cation of this excitation by the  radome is determined.    For large antennas and 

radomes, this can be done by quasi-optical principles which essentially involve 

passing rays from various parts of the antenna aperture through incremental 

sections of the  radome under the assumption that the infinite-sheet character- 

istics will apply for each such incremental area.    To do this, it is necessary to 

investigate the angle of incidence of each ray.   This task can become quite com- 

plex with small streamlined airborne radomes, but is straight-forward for the 

spherical shape which is typical of ground radomes.   As a matter-of-fact, the 

geometry of the sphere is very favorable in that the central ray of the antenna 

always encounters the radome wall at normal incidence if the antenna gimbals 

are at the center of the sphere and symmetry exists for the other rays of the 

antenna. 

However, once the incidence angles of the various rays and the correspond- 

ing attenuations and phase delays have been noted, this information leads to a 

representation of an equivalent or modified antenna aperture, possibly of a 

number of radiators whose phases and amplitudes have been adjusted according 

to the original excitation and the effects of the radome, and it remains to com- 

pute the radiation pattern of this modified aperture.   (See, for example. 

Reference 7 and Reference 5, Chapter 13 by Samuel Wolin.)   This is done by 

conventional antenna theory and leads to a vector sum of the respective field 

intensities evaluated at the various points in the far-field region of interest. 



This is a fairly complete analysis and can be interpreted in terms of signal 

loss, pattern distortion, tracking error, or other characteristics as may be 

required. 

Where tracking error is the problem of greatest interest, it is much 

simpler and more profitable to apply ray-tracing techniques exclusively 

rather than to attempt to combine them with radiation pattern calculations. 

(Sec, for example. Reference 5, Chapter 4 by H. A. Schetne.)   For example, 

one can take the central ray of the antenna and observe its deflection upon its 

passage through the radome.   For this purpose only Snell's law of refraction 

and simple geometrical principles are required, although the computntion 

must be carried out very carefully so that the small deviation of the ray will 

be correctly determined.   The results of some calculations of this type which 

were carried out for configurations intended to represent typical foamed 

plastic radomes are presented in Fig. 4.   Several points were also calculated 

by finding the insertion phase difference for several rays and the resultant 

tilting of the antenna's equiphase contours.   These points agree fairly closely 

with the calculations of the refraction of the central ray only. 

For small antennas and radomes, the optical methods described above 

cannot be used, and the problem must be attacked by a more exact formulation 

of the electromagnetic problem.   This is particularly true when the antenna 

and radome are in very close proximity.   Fortunately this is not the case for 

large ground-based radomes, and we need not be concerned with tins problem 

here. 



STRUCTURALLY-SUPPORTED RADOMES 

The forc^oin^ section describes analytical methods that apply primarily 

to radomes with uniform walls such as the widely useu air-'.".flated radomes 

or the  rij^id foamed plastic types now being developed.    In contrast, a complete- 

ly different approach is employed in the analysis of radomes which consist of 

a structural frame covered with thin plastic sheets.    Ir. such cases, the  struc- 

ture itself is responsible for most of the radome's electrical effects, and 

attention is therefore focuKsed on the disturbances in the electromagnetic 

fields caused by the ribs and other parts of the structure.   Essentially, these 

effects are explained and anal/zed in terms of the currents that are induced on 

or within the ribs by the fields of the antenna.   These currents arc required in 

order to satisfy the boundary conditions in the electromagnetic formulation of 

the problem, and it is the radiation from them that distorts the antennr. charac- 

teristics.   This radiation is frequently referred to as   "scattered" radiation, 

and the addition of it to the original undisturbed fields gives the field configura- 

tion exists when the radome or other "Lcatterer" is present. 

The currents induced on a conducting surface are frequently encountered. 

For example, if there is a plane wave incident on a plane conducting sheet, it 

is known that the electric field must be zero at this surface and, as a conse- 

quence, the magnetic field just outside the surface is twice that of the undistur- 

bed incident field.   Furthermore, electric currents must flow on the conducting 

surface in order to satisfy Ampere's law.   It is possible and correct to visua- 

lize these currents radiating in the absence of the metal sheet; that is, both 

back toward the source of energy and in the original direction of propagation. 



The latter radiation will cancel the incident energy and produce zero net field 

in the space beyond the metal sheet.   (At least this is one way of looking at it.) 

With this brief review we can discuss what happens when a conducting cylinder 

is placed in an electromagnetic field.   As might be expected, the current is 

more intense on the side toward the source, and in the case where the electric 

field is parallel to the axis of the cylinder, the currents are also parallel to 

the axis.   If the magnetic field is parallel to the axis, the electric current runs 

circumferentially around the cylinder, and by using the equivalence of a current 

loop to a magnetic dipole, it can be said that there is magnetic current parallel 

to the cylinder's axis. 

The volume currents which flow inside a dielectric body when it is placed 

in an electromagnetic field are somewhat more difficult to visualize than sur- 

face currents, but 'ike them, they are necessary to satisfy the boundary condi- 

tions of the problem and are responsible for the scattered radiation. 

However, for purposes of radome analysis, we are not so much interested 

in these currents thomselves as in their effects, and for this veason it is most 

convenient to assume an equivalent current along the axis of the cylinder which 

has the same radiation as the actual current and then to relate this equivalent 

current to the incident field.   Thus, a rib of a given type is characterized by 

its "induced current ratio",   which is the ratio of the total effective current 

in the rib to the total equivalent current in a strip of the aperture having the 

same width as the rib itself.   This definition can be applied to ribs of all shapes 

and materials placed in fields of any polarization and, furthermore, the current 

ratio can be evaluated by fairly simple experiments. 

10 



To illustrate some typical values for this ratio, we shall now present data 

for metal and dielectric cylinders which has been obtained analylically and 

9 
checked experimentally  .   Fig. 5 gives data which applies to metal ribs.    It 

is apparent that the induced current is greater when the electric field is 

parallel to the cylinder axis than when it is perpendicular to the axis.   Further- 

more, the use of a smaller number of larger ribs would be advantageous in 

comparison with a larger number of smaller ribs having the same total pro- 

jected area since the total induced current would be less.   Fig. 6 shows the 

induced current ratio for dielectric  ribs.   Here, both the dielectricoonstant 

and diameter must be considered, and it will be noted that the currents are 

comparable for both polarizations.   In addition to these cylinders, for which 

the results were mainly obtained by calculation, ribs with rectangular cross- 

sections have been studied experimentally, and data on the induced current 

ratio as a function of both width and depth are given in Reference 8, 

The possibility of reducing the scattering from a metal cylinder by 

surrounding it with a concentric dielectric sleeve has been investigated 

analylically and experimentally, and the general results are indicated by 

Figs. 7 and 8.   It will be noted that the scattering from smaller cylinders can 

be reduced more than that from larger cylinders, and calculations show that 

the degree of improvement , for any given core diameter, does not vary much 

with the dielectric constant of the sleeve, although, as would be expected, the 

optimum sleeve diameter is greater for a lower dielectric constant.   Unfor- 

tunately, the sleeve has the disadvantage of increasing the scattering when the 

electric field is perpendicular to the cylinder axis, and whether this difficulty 

can be minimized is not yet known.(The data given is for parallel polarization.) 

11 



The data presented on the induced current ratio  was obtained by analysis 

of an infinite cylinder, so it remains to examine the radiation from a finite 

cylinder such as P radome rib.   When a cylinder at least several wavelengths 

long is being considered, the currents on the object are ve i y nearly the same 

as if the object were a section of an infinitely long cylinder.    vV'ith this assump- 

tion, the radiation from a group of ribs can be determined by linear antenna 

theory.   Consequently, when an array of parallel ribs is considered, the pattern 

is quite directive in a plane parallel to the ribs and, in addition, a series of 

lobes is observed in a plane perpendicular to the  ribs because of the inter- 

ference between the radiation from the various members.   This is illustrated 

by Fig. 9.   By these considerations, the scattered fields can be described 

qualitatively, and the induced current ratio is the key to the quantitative 

evaluation.   The standard example for explanation here is a plane array of 

several equally-spaced and parallel ribs placed in an antenna aperture.   The 

first step in the analysis is to visualize the aperture as being composed of a 

number of strips having the same width as the radome,    vVith a proper assump- 

tion of the antenna excitation, the equivalent currents on the various strips can 

be found, and this establishes a figure for the total antenna signal, that is, the 

main beam signal strength.   The induced currents in the various ribs are then 

found as the product of the equivalent current of the excitation and the induced 

current ratio of the type of rib in question.   The sum of the currents in the 

various ribs then establishes a figure for the scattered radiation.   A numeri- 

cal example of this type of calculation is given in reference 8. 

This procedure is also used in one method of measuring the induced 

current ratio.   A simple array of parallel ribs and an antenna is arranged as 

12 



shown in Fig. ') with the  spacing between ribs chosen so that the secondary 

lobes of the  scattered  radiation can be easily distinguished from the antenna 

radiation.    The pattern of this assembly is  recorded and the intensity of the 

scattering  relative to the antenna  signal is noted.    With the dimensions of the 

antenna and  ribs taken into account, this figure  serves to evaluate the induced 

current ratio for the ribs under test. 

When the  ribs do not form r.uch a  regular pattern, but rather the irregular 

patterns which are typical of practical space-l'rame designs, the analysis is 

much more complicated but not really different in principle.   Basically, it ;s 

necessary to find the current on each rib by a consideration of its excitation 

and induced current ratio.   In general, a given rib will be neither exactly 

parallel nor perpendicular to the electric field, and there will be two types of 

scattering from 't - one due to the parallel component and the other due to the 

perpendicular component.   Now, with these various currents established, it 

remains to integrate their effects in order to determine the total scattered 

field.   This is a formidable task under any circumstances and perhaps would 

be feasible only with a great deal of simplification. 

One method which has been devised for doing this makes use of a geome- 

trical description of the constant-phase and constant-amplitude contours of the 

radiation from each rib, and a systematic procedure for adding up the contri- 

butions of each rib to the total field at any specified test point.   The spacing of 

the constant-amplitude contours is determined by the length of the rib, while 

their rotation corresponds to the inclination of the rib.   On the other hand, the 

orientation of the constant-phase contours depends on the position of the center 

13 



of the rib relative to the center of the anay, and the spacing between then- is 

determined by the distance in wavelengths between the origin and the rib center, 

With *he radiation of each rib described in terms cf the quantities mentioned 

above, the computation proceeds by choosing a point at which the radiation is 

to be found, and then calculating the in-phase and quadrature components of 

each rib's contribution in turn by formulas which are derived from the geome- 

trical description of the contours.   The details of describing each rib's radia- 

tion and the computer procedure for computing the total pattern are described 

in Reference 9. 

One application of this procedure would occur in studying the advantages 

of a "random" rib geometry over a more uniform rib geometry.   It is appar- 

ent that extreme concentratio-is of scattered energ  , such as occur with a 

perfectly regular array of parallel ribs, can be avoided to some extent, but 

the degree of improvement depends on many factors, such as the lengths and 

spacings of the ribs, besides the extent to which the orientation of the ribs is 

made non-uniform. 

We have been refening to the scattered radiation as if it existed inde- 

pendently of the radiation from the antenna itself; this it does not actually do, 

and of course the real oroblem is to predict the antenna pattern after the 

rudome has been put in place.   This, by the definition of scattered energy, is 

the sum of the incident, or undisturbed, signal and the signal re radiated, i.e. 

scattered, by the parts of the radome; and in principle the total field can be 

found by adding these two components at each point of interest.   To do this, 

one must make the best possible assumption for the antenna excitation, 

Ik 



computr the antenna radiation by the standard methods and the scattered 

radiation by the methods outlined above, and then find the vector sum of these 

at each point of interest.    This point of interest may be in the center of the 

antenna beam, in the sidelobc  region of the antenna, or at the "c-oss over" 

point if a tracking system is being studied.   At the time of this writing, the 

manner in which the currents induced in a space-frame  radome introduce 

boresight error is not understood very well, but the most promising theory is 

that the error is due to the non-uniformity ol the radome.   Whether the track- 

ing depends on phase comparison or amplitude comparison or whether simul- 

taneous or sequential lobing is used, several different signals from slightly 

different antenna arrangements must be compared, and it is possible that the 

error may be introduced as the antenna "looks" through two different sections 

of the radome.   If the problem can actually be analyzed by this approach, the 

procedures relating to the induced currents and their effects will be directly 

applicable, 

ACCURACY OF PERFORMANCE PREDICTIONS 

In discussing the degree to which analytical predictions will be borne out 

by experiment, the conclusions will be somewhat different for the two general 

classes of radomes discussed, principally because a greater amount of exper- 

ience has been accumulated in the application of radomes with uniform walls. 

The tabulated characteristics of eletrical characteristics can be used confi- 

dently under ordinary circumstances, and the semi-optical methods of analysis 

will be successful where the criteria of having a large antenna and radome 

are met. 

15 



The prediction of the performance of structurally-supported radomes is 

far from an exact science for two reasons:   first, the unknown (although 

measurable with great difficulty) nature of antenna characteristics in some 

cases, and second, several factors which are recognized but not yet fully 

understood in the present state of the analysis.   The former is especially true 

when changes in the side lobe level arc investigated.   If the antenna sidelobes 

are more the result of construction errors than of deliberate design, then 

their amplitude and phase cannot possibly be known with enough accuracy to 

permit adding the scattered signal to get an accurate picture of the sidelobe 

structure with the radome in place.   However, a calculation of the scattered 

signal can be used to set an upper limit on the sidelobe signal increase.   If 

this can be accepted as a useful result, a comparative evaluation of competi- 

tive radome designs can be made accurately.   The same general remarks apply 

to the calculation of signal attenuation except that somewhat better results can 

be obtained fo*- this quantity because the antenna main lobe is much less sensi- 

tive to antenna errors. 

Further refinements are being made in the theory which should eventually 

improve the accuracy of predictions.   These relate principally to the change in 

the scattering from a rib when it is not normal to the direction of propagation 

-   the original analysis was limited by this assumption.   In addition, the 

scattering from the individual ribs is being exhaustively studied.   Still another 

question which will be answered conclusively is that of electrical interaction 

between ribs in the array.   If these points can be successfully resolved, the 

prediction of structurally-supported radome performance will be limited main- 
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ly by the accjracy of our knowledge about the excitation of the antenna with 

which the radome is to be used and by any voluntary restriction of effort in 

carrying out detailed analyses. 
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iurposg 

It  IG the purpose of this paper v. dlscunc  Ihe luilure,  extent and 

reliability ol  wind speed  laTormatlun avnllublo which  IG applicable 

to the deGign of Umd-bar.cd radomes.    A üccimdary purpose  is to indicate 

what inl'ormation should be secured by  the raeteorologist lor use by 

designers  in the refinement of radome r.tructural design. 

Background 

In the past,  steady state structural design techniquea have been used and 

dynajtiic and miscellaneous effects have been incorporated in th.  "catch-all" 

term safety factor.    Large structural safety factors representing extra 

material cannot bo permitted if the severe electrical requirements ore to 

be met.    Hovrcvcr,  before optimum structural deoign with maximum electrical 

performance can be achieved,  a quantitative knowledge of the wind speed 

environment, both  "steady state' and transient,  is essential. 

Ihe atmosphere  is simply a low density fluid with various portions 

at elc/ated energy levels primarily as a result of solar radiation.    Energy 

and momentum transfer take place resulting in wide ranges of atmospheric 

turbulence, even down to the molecular level.    Thus,  there is never really 

a   'steady' wind and anemometers producing such records are simply too 

insensitive to detect the smaller, high frequency turbulence.    However, 

the energy of a portion of the atmosphere may fluctuate   around a particular 

The ivork reported in this Jocumenl uas performed at Lincoln Laboratory, a technical center operated 
by Massachusetts Institute of Technology with the joint support of the Army, Sav), and Air I'orce 

under contract. 
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level for a lime ana 'in average ;'f/roe currcsjpot'.dlrv' o u i.'eiuiy wind 

lr. exerted on ctructures. An ct.ünnG develop, the aveniyc encrgj' level, 

ac represented by the avoro^o ":;tcad;. -.täte speed, increase::. This lr 

usually a gradual process uith Lon^ intervals at high average speeds 

possible and there orten are periods of extreme averaRC speeds ol' short 

duration and one or more peak gusts. The storm usually subsides in the 

same fashion. 

Prom the standpoint of tne radome or antenna designer, the dynamic 

or unsteady state character of the wind environment is represented by the 

mcaentary fluctuations that go to make up the 'average" vind speed. Gust 

periods from 10-min to O.l-sec or less are considered pertinent for raxione 

and antenna design. From the standpoint of the meteorologist interested 

in predicting long-term weather patterns, however, the velocity or power 

fluctuations with periods lasting days and weeks are important. 

Whether or not a gust represents a steady state or a transient load 

on a structure depends upon: (l) tht relative size of the gust and the 

structure, (2) the dynamic response rate of the structure, and (3) the 

rapidity with which a change in wind velocity can be translated into a 

change in static pressure distribution around a structure. At high wind 

speeds, say 150-inph, some eddies which create short period gusts may have 

the physical dimensions equal to or exceeding those of the radomes and 

consequently, such gusts may represent steady state rather than transient 

loads on the radoine. With "average" or small gusts and/or very large 

radomes, either the full velocity effect is not experienced or local gust 

loading Is experienced, and either case represents effectively a transient 
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loodi.v,-    A'.ailalie o.iJcr.ce Iridicatec cousidcraole variation in the 

;;.';upe and  the .;iüf? cl  .'u::l:; an Q result of many factors,  vhich a. e dic- 

"i.-.r.p'i later,     it  lr. ';ultc possible  that a gust which will cr:comnai3G a 

Iruye ground radone longitudinally nay not. do so laterally or vertically. 

','er    ur.uniial external  precsure distrlbutionr, -./ould result on the radomes 

nnd  these could be superl/nposed on non-unH'onn pressure distributions 

result ip^;  .''•■c.-r. Lu il.ii:i<;r,,  etc.,   In the apstream velocity field.    Many 

structural  problems "an arise as a result of the complex,  dynamic 

character of the wind.    The most obvious  is fatigue failure ac a result 

uf stress  reversals.    All   turbulence above certain amplitudes and 

ireiucncies Is important.    Further, gusto above a (riven amplitude super- 

imposed on a stress level  corresponding to 150-mph steady wind,   for 

example,  are much more harrnful  than the same gusts at the 50-niph level. 

Extent and Mel labilit;   of Existing Data 

Introduction -  The most important   information is the upper limit of wind 

speeds,   their frequency and the turbulence at these high energy levels. 

The frequency,  duration and turbulence of moderate winds decreases in 

importance as  trie speed decreases,     ./ind speed levels less than 'fO-50-mph 

will  not bo considered unless data at higher levels are not available. 

Hadar equipment is often located atcp mountains or high cliffs which can 

and do experience speeds at least 100 percent higher than adjacent 

low-level and often sheltered meteorological stations.    Such signi- 

ficant differences are caused by elevation,  simple orographic velocity 

gradients, such topographical features as funnels (P-Mountain,  Hiule) 
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and,  oJ' cüurae,   Lhe ubove-mentloned .■■.holvcri:;,;.     I!,  ii'  ./ci!  f!:;l(i!>J ir.'icd 

that periodc of strorv; wind.'i occur with hurrlcancc 'u;J  Lntenne 

cyclonic  stoimG ol' the middle and northern latitudes.    The Latter 

storms predominate during the winter hall' or the year and are most 

intense over oceanic areas.    Consequently,  radume sites rJ ong coastal 

areas,  or on islands,  are more frequently exposed  to strong winds  than 

those in the interior of large land masses. 

One of the principal reasons for the lack of reliable data in 

some regions of interest has been the employment of completely 

inadequate  instnunentation.     Ice accumulation,  r^aze or rime,  on the 

unheated cup or vane oneraoneters alters their aerodynamic chr1 'acter- 

istics,  they read low and are frequently destroyed.    Figure i is an 

actual photograph of a thoroughly iced cup anemometer.    This is a 

typical operating installation ata NEAC site and the photograph vas 

taken by Lincoln Laboratory personnel at Soglek Bay,  Newfoundland 

during November, 1955'    Note the proximity of the anemometer to the 

buildings.    Rime is a porous ice (30*0.5) caused by impingement of 

supercooled water droplets  (see Figure 2).    Heavy riming occurs during 

severe storms in the Arctic, particularly at high elevations and near 

bodies of water.    Light riming occurs almost continually in the latter 

areas.    Because of the importance of icing conditions the arctic and 

temperate-tropical data are considered separately. 

Steady State Data 

Arctic - Migratory cyclones along the east coast of the continent 
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FIGURE 1  Rime ice accumulation on an unheated cup anemometer at 

Sa^lek, November 1955. 
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FIGURE    2 
laical rime feathers atop Mount Washington, N, 

ew Hampshire. 



r.ivo :.;■:■  -■::.■!  r.pccl:.   i:.  'ho  Labrador  -  Grcciilfrnd  -  Bul'I'in  Ir.Jand 

p.rci.    Z'-AO. her.:, dn'a  I'ron fui elevated :Alc  In  the path ol' such 

' clone -he   Lorv--.  record  from Mount  ./ajhin^tu.-. Observatory. 

Even thou/'.h this station  is veil  south ol' the Arctic,   it provides 

a ,;ocd (^uidc ns  to what could be expected at a sünilarly exposed 

site  i\irther  to ir.c nortlioast.     In nan;/  respects  ttie   ihule exposure 

is similar to that o!' Mount './ashington. 

7^ie privately owned Mount    .'r.sliin^tun Observatory  (ole/ation 

0,288 I'l.) has maintained a ! irst order weather z  ation at  the 

summit since about 1933-    "'able 1  snows a summary o:' the expectancy 

(days/month) ol' ')-min averages ol   vor., ir'^j mean wind speed levels 

for the period 1933-'*3 Q^ the maximum T-ULII averages  lor t.he 

period 1933-52.    The top of  ohe mountain is  indeed a windy spot 

with winds Greater than 100-raph expected to occur 5-7 days/month 

during the winter.    The highest wind speeds officially recorded 

in America,  occurred here on April 11-12,  193J> OJKI were published 

in the press as a peak gust of 231-mph  (approximate duration 1.2-sec). 

However,  Mount   ,'ashinßton Observatory pcrsonnej.  indicated that the 

value must bo reduced to 185-mph primarily to correct for the 

lifting effect of the wind sweeping up the southeast slope against 

the anernometcr,  whose  rotor plane was not quite horizontal.    'Itiis 

is a large correction and since the loading is proportional to 

the velocity squared,   the accuracy of such a correction is rather 

important.    A short written description of the account of another 

severe stonn is illustrative of the conditions and the difficulty 
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ul' uccurii\j urjurat-e ckilu.     In IXvembi.'; ,   1 .-i.',   nuiTiiuuie  ^iiulij 

lasted  lur a :U11   week.    On  Uic day when the winds  sccnod ■;   be 

reaching n climax,  an observer '.nod 10 reach the aiienoraeter bu' 

was unable to lift his arme  to even /;et unto the ladder,     j'ne 

veinut.v vom unrecorded,  but, wai; estimated near 2U0-mpti.    Later 

In the da..'  the anemometer was  Jc-iccd and a 5-miri averse showed 

1'tO-mph or approximately I'JO-l'l'j-mph (/usts.    Early  in their hictor;, 

a modi I'led heated cup anemometer or  K-lton Tj'po ,/heel was employed 

ai;d apparently was  not considered  .cry successTu^  at hlf.h wind 

speeds.    Since l^kG-hQ a heated pressure  tube anemometer has 

been adopted as  the standard and the data since then arc con- 

sidered more accurate than previously. 

liext of value, are data from the various defense line sites. 

Quite frequently they are atop mountains and cults and even when 

at fairly low elevations a.e more exposed than the usual Conadiar. 

weather stations in the Arctic.    'Hiulc and the Pole Vault-Fine 

Tree complex were the first systems  installed and arc  in a 

geographical region of high vinds as coafirraea by their data.. 

A GUimary (10) is available of raaxlnum wind data from nine AC&'.I 

sites of the 64th Air Division for the period January lyjk to 

February 1956 inclusive.    The extreme gust speed.", are presented 

in Table 2 and the one-minute mean wind speeds at  the  i irno of 

extreme gusts in Table 3«    An analysis of these data in terms of 

maximum gust factors  is presented later,    "ho percentage frequency 

of maximum daily gust speeds  is shown In Table h.    T.e authors of 
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■'.ear.  (i :,c-,",i::'..t,oj  .ILivl Spccd   (:n;.ii) at.  Ihc  Tine o 

->,'rcMC GuslG aj.  !i'inc AC&'.i SS-u'ion:; 

January l^'/t 'IV.rou^h February 19';^ 
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the report state — "the repreoentativcneos of the records to 

true wind speed Is not considered high"  —  and consider the 

priraar,  reasonu  to be Inadequate Instrumentation and poorly oelected 

anemometer locations.    We further observe that on the average the 

records were available for a total of only 13 full months during 

the  indicated 26-month period,   i.e.,  January 195^  to February 1956. 

Lincoln Laboratory heiß installed two 55--'t rigid radomes at 

two IfEAC sites reported to have extremely severe weather.    A care- 

ful survey was made of the wind records for these locationa and 

is  reported in detail below. 

One radome was Installed at Ihule, Greenland, August 1955 

and is atop P-Mountain,  which is 2k00-ft above the Burroundlng 

area, 2650-ft above sea level.    The radome is s. tuatei such that 

there is a strong funneling effect for winds from the east-south 

madrant and the record shows 95 percent of the winds above 60-nph 

came from the SE.    For the period 8-55 to 4-53 the frequency of 

j>eav. gusts and one-hour averages for various wind speeds is 

presented In 'l^ible 5- 
TABLE 5 

Frequency of Occurrence of High Winds 
P-Mt. Ihule^ Greenland; El - 2650-ft 

Period   'f Record:    October 1955 - March 1958 (2) 

Wind Speed, MPH y 125 124-100        99-75   Ih-kO 

Number of Occurrences 
Peak Gusts 
1 hr. Averages 

(1) 1 (125-130)'^    k 
0 1 (115) 

(1) Estimated - Wind speed beyond range of recorder. 
(2) Data from daily reports sent to Lincoln Laboratory 

9 
3 

126 

^3 
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in October 1955,  Lincoln Laboratory personnel observed a 

ctorn In which 1-2 minute average wind speedo obtained from an 

indicator  (0-150-raph range),  operated b.   the output voltage oJ' the 

three cup anemometer (which slrauILaneously operated the standard 

recorder),  exceed 115-raph for approximately a ^,--1 hour period. 

Gusts reached 130-135-niph-     In May 1953, a storm occurred which, 

according to civilian personnel present,  pinned the recorder 

needles at the limit of their scole,  i.e., 125-mph.    Estimates of 

the peak gusts vary from 150 to iSO-mph.    In the three year period, 

1955-50, gusts — 105-mph have been reported 8L>: times. 

The second radome waa erected at Saglek,  JUne 1956. 

Figure I iB a. photograph of the Saglek iruataliation on the tip 

of an l800-ft cliff rising from the open sea providing very strong 

orograpbic lifting as the vlnda blow off the sea up over the cliff. 

A record from 10-15-53 to 9-13-5'+ obtained from the construction 

contracto1*, Canadian Marconi Company,   (12) and two AWS reports (2) 

(II) ia presented in Part B of Teible 6.    Guate in excess of 

lOO-llO-mph occurred on at least 9 da^s during this period. 

Sunmarizfcd Air Force date for Saglek during the period 

October 195^ to February 1956 was presented previously In 

Tables 2 and 3.    (Note that for the first nine months of this 

pftriod no records were available.)    Wind information from 

different sources present conflicting evidence in some severe 

stonas.    On February 10> 1955> a severe storm occurred during; 

which an inflated rubber radcos and the antenna were destroyed. 

kZ 
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FTOIfRE    3     Air vinw of the cliff at Saplck Hay, Nevrfoundland. 
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In addition 'o the standard Ic^-mph recorder an indicator with 

n  j^alc of 150-rnph was  in service.    Gusts were "eoUjnated" by 

conctruction personnel at 130-mph.    'Hiic storm would seera to 

appear  in rolcrence  (10) as a 105-mph peak Ru^t in February 

(inblc i;).    Reference r; notes gusts of 138-mph for this storm. 

Aßaln in Uovember 1955,  Lincoln Laboratory personnel  observed a 

storm with 5-10-min average of 125-mph with gusts up to 150-l60-raph. 

T!io 0-150-mph  indicator was operating.    TVie highest peak gust in 

reference  (10) for this month is 82-rnph  (see Table 2). 

During the period JUne 1956 to August. 1950,   Lincoln Lab- 

orator,/ received daily data sheets concerning the performance of 

the rigid radome on which were  included peak gust and raaxiraura 

one hour speeds as taken from the recorder at the radome site. 

These data are suraraarlzed in part A of liable 6. 

On September 28, 29, and 30, 1957,  Lincoln Laboratory 

personnel experienced another storm during which two tropo- 

spheric towers were blown down and three anemometers were lost. 

The recorders were pinned and estimates of peak gust ranged from 

the 13C'-mph Air Force record (reflected in Table 6,   Part A) to 

l80-mph estimated by Arctic construction personnel of the 

Canadian Marconi Company. 

Surwiorizing,  guscs in excess of 100-mph appear to have 

occurred at Saglek at least 18-19 times during the past five years 

aid in excess of 125-mph at least 5-6 times. 
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Sagldt Ba;^  Ncyfuundland;  H.-^VTI-'-' 

mrt 

Period of Hcrord:    Juno l^ö-Au/^usl 19^5 

■..'ind Speed,   mi u0Ü 

f^unbcr c.;" Occurrence:". 
icoJ', Guct.s 
1-hr Average 

Approximate 
Dale 

10-15-53 

11-20-53 

12-20-53 

3-15-5^ 

3-25-5'* 

k-2k-5h 

7 - ^ 

9-I3.54 

10 - 5^ 

120-100 99-75 

1*0 
ia 

iart 

I^riod of Record:    1953 and I95J4 

'.Vind Speed 

/Jo-100 

90 average; (rusic from 
JO to 120 In coconda. 

80 average;  g-jstc to 120 

80 average 

Gusto to 103 

80 average 

90 average;  Gusts  to 140 
(estimated) ior ten daj1 

J,20 mph peaJ< gust 

Gusts estiinated  y 100 

135 nph peak gust 

Kemarkc 

lYesumably gusts. Icing 

Icing 

Icing - Anemometer bearings 
frozen 

Anemometer inoperable 
40^ of time - Icing 

Icing 

Inflated radome destroved 
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At- St..  Anthonyj   Itewfoundlond,   the storm of Januarv 19')'»  Is dcü- 

crlbod  XG follows  in reference 2.     "A rubber radorae blew avay 

at guG~s ol' ÖO-95-mph.    IXiring the next foui- hours the wind 

increased to average of llö-raph with guats of 120-mph  to 1'tO-mph. 

which condition looted for the next six hours."    (Recorder range 

was limited to 125-mph.)    "fric ectlraatcd peak guct of 139-Diph 

reported  in reierence 10 appaxently occurred in this storm. 

The Summary of reference 10 stateo "An extreme of lY8-mph was 

reported (unqualified estimate)."    This value does not appear 

elsewhere  in the report.    On l-lk-^ at St.  Anthony,   the recorder 

showed an average of 100-mph with gusto exceeding 125-raph 

(reference 12).    A vertical radiation tower collapsed.    Ihe next 

day the recorder was pinned at the limit of its range (125-mph) 

and an indicating vacvum tube voltmeter showed gusts up to 150-rnph. 

Table 2  (reference 10) apparently reports this storm as having a 

peak, gust of 12k-mph. 

Several Air Force surveys (2)  (11) reported the following 

peak gusts  for 195^ only I'rom two other IfEAC sites along the 

eastern Canadian coast line which were not reported in reference 10. 

Station Peak Gusts,  Mill 

Harmon A.  F.  Base      120 (March);  1^5  (Nov-Dec);  and   > 90 in 
four other months. 

Hopedale 121  (Feb) 

The low-level radar sites experience much lower wind speeds. 

The relative frequency and duration of the different levels of low 
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vlr;.l  sj-oo'l:   r:!'.ouI'l be s.ibcUuitiidl."  the zamn a;;   ..'ould be obt.alncd 

fi'on r.'xmnarior, ol' the Canadian wctither Dcrvico dalr.  (De;*.,  oi' 

?rar'.:;] n:",).     ']':.(■ vCGtcrn cud of  the  DEW .Mr'.e hac bee:',  reporlliv, 

:;',i'ai,   winds of (JO-OO-lOO-raph  frecuetUl.; duria,-  the pant     ear. 

The  terrain  in relatively flat,   ieir^; in not a neverc problen and 

'..he   '.ata nhould be reasonably accurate.    Tlier.e steady speed:; are 

in contrast, ■;i,:i peak ^aistn of only lOO-HO-mph suggested by the 

Meteorological  Atlas of Canada for  this region,  and  it appears  that 

tr.c ycnoral  level cf winds   in the Arctic  Is significantly higher 

than prc'-lously believed.    Much of this difference  is xnsidered 

to represent  instrument location and site exposure even at tr.e 

lower elevations. 

A study  (6) of 29 weather stations in Alaska and the 

Aleutian clioin showed 9 stations with, speeds over 100-mph  (see 

Table 7).    Hicsc 9 are observed to be  in southern Alaska where 

icing  is a less score problem and it  is expected that the data 

are  reliable.    Most stations are considered low-level. 

jfoipe rate - Trop '.c I,at i tude s - l^.c naxlmum wind speeds  in low 

latitudes undoubtedly occur with  tropical hurricanes,    './hen these 

intense storms move into middle latitudes,  uouallj  off the east 

coasts of the continents,   the;   arc frequently still accompanied 

by hurricane force winds.    Since a tropical hurricane is small in 

horizontal extcntjthe probability is low that a particular weather 

bureau station will experience the maximun wind speed which can 
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TABLE ? 

Maxlmun .■/ind Speeds,  MPH In Aloaka 

Average F^rlod of Hfcord Nine ; Years 

Max. Gust Max.  Guat 
Station                               Extreme 2-H1 n.  Av. Observed Calculated 

Adak                                                    100 - 122 

Amchltka                                            115 - 11*0 

Cold Bay                                            120 - IkS 

Umnak Island                                   135 - 165 

Cape Newenhorn LUl 

Elmendorf,  A.F.B. 115 

Kodlak,   NAS 106 

Middletcn Island 135 

Northeact Cape 10k 

♦ KD-X.  Gust  (Col) = Extreme 2-Min S peed x 1.22 
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occur wltn euch a storn.    ffence^  even a iorig recoj'd oi' wind obGorvp,iioafl 

rrom a particular- oite may not indicate the maximun speed which could 

occur at the site.    There are not very many ötations outside continental 

United States with reliable lone-term reco-.-dc.    It was not until the 

second World War^  with its emphasis on Hying and logistics,  that know- 

ledge of wind speeds in tropical regions was of vital interest.    However, 

even now the extreme upper limits are poorly defined since the equipment 

very frequently  is blown away as the winds approach 200-mph.    For 

example, at Llue Hills Observatory, Mass.,   (site elevation 635-ft above 

sea level or about 300-ft above surrounding terrain - anemometer height 

above ground - 53-ft) on 9-21-3Ö the wind averaged 121-mph for 5-min and 

then increased until the instrument blew away when indicating a gust of 

l86-mph.    The next severest storm at this site produced a peak gust of 

125-mph on 8-31-54. 

Ihe relative frequency of wind speed levels at various locations 

along the eastern coast, line of the United States is indicated by 

liable 8.    The ten stations vith the highest reported fastest mile were 

selected from a report (9) covering some 110 cities throughout the 

United States.    The Blue Hills data did not appear in this report.    These 

ore low-level locations and it is estimated that the peak gusts would be 

at least 20 percent higher than the fastest mile for the extreme wind 

speeds and even ijreater for lesser speeds.    At San JUan, Puerto Rico the 

highest wind speed is reported as an estimated fastest mile of l'+9-mph. 

There are available two reports (3) (7) which present a survey for 

39 air bases and. weather stations in the vicinity of Japan and Gkiaawa. 
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TABLE 9 

Monthly Maximim S'irl'ace Wind Speeda  In 

Vicinity of Japan and Okinavu -  j9 Stations 

Wind Speed,  MPH > 120 120-100 100-75 

Number of Stations  (Reference 3) (Average years of record - 6) 

8    (Peak Gust 
(10 Kin. Av- 

Ik    fPeak Gust 
(10 Min.  Av. 

1    (Pea); Gust 
(10 Kin.  Av. 

1    (Peak Gust 
(lu Min. Av. 

1    (Peak Gust 
(10 Min. Av. 

0 
0 

0 
0 

0 
0 

1   (12»») 
0 

0 
Ü 

0 
0 

0 
1 

0 
0 

2 (153 * 1:2)   i (119 
NA NA 

0 
0 

^ 8 
<8 

2 
1 

I 
0 

o 

NA 

Wind Speed,  MPH > 125 >  100 >   75 

N'umber of Statioas  (Reference 7) (Average years of record -  9) 

5    (Peak Gust 
(1 Kin. Av. 

7    (Peak Gust 
(1 Min. Av. 

Kadona,   (Peak Gust 
Okinawa (l Min. Av. 

Central Ab.(Peak Gust 
Iwo Jima      (1 Min.  Av. 

0 
0 

0 
0 

1 ilkk) 
0 

r202E 
3 -,'160  , 

[m J 
2  (150E) 

(UO  ) 

0 
0 

0 
0 

5 
2 (ill  + 101*) 

4    101* 

3 (125) 

0 
0 

3 
3 

13 
9 

11 

1+ 
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Indicated.    Allitudcr. of the  InßtaHed rodomes do not. exceed ISOO-ft. 

It would appear from the available temperate-tropical data thai in 

hurricane situations peak guetc  in excess of 200-mpfi are possible even at 

low-level  sta'lons.    For high-level sites,  exposure factors such as 

cliffs and funnelIng should further increase the speeds.    Speeds of 

rotation in excess of 3C)0-,Dph arc believed to occur within tornadoes. 

However,   these phenomena are not conßidered in this report because they 

usually occur over the interior of land masses, ore short-lived, and 

affect relatively small areas. 

Tvanalent State 

Within the lowest 3000-ft of the atmosphere the degree of turbulence 

varies over a wide range.    Ihs Intensity depends upon the distance 

from the earth's surface,  the roughness of the surface,  the wind speed 

and the vertical stability of the atmosphere.    This latter factor exerts 

an important control.    V/hen the atmosphere is unstable ( '4~~   ^-l0c/lOO m 

where T is temperature and Z height),  such as on a sunny day,  the vertical 

overturning of the atmosphere greatly increaaes the turbulent fluctuation£. 

i T o 
With a stable atmosphere  ( -r— >  -1 c/lOO m), such as observed on a 

clear night,  vertical eddies are damped thereby markedly reducing the 

turbulence.    This aspect of turbulent flow is frequently referred to 

as "convective" turbulence.    The eddy motion arising from the surface 

roughness is defined as   'mechanical'   turbulence. 
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A.     i'over gpectra 

An anemometer fixed  in opa^e  responds  to ail   the eddies and  through 

a power-spectrum analysis one can ubl.ain LafornaMon on edd;,' sizes und 

energies.    Examples of such analyses are given b/ Iramer et al   (l) 

Panofsky and Deland  (I4) and Van dor Hoven  (6).    For deUilcd 

Information the reader  is referred to these articles and  their 

bibliographies.    An important consideration  for  this discussion  is 

that all but one of the investigations have been conducted at low 

wind speeds and consequent 1;/  the results have limited application to 

the turbulence spectrum at high speeds.    However,   in their analyses 

of data from O'Neill,   Nebraska,  and Brookhavea,  Long Island,  Panofsky 

and Deland provide some information on the variability of the con- 

vective portion of the spectrum (frequency of 30 'ycles/hour, and 

the mechanical portion (frequency of 200 cycles/hour).    The con- 

clusions,  based on observations at elevations from 3-ft to }00-Tt, 

are summarized in the following statement from Uv» abstract:    "IJie 

spectrum of lateral velocity components can be divided most clearly 

Into low-frequency convective and high-frequency mechanical portions. 

The convection portion is almost entirely a function of lapse rate 

or short-wave radiation,  with a tendency to increase with height. 

It 1c essentially independent of wind speed and ground roughness. 

Ihe mechanical portion,  on the other hand,  is sensitive to ground 

roughness and independent of stability, and also tends to decrease 

with height.    Since the convective part of the spectrum can bej large 

at daytime,  the total variance of lateral velocity shows a 
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■-rcmendouo dicrnal    arlation. 

'Hie propcrMeo ol' the specirum ol' l.ic lonßltudlnal vinJ 

component arc sLmilar as thono ol" "..he lateral component,    •iowever, 

the low-frequency portion of the epectrum la   :ijnGiderable c.en In Gtable 

air,   ßhowing that  the largest eddiee at ni(jht are elongated alonö the 

wind.    Further,   the effect of ground roughness on the "mechanical" 

high-frequency; portion of turbulence  iG not as great as tnat 

corresponding section ol' the lateral spectrum. 

Tne vertical  cpeotrun in the Jowest 3ö-*reet or so is entlreij' 

controlled o.  tne proximity of the ground.    Lo^-frequency energy 

increases upvai-d,  higJi-frequency decreases.    Ihere  is little 

sepai-ation betvfeen convection and mechanical turbulence;   the effect 

of surface roughness is large over the whole spectrum,  and the total 

variance is sensitive to stability.    Above 50-feet,  the separation 

of mechanical and convective turbulence makes  its appearance gradually 

until,  at ßOO-f^-j   the low-frequency energy is largely controlled by 

radiation intensity;  the high-frequency energy by wind speed.    A 

continued shift toward lower frequencies toward greater heights is 

therefore encountered only  in unstable air." 

Van der Hoven's study is wort!;;,  of note because it provides a 

power-spectrum analysis of Brookhaven data during a period v/hen the 

wind speed war. relatively high and the atmosphere was probably in a 

state of neutral equilibrium.    Figure 1+ is a reproduction of that 

portion of his diagram where these higher speed data were utilized. 

55 



i r "i r 

N u 
UJ 

^   3 

[AFTER  VAN der HOVEN (8)] 

0 1 2 5       10      20 50     100    200      500   1000 
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FIG.4    HORIZONTAL.   WIND-SPEED   SPECTRUM   AT   BROOK- 

HAVEN  NATIONAL   LABORATORY  AT ABOUT   100"M HEIGHT 
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'Hie raeaii speed during a 30-'lüur period waj  JO-mph with a j^eak 

hourly Gjjced of 45-raph.    Viiix hour of daui woo an£Ü.;,zed to 

determine t!ic power spectra at  l rei;uencieG above 1'; cycles/hour. 

with the locari'Juiuc G.-ale aloiv; the abscissa reprcGentlt^  frequcnev 

the quantities plotted on tne ordinate arc tne spectral estlmatea 

multiplied b;,   tne  frequency,   so  that  the variance contributed within 

a rreciuenc..   ranee  is given by  Uie area under the spectral  curve. 

It is significant to note that the major eddy-energ,,  peuX is at a 

period of about 1-minutc.    "Hie spectreil gap in the range from 1  to 10 

cycles/hour has been confirmed by other analyses. 

The question now arises as to what the spec tram would be like for 

steady winds  in excess of 100-raph.     Here a neutral state of stability 

would alao be anticipated.    The trend from lower speeds  to those 

analyzed by Van der Hoven definitel..   indicates that the eddy energies 

Increase with increasing mean wind speed.    Further,  it would be 

anticipated that the peox would shift toward the high frequency end, 

e.g., at 135-Diph the peak might be expected at a period of about 

20-8econd8.    The multitude of sizes of roughness elements found at 

all sites should guarantee that at all wind speeds there will be a 

broad spectrum of eddy sizes. 

B.    Gust Factors 

Frequently,  it is desired to obtain en estimate of the ratio of gust 

speed to the average wind speed.    Two relationships have been utilized, 

namely, 
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(1) The ratio of the standard delation of the  nuctuatlons 

to the mean Epeed  (^ustlneyc coefficient),  and 

(2) The ratio of the peak gur.t speed to the mean. 

From the loregoin^ diseuocion of the eddy spectrum it is apparent 

that gust factors depend upon ro^jhness,  ntabllity,  ele ation and 

wind speed.    An additional  important variable  is the length o;' 

time over which  the mean wind is measured.    As demonstrated by 

Figure k,   the toial variance around the mean speed increases with 

time.    Consequently,   it is important to specify the averaging-time 

when enumerating gust factors. 

Table 10 gives on example of gustinoss coefficients obtained 

by Cramer et al  (l) from the comparatively smooth site at O'Neill, 

Nebraska.    The mean speed is a 20-minute average. 

TABLE 10 

Mean Values of Gustiness Coefficients G, x, G,   ■,,  G,   * 
 M  (.') i2-) 

ho  Feet Above the Surface - O'Neill, Nebraska 

(Guetiness Coefficient is the ratio of the standard 
deviation of the eddy velocity components to the 
mean wind speed. The x-direction is along the 
mean wind, u. ) 

Da; (Unstable) 

u mpu 

9.0 (8)  0.13 O.lh       0.06 

6.0 (9)  0.1?  0.18  0.08 

Night (.Stable) 

u mpu      C     G    G 
         Ji JL JL 

8.0 (17)   0.14  0.09  0.06 

5.3 (19)   0.09  0.07  0.04 

Ihe number of cases represented axe in parentheses. 
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The one-ninute ix^oi; ,^r,l  factors,  defined an Ihc ratio of i.he peak 

Kusl  to the cnc-mlnutc nenn wind at,  the tine of   Uie pcrk yuct,  were 

calculated from Tables 2 and 3 ^nd are plotted  In .'Igure 'j.    T^.e 

extreme variability ic t.,-plcal and Is a function of the nature of 

the ctorrac,   the location,   the innedlate topography of the station, 

and,  of course,   iciny of the equipment.     In the mean,   the pust factor 

decreunec  from approximately 1.7 to 1.3 as  the one-minute mean wind 

speed,  increases from 20-mph to 80-mph.    The highest gust occurred at 

St.  Anthony and was estimated at l^-mph (limit of recorder scale 

was 125-mph) snd the highest one-minute average of 102-raph occurred 

at the same time giving a gust factor of I.36.    The values of gust 

factors to be expected at extreme winds can hardly be deduced from 

these limited data; however,  It seems reasonable to expect that 

above 150-mph one-minute mean speed the maximum peak gust factor 

would be less than 1.3. 

The Canadian Meteorological Atlas states the following relation- 

ship between the peak gust speed,  V , and the one-hour average speed, 
G 

V..,  where V    is In excess of 65-mph and V    in excess of 35-mph. 
M G M ' 

V25+1.22VM 

The foregoing analysis of the turbulent state of the atmosphere 

emphasizes the need for more factual information during periods of 

strong winds. 
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Es I img'-ion of the Wind Rcginc at a New Site 

The probleni ol' extrapolating available wind data to a proposed radome s;.te 

ma,   be  illustrated by  the situation at Thule.     Since I9^b the weather 

"tation has been located in a sheltered valley.    Tnc rathxr site atop 

P-Mouctain is on an exposed site approximately 2,650-rt above sea level. 

A climatolo^icol sunnary of the first 3 years o:' record in the valley 

reported no speeds in excess of 75-niph while a later summary of 6 years 

of record show:; speeds  in excess of hf-mph only 0.3 percent of the time. 

Recent reports from P-Mountain show that gusts  in excess of 125-135-^ 

have been observed and others estimated as high as 150-l80-mph.    TV.e 

difference in the exposure of the  two stations  is  the principal factor 

which accounts for the vastly different wind regimes.    T^e normal increase 

of wind speed with elevation makes a minor contribution. 

Because the majority of reliable wind reports come from airport 

otatioas, the designer for a radome on an exposed mountain or ridge may 

be confronted wluh a situation similar to Thule.    To estimate the wind 

regime at a new site it is advocated that the following factors be 

considered: 

(1) Is the site in a region which is known to be affected by intense 

cyclonic storms and, cousequently,  should the entire area 

experience strong winds on occasions?    Meteorological literature 

contains extensive information on the frequency of occurrence 

of buch stonaa, and their principal tracks. 

(2) What are the relative exposures of the site and nearby stations 

which have wind records? 
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(3)    In the event thai the region lo cllmatologlcolly airailar to 

northeast AraerLca an roj- as otormlness LB concerned,  the 

laformatlon frooi Mount Washington,   So^lek and lYiule can b( 

utilized to estimate the expected maximum wind cpecd. 

Except for occasional mountain oboervatorleD, meteorological  Gtatlonc 

have been establlsned in cities and at airportc    Tnc liiBtallatlon and 

operation of adequate  instrumentation at radane altos could contribute 

materially to our knowledge of atmospheric motion near the earth's surface. 

Aß such data are accumulated,  the  future designer of structures on exposed 

sites would not be confronted with the current paucity of Information. 

Conclusions 

1. Wind speeds in excess of 125-1^0-mph have frequently been reported 

from radar sites at elevated,  exposed locations in the Arctic during 

the past 5 years. 

2. It is veil-established that the accuracy of these extreme wind speed 

data are very poor primarily because of: (a) Heavy icing and frequent 

destruction of anemometers during severe storms;   (b) Inappropriate 

location o.  anemometers at the alte; and (c) Recording ecuipment with 

ranges limited to O-125-raph. 

3. During the past 5 years covered in this survey,  data have been 

reported perhaps 60 percent of the time fron the sites with highest 

winds and worst icing,    undoubtedly, during a 10-20-year period of 

continuous,  reliable record with adequate '.'quipment properly located, 

wind speeds far higher than the above values would be observed.    Peak 

62 



gunLs  In excess uf L'OO-m]^ arc considered po-iolblc  Cor ouch olteo 

as St.  Anthon;',  Sa^ick and Thule. 

h.    Some Lemperatc and tropical  regions raue*  expect, maxüirain ßuets  In 

excess of 200-raph during intense tropical hurricanes ever, at 

elevations below 1000-1't. 

5.    l>ie spectrum of the atmospheric  turbulence has not been studied at 

elevated,  exposed locations and data at hii^h winds are lacking. 

Existing data, although limited,   indicate now the spectrum is 

changing with increasing wind speed up to '*5-mph.    The validity of 

extrapolation to speeds of the order of ISO-mph is questionable. 
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A STUDY OF AERODYNAMIC LOADS ON LARGE SPHERICA) 

RADOMES FOR GROUND INSTALLATION 

.1.   W.   Bezbah hcnko 
Goodyear  Aircraft Corporation,   Akron,   Ohio 

ABSTRACT 

Wind-tunnel tests were made by Goodyear Aircraft Corporation on a series of 

model radomes 01 various geometries mounted on both cylii 'Irical and square 

bases.    The measurements of aerodynamic forces and pressures obtained in 

these tests,   when integrated with data reported by other investigators,   yielded 

a family of curves that can be applied to radoine design.    Some conclusions 

useful in radome design and test were drawn on the basis of this work.    It was 

established that the influence of nearby buildings should be taken into account 

since their presence has an appreciable effect on radome loads.    The effects 

of environmental conditions,   particularly gusts,  on radomes are discussed 

briefly to point out those areas in which additional work is required for more 

efficient radome desion. 
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INTRODUCTION 

Accurate aerodynamic loads due to windy are required for the efficient struc- 

tural deoign of larj»e  spherical radomes.    To date  little  hay  been done  in the 

way of systematic testing of spherical radomes to yield design data that would 

account for geometrical variations.    Recent studies of large ground radomes 

have afforded Goodyear Aircraft Corporation (GAC) the opportunity to develop 

a set of aerodynamic  load curves for use in radome design.     These studies of 

aerodynamic loads on large radomes were made in fulfillment of Goodyear 

1 a Aircraft contracts with the Bell Laboratories      and Radio Corporation of 

A l America, 

A wind-tunnel-testing program was conducted in conjunction with this work to 

obtain aerodynamic data on a series of radome models.    Since the geometry of 

the radomes was undecided at the time of the tests, the primary geometrical 

parameters were varied so data would be available on numerous applicable 

configurations. 

Aerodynamic data reported by other observers were integrated with the Good- 

year Aircraft test data,  thus extending geometrical parameters so that load 

curves could be defined for radome design.    Not all geometrical variations 

were considered because the practical aspect of immediate application of test 

results dictated a brief program.    However,  it is believed that the principal 

parameters were covered and that the test data can be considered indicative 

of results to be expected for variations in aerodynamic loads.    It is hoped that 

data from other aourcea and from future testing programs will be integrated 

Superior numbers in the text refer to items in the List of References, 
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willi the datd obtained by Goodyear Am raft tc. build a sr*. of turvefl that will 

serve as a reliable guide in radome design, 

FORCE COMPONENTS 

The ae codynamicist,   in analyzini; the loada on radornes,   is particularly con- 

cerned with the evaluation of force components that aro mutually perpendicu- 

lar to each other,   referenced to the wind vector.     The component parallel to 

the wind ia known as drag,   that vertical and perpendicular to the wind as lift, 

and that in the horizontal plane and perpi-ndicular to the wind as side force. 

The moments about each of these vectors are rolling moment,   yawing mo- 

ment,   and pitching moment,  respectively.    These forces and moments may be 

expressed in nondimensional or coefficient forms that are applicable to ra- 

dornes of the same geometrical proportions by use of the appropriate . efcr- 

ence area,  linear dimension,  and the dynamic pressure of the wind.    Mathe- 

matically,  these forces and moments arc expreBacd,in keeping with conven- 

3 
tional aerodynamic practice,  as shown in Figure 1. 

FLOW PHENOMENON 

An additional factor to be considered in the applicability of such coefficients 

to radornes of any size is the Reynolds number of the radome.    The Reynolds 

number is a scaling parameter that is a meaaure of the type of air flow over 

the radorne surface.    Two distinct types of air boundary layers are encoun- 

tered:   laminar and turbulent.    Each has a different local velocity profile and 

energy level.    In a turbulent boundary layer velocity components normal to 

the general direction of air flow are caused mainly by surface irregularities; 

whereas a laminar boundary layer is characterized by a smooth parallel flow. 
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D  =   CnqS PITCHING   MOMENT      M = C^^SO 

YAWING    MOMENT N   : CnqSD 

ROLLING   MOMENT       1 = C.qSD 

DRAG 

LIFT L = CLqS 

biOE   FORCE     r = CYqS 

MHERE 

q   "   DYNAMIC   PRESSURE OF   WIND,  OR 

P--  MASS   DENSITY  OF  AIR   (SLUG/FT2) 

V ■• WIND    SPEED    ( F PS ) 
q   =  -(Wc    (L3 I FT^)   ■ 

S   =  REFERENCE   AREA , OR 

T Dc ? 
S-   —   (FT2) 

D '-   RADOME   DIAMETER (FT) 

F'njurc   I   -   ExDfssions for  Ac r (id ynamu   I'Dncs  .irui Moments 

A characteristic pressure distribution is assin lati-cl v>.ith each type of How 

o\ c r a   r a do nil' .is  indu atcd  by prr s sure d ist r i l)ut ions  m c oef fie lent  form (or 

a  sphere (KiiMitT .?).     The  mc reinenlal surface pressure  relative to ambient 

is A1J, <;  is the nvnamu   pressure of the wind,      I he maxumim neijatiM   pres- 

sure  is attained near the poles ol the  sphere, and the pressure exerted by a 

turbulent  boundary layer  is  substantially higher than that   resulting when the 

boundary layer  is  laminar.     In addition,   the pressure on the alter  side of the 

sphere  is considerably different.     When the air  flow is  laminar,   the   flow 
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Figure I - Pressure Coefficient versus 9 (Reynolds Number Parameters) 

separation takes place soon after the air passes the pole; but when the flow is 

turbulent,   flow separation is delayed until the boundary-layer air is well 

down the after side of the sphere. 

As might be c-pected,  the aerodynamic force also is quite variable,   and,   for 

a sphere,  the drag coefficient,   which is the only aerodynamic force due to 

geometrical symmetry,   is a function of Reynolds number.    Figure 3 shows 

the drag coefficient plotted against Reynolds number for a sphere.    The Reyn- 

olds number,  which is a measure of the type of flow,   is defined as 

R 
VD 
p/p 

where 

V   :   wind velocity (fps) 

D   =   radome diameter (ft) 
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^J   =   absolute air viecosity (lb sec/ft  ) 

p  =   air density (slugs/cu ft) 

If the Reynolds number for the radome is well above or below the critical 

value at which transition from laminar to turbulent flow occurs,  aerodynamic 

force-and-moment coefficients remain relatively constant,    The coefficient of 

a sphere then    is applicable as it is for radoines,   if associated with the same 

Reyno.ds-number region. 

Since the flow phenomenon over spheres is similar to that over radomes,   the 

wind-tunnel trsting of model radomes at the proper Reynolds number is es- 

sential if aerodynamic data applicable to the full-scale product are to be ob- 

tained.    Most ground radomes arc well above the critical Reynolds number ao 

models of these also must be above the critical value if reliable test results 
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arc to be  obtained.    Since the fii.uneler '■[ the mnrlel miist  be  scaled clown,   the 

velocity must be  increased so the  Rcynolris number will be above the critical 

value. 

TEST PROCEDURE 

Scale models of radomes were tested in Goodyear Aircraft's 43-by-61-in. 

wind tunnel at a Reynolds number of Z   X   10   .    Forces,   moments,   and pres- 

sure distributions were measured with the  radomes mounted on cylindrical 

bases and square bases.    Various radome cut off angles (ß) were studied.   For 

the square-based radomes,  various base-width dimendions relative to radome 

diameter were considered.    A ground plane was installed in the test section 

to simulate the effect of the ground.    Figure 4 shows typical installations. 

The diameter of the radome for all tests was  13. 5 in. ,  the wind speed was 

approximately 160 mph; the wind tunnel turbulence factor was approximately 

1,6.    Since the radome is symmetrical about the vertical plane,   which con- 

tains the vertical axis,  the drag,   lift,  and pitching moment constitute the com- 

plete force picture.    In all these tests the balance system of the wind tunnel 

measured these quantities simultaneously. 

RADOMES ON CYLINDRICAL BASES 

Figure 5 shows the various geometries that were tested in the wind tunnel; 

for all but one of these configurations,  the center line of the radome was at a 

fixed distance above the ground plane. 

The drag coefficients,  Cn,  of the cylindrically based radomes tested were 

plotted aa shown in Figure 6,   where the cut-off angle, ß,   is the parameter. 
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Figure 4 ■■ Typical Installations of Cylindru ally IJasfd (lop) .inci 
Square-IUIHIMI (Bottmn) Radoim-.s in ClAC Wind Tunnel 
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1(  ilic  smali iliariL,-!'  indr.u;  v-itlithc  !,cn,'ht  p.i rami'ti'r,   \   1),   Inr,!        '»Odi-^anti 

il.it.i frnm a Cornell test on a  radomi'  for ■.■.Im h ,)   =   '■''    ''   ilei;,   .irr  taken into at ■ 

c ount,   perhaps  the riray will h.i'c  the lendenc y  shn'Ati.      I'he ,1 lines terminate  at 

the  imnimuin  possihlf  vaku'H ol  \   D for  the  particular ,!.     ! !■"■ rm- •     reports the 

tlrat; eoetfuient  of a sphere  in contact   .■.ith the  ^ro'jrul to he  0.7, the drat; i. oc I- 

fuient lor a  sjjhere elevated froiTi 'he  ground  until x   Ü   -   0. S-l  is  0   5 as deter- 

mined  by  New   York  University (NYU) tests on the   1939  New  York  World's  Fair 

pensphere.       For  reference  purposes  the  hud: and  Km   R.  , nolds numher values 

of drat; are  noted  for  isolated  spheres  and  for  half spheres  if the  ground plane  is 

considered as a  reflection plane,     The  drai> attained a  value  somewhere  between 

these  flow regimes for the  half sphere  situated on the  ground plane.     Even at 

high Reynolds numbers,   the  ground  boundary layer affects the flow (Figure  7). 

K) 
5    tH.ull'j    ■ 

V.  0E0PEES       ■ 

K) OEGREEb    - 

90  DEOBEES    - 

MMÜN   TO   Ml 

♦ - 

Figure   7 -  Pressure Distribution over Radomc  Mounted on Ground Plane 
(ß   =   90 Deg) 
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When  the dr^ corllii icnl  was i ros« rilottcd as a  luiu'liun ul ,.,   •!  'nic.ii   rcia- 

tionship resulted.     /\ii additional lesl pouit !or ß   -   1'' dej; was ubtamt'd tiom 

the NYU penapherc ICHIH.     The character ul the turve fur another height pa- 

rameter is su^eHted by data obt.nned at Cornell Aeronautical  Laboratory. 

Lift on the radume as a function of x, IJ, with p as the parameter, is shown 

in Figure H along with a cross plot of lift as a function of ß with x/I) as the 

parameter. Note that the Cornell lilt data .ire somewhat higher than those 

measured in the CAC test  series. 

The pitching moment coefficient about the axis in the plane of the base and 

perpendicular to the wind axis was plotted as shown m Figure 9.     Forces tan- 

gential to the  radome surface arc responsible for the pitching moment for the 

90-deg cut-off angle configuration.     If these tangential forces,   which are 

caused by friction,   were noi oresent and only the pressure vectors were con- 

sidered,   the moment about tlv reference axis would be zero,   since the pres- 

sure vectors are directed through this center. 

The pressure distribution over the radome also is of interest 'o the designer. 

In the Goodyear  Aircraft test series,   the  surface pressures were measured 

on all radome configurations at regular intervals along a surface element on 

the sphere,   which was traced by the intersection of lilted planes having a 

common longitudinal axis parallel to the wind with the radome surface.    These 

tilted planes are dimensioned by the angle ^ from the hon/.ontal plane.    The 

angle 0 is measured m this plane referenced from the leading edge.    Figure 10 

shows the locations of these measured points.     Apnendix A provides pressure 

distribution curves for each of the radomes tested.    Figure 11 is typical of 
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thf prrHflurc distribution turvcs.    Vor rcfrriMuc purpaar.s,   the pressure dis- 

tribulims for  Hphcn-s at  hM.;h and  low Rcynoldn  numbers ai.d that  ^jivcn by po- 

tential flow theory .ire  included      Note thai  the  negative pressure  coefficient 

at the pole i:i higher than that for the  hitjh Reynolds number spl. 're and even 

higher than that based on potential flow theory,    On the after part of the  sphere 

the pressure  remains negative and the  separated flow characteristics encoun- 

tered are  similar to those obtained with low Reynolds  number configurations. 

RADOMES ON SQUARE BASES 

The various square-based radome configurations tested in the Goodyear Air- 

craft wind tunnel are  shown in Figure  \l.     The position of the  radome center 

line above the ground plane remained conotant for all configurations so that 

the height parameter    x/D   -  0.511.    The cut-off angle,  ß,  and the base size 

ratio,   b/D,   wer- the geometrical parameters in these tests.     Use of the 

square base necessitates the consideration of an additional factor,  that of ori- 

entation of the base relative to the wind. 

The drag,   lift,   and pitching moments as functions of the base orientation 

angle, l|/,   were measured for each configuration,  as shown in Figure 13,   Note 

that drag reaches Us maximum value at ^  -   45 dcg.    Pitching moment and 

li^t also reached maximum value at f =   45 deg for three configurations; this 

did not hold true,   however,   for two of the configurations tested. 

The designer is particularly concerned with the maximum drag and pitching 

moment that will be experienced when the radome is exposed to a wind from 

any aspect.    Thus,  the aerodynamic properties for the angle ^ of 45 deg are 
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tin   mcKst  a ii;nilu ant.     In Appendix  M the ac rodynaimi   pioprrlirs lor  r ■.  0, 

I 5,   and  50 (let; arc rcportcci. 

Th«- radomc cira^ coefficient as a function of /] and I)   I) is described in Fig- 

ure   14,    AH IS true of rad'.nnes mounted on ( ylir.drital bases,  the dray coei- 

ficient chanRe with changes  in the angle ;i is quite pronounced but the drag 

level is larger for  square - based radomes.     The drag level at ß   -   90 deg, 

however,   was quite aimilar to that of the cylii.drical-based radntiH-s,    The 

change  in drag with base  size  ratio,   b/D,   is not too great.     The hash lines on 

each curve of Figure   14 a^c the points at which the  radoine base circle cir- 

cumscribes the  base square.     To the  left of the hash line,the radome overlungs 

the base in some regions at the base periphery.    Lift on the square-based ra- 

domes is illustrated in Figure  15.    This factor also is generally higher than 

that experienced with cylindrically based radomes.    The lift levels encountered 

at /3   =   90 deg for the cylindrically based radomes were considered acceptable 

in this plot. 

The pitching moment about the reference point at the base of the radome  is as 

shown in Figure  16.    It was assumed that the pitching moment coefficient at 

/?   =   90 deg approached that of the previously described rndomc,   which had 

been set on the ground plane,   without the square base. 

The surface pressures over the square-based radomes were measured on all 

configurations for all angles of'K    Observation of the pressure data and the 

aerodynamic force and moment data showed that an increase in negative pres- 

sure at the pole is responsible for the increaac in lift,and the increase in 
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negative  pressure alontj the :ifter  part of the  radome  is  respunailile  lor [lie  '.n- 

rreai-  ir. tlra^ witli the base  orientation 'ingle of r, 

The de Bigne r ' s  into re st  is  m the  most e r it K al T  I .1 sr .   or the pre H sn r«' ilis • 

tnbution (or  ^   :   'IS (leg.     Data for other  values  ol r arc   imihifled  in Appen- 

dix Ü.    A typical set of pressure distributions for v       'IS deg is shown in Fig- 

ure   17 for a ß    ■   ■10,.'. deg,   b   1)   -    I.O') 1 onfiguration.      The  negative  pressure 

ccefficient at the  pole as well as  in the after  region of the  radotue  increased 

over that lor the configuration mounted on a t yhndrical base,     The high and 

low Reynolds number  sphere distributions and that given by potential flow 

theory are shown here as they were  for the c ylindr icaily based radorne.    The 

pressure  in the  region of the  pole exceeds  that on isolated spheres at high 

Reynolds  numbers  and that  indicated by theory.     Along the .lifter part  of the 

radome the flow separation characteristics of low Reynolds number configu- 

rations iii evident but higher negative  levels are  realized. 

As the  base  size parameter,   b/D,   is reduced (Figure   18),   the negative pres- 

sure at the pole and along the  after part of the  radome  is  reduced,   but  below 

the radome equator at a plane angle (f) nearest the  base-,   the pressure  is  being 

affected most. 

A typical distribution for a larger cut-off angle with the  same  b/D ratio (l.(H) 

is shown in Figure  19.     Here negative pressures are increased more at the 

pole and decreased on the after side. 

INFLUENCE OF NEARBY BUILDINGS 

Any buildings  located in the immediate vicinity of a radome will affect the 
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arrodynamu   loada on tin- rad mu   \>> 'UMIU- rxtrnt,   dt'pi'ndini; nn tlM1 positicM o\ 

the buildint^b vr\ itivc f) tlic radDim' .'.:id tu ttu- winci.    ll A'aa tK i i-ssary tci 

evaluati' tlic i'ffcctH nf .1 nci'. oy l>»i;ld iiu; on t lu- ac n»', yii.iinu   ioads tu bc t-n- 

countcrcd by the  radiunc  inatallatior, di'vclopcd by (.ioodyear  Aircraft  fur IICA. 

Sirun" the addition of a mod'"! of t'ic adjoining Lniildini; to the radom«' model 

would have resulted inrxceHsive bloekaije in the flAC wind tunnel,   these tests 

were coudncled  in the University of Detroit (U of I))      '   Sy-lO-ft wind t\:t,ncl. 

The purpose  in rt'viewin^ theHr l^sts  is nut SIJ mue'. to report the nurnbera as 

it is to indicate the necessity of evahiatin;» llu   effects of nearby buildings in 

the design of any radomc. 

One of the configurations tested (the ß   -   49. Z,   b   D   =   1.0 5 radome) is  shown 

in Figure 20 as installed in a wind-tunnel test section.    Figure 10 bhows the 

downytrcam view with the  building 111 the   r  -   0 position.     Tl.    building and the 

base for the radome were  rotated as a unit at 30-deg increments until the 

building was upstream.    A comparison of the aerodynamic measurements 

(Figure Zl) with and without the building show the appreciable effect of tlv 

building on the   loads exerted on the  radome.     Drag,   lift,   and pitching moment 

can increase if th(   radome- is exposed to winds from any direction,    Side 

force     which is perpendicular to ! he  wind and in the  hur i/.orital plane,   can be 

attributed to the fact that the configuration is not symmetrical relative to the 

wmd.   l! was observed that the advantage of lesser aerodynamic  loads can be 

gained by orienting the  radome insiallation approximately IZO deg relative to 

the prevailing winds. 
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Thus far,  the aerodynaum-  loading on radonies has been defined by assuming 

ideal sttady-state  wind conditions and for  installations on generally flat ter- 

rain.     Untortunately,   nature does not provide these  ideal conditions.     Wind 

gusts always must  be considered,   and,   for  some  installations,   the conditions 

encountered on mountain tops must be evaluated.    For purposes of design,  a 

steady-state wind may sometimes be defined on the basis of the transient na- 

ture of the wind and the local history.    Such an assumption,   however,   would 

be largely a matter of judgment and so would tend to be excessively conserva- 

tive.    Therefore,   a more rational means is being sought to define the environ- 

ment that the radomc must withstand. 

Of particular concern to the radome designer is how gust loads should be 

treated:   as transient or as equivalent steady-state winds.    Gusts arc not 

realized instantaneously,   but the intensity of the wind is a function of time. 

Some of the gust shapes considered in past and current airplane design prac- 

tice are shewn in Figure Z3.    The maximum incremental value the wind attains 

over steady state is termed the gust intensity.    This shape (1  - cos 9) ia cur- 

rently recommended when the response of the aircraft is being studied for a 
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ihmrclr ki'i'ii.     Ihr tliHtarni   dl tin-  ini'it  ;.H  HU'asurcd  m ti mis  ol  the   airplane 

H 
wmi^ ( hord - a rfliilivc but tuit limic iiu'jirturi .       This  procfdurr- HPS  nrnverl 

H.itisl.u tor y foi   airplanr design l)i-i,iusc tin- airplane   in  ijust   studies  was  used 

as a tool to mrasvirc the  ^ust.arui the wing chord  was  found  to be the  defining 

(iinit-naion of Kiist,    Fiut,   since dirplanr Rust geometry is  not applicable  to ra- 

di>mp design,   a finite description of ^ust geometry for this  application must 

be lormulated. 

Once the gust geometry becomes definable,   it will be  posoiblc  for the  acroiiy- 

namicist to determine reliably the loads on the  radome.     Such problems as 

this do not lend '.hemselvcs easily to analytical methods and  it  has  been deemed 

to be more practical to resort to the wind tunnH for  such  studies. 

In addition to the probability of gust occurrence   -  a prime  factor whereby the 

design-gust velocity is established for airplanes  -  another  factor,   the  accept- 

able attrition rate for gust-critical designs,   is  significant  in radome  design. 

Airplane designers know a design for the severest gust ever  encountered 

would impose an undue weight penalty on practically all aircraft series,   since 

the probaoility of such a gust occurrence would be quite  low.     Therefore,   an 

acccptaMc number of losses attributable to gust  loading  is  e stablis ned;  this 

figure may be a loss number or it may be a gust level at  which experience  has 

shown the losses will be acceptable.    The design of radomes  might well  be 

based on a similar philosophy in the interest of more  efficient results. 

The gust environment for radome design also could be defined  by a method 

that allows for additional gust characteristics.     Gusts arc  not discrete  but 
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uccur in chains of many intensiticH,   shapes,   and durations.    1'hus,   a pvial 

value may be determined for analytical purposes by means of a power  spectral 

den Mt y method. 

CONCLUSIONS 

Alt ho .gh admittedly limited,   the Goodyca- Aircraft studies  yielded conu'dcr- 

able data on the effects of aerodynamic  loads on hemispherical ground ra- 

domes.    Certain conclusions generally applicable to radome design,   although 

based solely on aerodynamic load consideratu ns,   can be drawn from this 

work as follows: 

1.      Radomes with cylindrical bases are preferable to 

those mounted on square bases. 

Z,      If a square base must be used,   better results can 

be obtained by orienting the flat side of the base to 

the prevailing winds. 

3. A square base larger than the radome base L;rcle 

is slightly preferable to decrease drag and over- 

turning moment at the possible expense of an in- 

jreaee in lift. 

4. Large radome cut-off angles are preferable be- 

cause they ensure lower drag and overturning 

moment although some increaEie in lift results. 

5. The negative eurface pressure on the radome is 

higher with increases in cut-off angle. 
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rhe  set of curves  reavilting from these extensive  meauurements of loads on 

various configurations have proved useful in radomc design.    It is hoped that 

data from future experiments will be offered for  integration with the data pre 

8ent"d herein to provide a better definition of the design curves. 

The GAC studies also pointed up the  need for more  work in the area of defin- 

ing the environment for  more efficient radome design, 
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APF !•: N DIX  A   - SUl'lM.LMl-JN 1 Al    l'R LS.SUK L M KA.SU K KM LNTS  VOR 

HADOMES MOUNTLI) ON CYI.INDKICAI   ANDM vlAKL  F.ASKS 

All measurements   presented herein were  made  in the Goodyear  A:ri raft 

ö 
•H-by-61-in     vi ind tunne 1 at .1  Hey nulds n'irnbe r of .!    ■    ID.     Pre s su r e di s t r 1 - 

billions vkere  measured ^ 11 li r.idomes  mounted boih on ' ylmdrual ..nd square 

bases   on a  ground  plane  and v. ilh various   tut-ufl  angles       Tile  diameter    if tlie 

radome for all tests  >.>.as   M   ^  m   ; the  wind speed was approximately   160 mph; 

the wind-tunnel turbub-nee factor w.is approximately   1   (> 

The curves for radnmes on cylindrical bases  were made  for radome  cut-off 

angles of 30 and 67.7 deg (Figures A-l  through A-3).     The curves lor square- 

based  radomen (Figures A-'l through A-20) co/cr the parameters  shown below. 

Additional curves appear in the  body of the report. 

TABLE A-!   - PARAMETERS COVERED IN AERODYNAMIC 

MEASUREMENT OF SQUARE BASED RADOME3 

Cut-off angle,   ,i (degrees) 

•19. -i S7   .>. h 7 . 7 
Base   si'.e 

ratio, 
Base c nentation angle i|/  (degrees) 

b   D 0 IS 50    :    -IS 0 15 30 IS 0 IS 30 ■IS 

0  6 « « t ■* ■:< * « >)< * ♦ *• 

0. HSH V « >;< $ >> >i< <• * « « A « 

1. 03 « >)r A t « « ■* « * ♦ ♦ t 

Curvci. appear  m Appi-ndix A or  B. 

Curves appear  in body of report. 
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Figure A-19 - Pressure Distribution over Radome Mounted on Square Base 
{ß =   67.7 Dcg,  ^ =   30 Deg,   b/D  =  0.60) 
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Figure A-ZO - Pressure Distribution over Radomc Mounted un Square Base 
(ß  =   67.7 Deg, i^   =  45 Deg,   b/D  =   0.60) 

122 



APPENDIX   D - SUFFLLMLNTAl. rORCE M LASUK LMKNTS FOR 

RADOMES MOUNTED ON SQUARE BASES 

As wore tho pressure distnbulion curves  presented m Appendix A, 

the  following force curves were evolved from measurements  made 

of square  - based radomes in the Goodyear Aircraft wind tunnel at 

6 
a  Reynolds number of Z   X   10   .     The wind tunnel balance system 

measured lift,   drag,   and pitching moment simultaneously      Tests 

were made for various cut-off angles and a ground plane was used 

in the test section      Again,   the  radome diameter was  13. 5 in. ,   the 

wind speed was approximately   160 mph,   and the wind-tunnel turbu- 

lence factor was approximately  1.6. 

Note that data for base orientation angles,   »// ,   of 0,   15,   and 30 deg 

are covered for  lift,   drag,   and pitching moment (Figures  B-l 

through B-9).     Other curves for  »j/ =   45 deg are given in the body of 

the  report 

123 



08-, 

7 
ui 

u 
u 
UJ 

O 

u 
_J 

OG - 

04 

08-] 

u 

UJ 

LL 

LL 

UJ 

o u 

06- 

0 4 

b/D=0 85 

■('  ■■ 0 DFG 

30 60 

CUT-OFF ANGLE,/3(DEGREES1 

—o- /3-677 DEG 
^/3 = 57.2 DEC 

3 = 49 2 DEG 

0 6 08 

BASE   SIZE   RATIO, b/D 

"1 
i 2 

90 

P,-!   -   Lift  C.oclfi; icnt vt-rsus Cit-vifl  Anj'lr .ind  B..sc Si 

( R.IM'  ( Jncnl.ituin  Anfjli-,  t       0  D.-^) 
R..li 

121; 



-on 

z 

o 

u03^ 
o 
u 
o 
< 0 2 
tr 
Q 

0.1 

0.6- 

0 5H 

^ 0 4i 
o 

w o 3^ 
o 
o 
o 
< 02 
or 
Q 

o H 

04 

' 1Puf■'■ 

^ =0 DEG 

«/O --0 511 

b/0--0 eo 

0/0^0658 

b/0-- l 03 

30 60 

CUT-OFF ANGLE, ß ( DEGREES) 

90 

ß. 492  DEG 

0.6 0 8 10 

BASE SIZE RATIO, b/D 

l 2 

DraR rorfficu'nt v.-rsu.  Cul-.-ff Anßlv and  Ba.r S./.r  Rat.o 

(Ras.' On.-ntatiun Angli-,   ^  ;   " Dl,R) 

125 



u 

h-" 

5 0 3 
u 

S  0 2 
u 

2   0   l 

O 

I        0 
I 
U 
(- 

b/ ;   ^ 0 6 
b/D = 0 8*)8 

b/D = 1.0 

T 

30 

CUT-OFF   ANGLt,     ß  (DEGREES) 

0 2 

S   03 
UJ 

o 
u. 
u 
UJ 
o 
o 
I- 
z 

0 i 4 

UJ 

i   o 
5 
o 

i 
u 

~ /?; 49,2 DEC 

ß - 57,2 DEC 

/9 ;67. 7   DEC 

0 4 0 6 0 8 10 

BASE    SiZE   RATIO,   b/D 

iK'urc B- 5 Pit 

R 
^'nng Mom.-m  Co.-ff u u-n, . ,-,■ s. s  Cut-off An«!, and  Ras,- S,. 
""" (Bas,.  Oru'nu.t.on Angl,-,   ^   = o  D.-8) 

126 



0 8-1 

u 

v. 
UJ 

u. 
u. 
UJ 
o 

ocH 

04 

V - ib DEG 

b/U^O 858 

3C £0 

CUT-OFF ANGLE,^(DEGREES) 

90 

08 -i 

u 
h-" 
Z 
UJ 

u 
u. 
u. 
UJ 
o 
u 
y- 
U 

ocH 

/3--67 7DEG 

ß'-S/ZDEG^o^ 
/3'492DEG 

04 

572 DEG 

—I 1 
0 6 00 

BASE   SiZE  RATIO,b/D 

I 0 

Figure  D-l   -  Lilt Coeffuient verbub  Cut-off Angle and Babe Size  Ratio 
(Base  Orientation Angle,  '^   =    IS  Dfg) 

i.27 



; 4 n '••~l"M^M 

Ob 

0 5 -i 
Q 

O 

ZO 4  -I 
uj 

^03 
LLI 

O 
U 

s 

D . D   = 0 06 

b ZO  ;0 ÖbH 
D / D   ' l 0J 

*-- 15 DEG 

x/D- 0,511 

3C 60 

CUT-OFF   ANG^E,/9     (DEGREES) 

90 

0 6 

0 5 

Q 
U 

K'0 4 
z 
UJ 

Ü 
^ 03H 

i 

O 
a 

<t 
ct 
o 

^=492D£G 

/9=572[)EG 

0-~- ß --67 7 OEG 

-—     Ö =90 DEG 

0  l— 
04 0 6 OB i0 

BASE SIZE  RATIO,    b/D 

Figure  B-'i   -  Drap Cot'ffu icnt versus  Cut-off Anj,'lr and   Base Si/.c  Ratiu 
( H.i sc Or icnta 1 ion Anp lc f     ■     I S   Drill 

128 



L 
o 

z 

u 

o 

0 i 

0 2 ~ 

x/D -■ 0 511 

UJ 

:- 
o 

2 
I 

0 i 

z 
u 
ö   0 3-i 

UJ 

o   o ? -I o 
h- 
z 
UI     , 

o 
2 

o 
z 
T 
U 

04 

b/D^O 6 

D/n = 08[j8 

b/D; I 03 

30 
CUT-OFF   ANGLE,d 

06 08 10 
BASE   SIZE    RATIO,    t/0 

\i -6,^1 DEG 
ß --572 DEG 
ß --67 7 DEG 

1 2 

Figure   B-d   -   PiUliiny  Momoni  Cocfluu-nl  versus  Cut-off An^'ir and  Rasr Si/.c 
Raf.o (Base ÜricntaUun AngK-,   t   -    IS D.-g) 

129 



J 
o 

z 
uj 

u. 
LL 
UJ 

O 
u 
K 
u_ 

0 6 - 

04 

J 3 8 

z 

o 
LL 

u 

0,4 

■b/D =0 858 
b/D =103 
b/D =06 

lo" 60 90 

CUT-OFF ANGLE, i3 (DEGREES) 

ß--b7 7 DEG 
ß--c>72 DEG 
p) =492 DEG 

T— 
06 

—i— 
0 6 1.0 

BASE SIZE RATIO, b/D 

Figure B' -  Lift Coefficient VITMIS Cut-i)ff Anglt- and ßasr Si/.c  Raliu 
(Bahu Orientation Angle,   y    =    ^0 Degj 

130 



06i 

Q 
O 

I-' 
Z 
UJ 

Ü 
u. 
LL 
UJ 
O 
u 

0 5- 

0 4 

03" 

o   0? < 
Q 

0 I 

D/D--0!)fl    J5/D:0 60 

b/D:i 03 

^ ' 30 DEC 

x/D :   0 511 

30 60 
CUT-OFF    ANGLE  ß  (DEGREES: 

—i 

90 

06 
o 

o 

h-' 
Z 
Lü 

u 
ü 
LJ 
o 
u 
o 
Q: 
O 

OH 

02 
04 

ß = 49 2 DEG 

/3 --57 2 DEG 

ß ^677  DEG 
 o- 

—i r —r- 

06 08 10 
BASE   SIZE   RATIO,  D/D 

Figure  D-8 - Drag Coefficient versus Cut-off Anqle and  Base Size  Ratio 
(Base Orient-.turn Angle,   ^   r   30 Dei,') 

131 



i. 
o 
•-' 
z 
llJ 

u 

0 3 

o 
o 

UJ 

o 
z 
o 
z 
I 
o 

0 2- 

0 I -j       ^ ■ 30 DEG 

x/D = 0 511 

b/0-- 0 856   ^/D: 0 6 

b/D"- 103 

r 
30 

CUT   OFF ANGLE , ß ( DEGREES ) 

E 
o 

z 
'*J   0 3-1 

0.2- 

u. 
u. 
aJ 
o 
o 
h- 

ui   0.1 
2 
O 
5 
O 
z 
i 

0 

/3 =49, 2 DEG 

ß --bl 2CEG 

/3  -67.7DEG 

04 
—T— 

0.6 
—i 

0.8 

—\ 
i 2 

BASE SIZE  RATIO, b/D 

FiiMirc  H-'* -  Pitchini; Monu-nt Coclficicnt VITHUS (^ut-ofl Aiu;li   and   \\,\ 
Si/c  Katio (iiasr Onrntali-.n An^lc,   ^  =    '.0   D.i;) 

132 



SThKSo  JI^TRIHUTION   A;.;i JUMP  PHKNOMKNA   IN  SPHERICAL 

FRAMKWÜHKS  UNDER   l'RKSSURK   LOADING'" 

by J .   F.   Beaui'l 1 n^ 

Stanford  L'ü •/"V ■' y 
Hain A.1 ♦■.,   l--il i '"onv.n 

SUMMARY 

In rramt'Wot'ks will, all Jolnto lylnR on a sphere and with 

small spherical angles biIweon adjafcnl Joints non-ilnear effects 

may play an Lmporlant r'olc If the loading consists of a non- 

uniform pressure distribution.  The non-linear relation between 

load and displacements may even show a load maximum at which a 

Jump phenomenon will occur.  An analysis of the Jump phenomenon 

shows that the critical load can only be calculated with suffi- 

cient accuracy after the linearized deformation problem of the 

complete structure has been solved.  Though this Involves the 

solution of a very large system of linear algebraic equations It 

Is Indicated how this Is feasible by application of an Iteration 

procedure on a digital computer.  It Is further shown how the 

actual pressure loading of the sphere may be approximated by con- 

centrated loads at the Joints. 

Lecture presented at the Symposium on Rigid Radomes conducted by 
the Lincoln Laboratory of the Massachusetts Institute of Technology 
In Cambridge, Massachusetts, September 8, 9 and 10, 1958. 

o 
"The author Is Indebted to Dr. M. Anllker for his critical and 
constructive review of the manuscript and for his wllllngnesB to 
give an oral presentation of the paper at the Symposium. 

7Ac research reported here  uns  performed under subcontract  to  Lincoln  Laboratory,   a technical  center 

operated by Massachusetts Institute of Technology with the joint support of the Army, Navy, and Air Force. 

133 



CONTENTS 

No la 11 on 

1 . IntroducU on 

j.  The calculallun of the Jump phenomenon in complex 

frameworks. 

3. On the solution of the linearized deformation problem. 

4. The determination of the loads at the Joints from the 

pressure distribution. 

5. Concluding remarks. 

6. References. 

NOTATION 

A    CroBS-sectlonal area of etpictural member.  Also: 

Square matrix of coefflclenLs of unknowns. 

A.   Column matrix with constant elements. 

Submatrices. 

Square matrix of coefficients of unknowns. 

Column matrix with constant elements. 

CJDJK  Matrices with constant elements. 

E    Young's modulus, 

0(X),H(X) Column matrices with elements which are functions of 

the urJcnowns. 

N Number of structural members about a Joint. 

P Radially directed compresslve load. 

S Surface area of n  triangle. 

V Total potential energy. 

X    Column matrix of unknowns, 

Y Displacements at the base of two-tier framework. 

AiJ'Aoi 

B 

1} 
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(n.n+l) 
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P. 
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Anglf  bct.woon mornberü    n    arul  i.   +   1 . 

Elxlerna 1   (ircssure. 

Local   value  o!"  exlernal   pfossure   at   Ji In*,. 

TangenllaJ    il splacemcnt s  of  Joint., 

Radial   dl splacomenl  o'.' Join',. 

Magnl I'lcaLlon  facl-u:-,   i  =  sln^ /sln7. 

Ratio between compresslve   loads,   P,, - ^P, . 

Spherical   length  of member. 

Superscript       indicates  Initial   configuration. 

Strain. 

Load factor of Joint. 
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^n'•r;lt/l■.":'   ai't'   i\\ '. 11   !"ar  !"''. ow   t ;;<■   rlan'I '   llml' .     T;;^   iv;'i'. !'. bflum 

fj'jatl ins  havt'   '     b''  w:'l''''ri  down   '.'   y  ' tu'    id'   rvn1, :   :>'i-a :' u:'«'' 

wt.l ';.   '.'■:ii:'l   '      a  ;;   n-llncar  ."'■ia'l.:;   be wi,'i\-;   ;.i.i;i  and  illu; la'-'cmv; 

A  ;.yram! la'.   I'ramcw. :'k   w'.t.h   Ideal   jn'.nts  u;i IIT  a   MMi'.rai    : jmpri';;^'. v 

li.a'i   \':    1   :■'.■''.} If  i'xa'n; '.'■     !'   L^ucr,   a   ct ru':! ui'c   I!'   M.c    1; r'.i',;.',  m»' ibci' 

I.KIAI    üma i 1   '::.rlii;  wl'f;   '..■'.'■   bad"'   ; lane.     TM'  oqua'. 1 UM:'!   ol'   equllib- 

r'lum   I'   r   ' M'   r'i^'U 1 ar1 pyr'.amld  o!'   FI^.   1   :'>'.i 1 

-    ,■■?   Gl -'.'y   =   P '■' c0 • • • r        ' p 

. K  sln(T/K)P^ -  P col^Y, (i 

whoip 7  la  Iho  anp;lf' bo;,ween  the upright  mcmbcrK and  the  basr 

plane  In  the  defürmed  structure.     The  structure   Is  statically 

determinate   fur  small   central   loads  Piy^y  ),   but   for   loads  ol'  any 

magnitude  the equilibrium equations do not  suffice  t.   determine 

the  forces  ?„   In  the    k    upright members  and  the  forces  ?„ In  the 

k     base member's.     The  compatibility  equation 

eS  =  ^ +  ez)cos7V(CÜ37)   -   ' (1...) 

and  the  stress-strain  relations 

PS/(EAS)   = eCo, 

PZ/(EAZ)   = e21 (1.3) 

are  needed  to make  the   load-deformation pr'oblem a  determinate  one 
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7.. cu Q" ' ( lo-y') c^1^ (Lb) 

Hence  ir.o  pyramidal   Cramcwurk  of ?\^.   1   coilapsou when under 

me acllon of  a  ci'tilral  comprossl vc   load  the  angles between  the 

uprl^hl mcMnbero  and  liic  base plane  are   reduced  "o a  .;(>rlaln value. 

Al  ine  crlllcal    load   '..he   J'orce   In  Ihe  uprlghi   members   La   Increased 

above  proper' '.. m 1 ;';;  w'. t.t.   respect,   '0  P by   the   faclor 

1       o /    1 a   -   si u-) / si iry. 

This facl.or may be slp.nl fl canlly larger than 1 as Is si.own In Fig. < 

where the crlllcal value of the 1'aclor [sln^ - C0B7 '-,.-,71 Is plotted 

as a function of 7 and where the correspondlni/; values of y    ,, 

and a are indicated.  By subst 1 l utlon Into equation (l.l.1) for eQ 
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Un   crlMcal   load w!'n  rcnpi'C!   '. ü  t.i.i"  Jump i-benumenun may  be   lr. 

creasea 'j( ably by : fa' r!^ld!*..y of Lb.e j^In'.;; In Lhc actual 

slrunlure.  Thp curiuorvaL I vc appruach with Lhc assumption uf Ideal 

Joints presents already a .''orml dablc computatl onal problem, aow- 

cver; It Is Colt that the Influence of the' rigidity of the Joints 

should only be taken Into account II the results of the computations 

deem It, absolutely necessary.  It Is expected that after a quanti- 

tative analysis of the framework with Ideal Joints a qualitative 

Investigation of this influence will suffice. 

The Calculation of the Jump Phenomenon In Complex Frameworks 

Fur frameworks more complex than the regular pyramid considered 

In section 1 an exact analysis of the ioad-deformatIon process 

proved to be no longer feasible. 

Considerable simplification can be obtained if the strains 

for the individual members of the structure are expressed in terms 

of the tangential and radial displacements of the Joints.  The exact 

expression for the strain In a member In terms of the radial dls- 

displacements w, , w,,, and the tangential displacements u, , u0, v v of 
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w ,  /       ♦   w 

'V     — (—0 

If e ! 

a re s-na 11 o 

express 1 on 

i  expanded   l.'i'.     a   series   and   I ;'  only  .juanllMes  which 

the   Cl r'S!   and   second  under' are   retained,   the   Collowlng 

'or e   1 s  found 

w,   +  w, 
e   =   -   slny 

u.   + u ,        ,,       (w. -w, ol ,'       1       .' o   v   i     < 
;oS7       +■ —'.'os   y :— 

i v (^) i 

{..2a) 

Wj - w,,    Vj - v? 

The quantities -—i—- and 1—- represent, rotations of the 

members.  However since the stiffness of the structure against 

rotation about an axis perpendicular to the spherical surface Is 

much larger than the stiffness against rotation about, an ax^s tangent 
l " 0    ' 

to the sphere it can be concluded that the term /  1—- \ 

be neglected.  Tncn the expression for e reduces to 

may 

e = 
w, + w „ 

.  o 1   2     o 
slny  1  - cosy 

u, + u. 
+ — cos y 2 o  Wl 

i''.2) 
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TMf   varlallunü   In   ' ;,(■   :■.'..ralrm   e     '.;.   t t.c   L.', mo" ural   memDiM':; 
n 

^orTeaporKJln^   Lo (.Mvct.  varlalKuiü   In   ' ru'  d'.a; LhU'mcn'.ü   . I'   '. M' 

jolnLs  follow  fi'wm Lho  relation  (. ,.). 

First   the  principle  of minimum poLcnLlal  cnoiy^y  :.as  been  ■■p;.lli 

t.o   3.".ow   that   wl'n  cxpreGBluns   (. .. )   !'or  t,hc   Btr'alns  a   sulTlclenl 

approximation   Is  obtained  for  tne   lua i  at which   the Jump  phcrvimmun 

will   occur.     For a  regular pyramid with  a   rigid  base  and  k ciua l 

upright members  loaded  by  a  central   Cumpresslvo   force  'he   total 

potential  energy  according  to   {i',2]   and   (..j)   Is glvon  by 

,,      1  , T-« /i f       i     ow       1 2 o / w \     , 
V = - kLAX[-   5\ny j + -^ Cl^  7  ij)     ] -   Pw (<'.J0 

dV Tht   condition   for a  minimum or   V with   respect,   to w   :  -r— = 0  leads 
dw 

to an expression for P and subsequently the load maximum can be 

determined. According Lo this analysis the critical value of P 

is given by 

EA 

i„0 

A .  , , sin 7 
0. i.' / j K — 

2 o 
c o s y 

i^.b) 
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:.". le:'  ■•   ;:r'. if!':.' ' >•:>. Hi'noi'   '.f:c  r.••;■..;■   !:.:■■    ;■.■(■ i  b.y    'DMC! dcr'I n^.' 

•:;.■;   ''!;■;;'   and   ^i'.'u.'iii . :•>!' :•  'cfni;   1:    ' f;''  '•xpr'',ni)! >■,'!   :'.';•  t.hc  slralno 

I;;    ■."dc."  ' ■    'li've! ^y   a  rrn .'a; en ;i   : or i.-omi; lpx 

:\\ ni'r'. 'a]   ''.■■a-ncw> :■;•:.5   •.:.(■   'w. -'Icr   I'l'aimwur'K   uf  FI,'.   ;j,   taken   from 

Mi'1   I'rvi.'ncw  :■:■:    >:' Fl,;.   j,   h'-i- beer,  cona! dtM'tni  wl' n  respect  Lo  tho 

ay.une! rl ca I   Jump phonornonon.     Thr1  baj^  :;' nuc;'aro war.   iiitiumcd  rl^ld. 

For  an exact   arnlyaly  six   types  i'.'-  dla| I accrr.fnt.ü   anculd  be  taken 

Into accc/jnt,   aa   Indicate i  hi FI/'.   v     A (-'.üod  aj/pr'uxlmat J on may  be 

ob'alncd,   .'uiwcvei',   by put.! I n^ v ,  =  1) a 

more  the main purpuüe  ..;'   i.he   lnvestl,.-a 

id :: , = u , w., = w, .  Further- 
i   ■   J»   .' 

l-n way to develop a method 

of calcuJatlon nathen 4han to arrive a! a hlphJy accurate solution 

t'-jr thl s par! leu I ar case . 

By the use o:' the geometrical lata •''.'  Ref. 4 and equation 

(:'.c) the ütraln.s In the Individual memberü ;an be expressed In 

terms o." the displacements w, , w„ and u„.  Ai .plication of the 

principle of minimum potential energy then leads to the following 

set of oouat Ions 

oe 

EA Z^ n n 'äw, 

EA = I oe. 
£  t x  
n n ,jw., 

V .      0€1 

• I   dU (2.7) 
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:■,   I',   .iinl   P     In   •rni:'    /'  ri'n-11 ;ii';ii'  :J l^cbral c 

ex;:'! sr>. un:-   ; i,  w ,   nr-.n  w   . 

W .   . 11    1     / 1   ,      -    , / i ,    ^  ,     -   c.jnG ..in, ,   :■ 

' hvr;   ' (J    i;   ::.i 1 ', 1  J;;   I'oi'  a   1 ua 

!'   P,    '. :■)   t.aki'n   a::   ' ho   1 < lad  parnrnft nr, 

rui   w     a;-.   U.P    k*!\.rmat 1 un   iara:noLer, 

i  Tiaxlniuni   rcaiis 

iw,   V KA y 
t- >— 

tlW . (jW -,    (JW 

oK j       fiF,,  dw. 

OW, (lW.,   d«, 
1 £ A 

'hF, 'P. 

EA KA 
/PF1(w1 ,w„)   -   F,,(w: ,w?) =    0, (2.9) 

TM(,'L;I-  three  equations  are  of  ine   type 

IX     -     B       H     H(X), o ^   ' (2.10; 

where Fi l.s the matrix of constant coefficients of the three un- 

known ö X w | , w 0, 
U" ., and whore B. and H(X) repreaent the 
aw 

constant   and non-linear  terms  respectively.     II was  found  that  a 
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X" I   'I-        t     }-   •11(X■ 
Ü 

(. •;;) 

wl th   ' he   :'l i-s'   ,ij prnx! ri\:<.' ! on 

I1     B 
o 

In  the cast' . !'  ' r.i'  Lwe-Llcr framowork of Fig.   j for Py = 4 P 
1 ri 

the  rollüw'n;1; results worn ublalned after nine  Iteration atep{ 

O.O.-o.' 

X  = 

^1 

1 

W2 
ri' 

aw, 
äw1 

0.00?6 

•o.ibö 

di) G r 
0.00113, -^ 

^1 
= 0.0006b, 

(2.12) 

The upper part  of  the  two-tier framework  of  Fig.   ^  Is  a 

regular pyramid with  k  = (J.     According  to  equations   (1.4)  and   (1.^) 

the critical   load  for such  a pyramid amounts  to 

(M)     =  0-001h0 
*        ' cr 

(2-13) 

If the base structure Is rigid. 

If the elasticity of the base members Is taken Into account, 
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• EA 
Li. 001 40 

n' 'fi7/< si^) 
0.00l)';Y. (^^) 

II can I)«' ubsorvoil '. t.a' ; low^r buurui '.'or' ■ !:■■ critical lo.id 

'. n a (-oin).h x I'f.uTiowtJiv: c !' i.hf Lypc ühown In Fw',. J 'na;; bf; oblal ru.Hl 

by cunsl ilorliv, only [yr-amldc wllh Lhcl r barn' members, but t.lila 

lower1 bound may dlffor I'TOT Iho actual valur by a laiy.o factor 

according lo thu rcaulta ^,lvcn above. 

Now some concluslonji will be Irawn upot; which a proposal La 

baaed for the numerical analysis ol" the radume fr'amework. 

First It can be observed that the Jump phenomenon, If It occurs, 

affecta the stress dlstrl bu'.lun ! ti the framework only locally.  The 

dlfrereriGe between the loading of the surrounding structure when 

the local change In the initial geometry is n^ected and the actual 

loading, can be expressed in terms of a self equilibrating load 

system which, by virtue of St. Tenant's principle, affects the 

stress distribution only locally. 

Furthermore the geometry of the framework under consideration 

makes it impossible that two adjacent Joints Jump simultaneously 

In the elastic range.  The spherical angle between two adjacent 

Joints is according to the data of Ref. 4 at least 10 .  This implies 

as Is shown in Fig. 0 that two adjacent Joints are supported by 

members which make angles of at least. 10 with the base plane.  The 

Influence of the interconnecting elastic member can be Incorporated 

in the flexibility of the base structure.  It, has already been 

found that In the resulting pyramidal structure the angles between 

the upright members and the base plane should be less than '<     in 

case an aluminum alloy is used and less than l\.j    1'' the material 

Is ordinary structural steel In order that the Jump phenomenon will 

occur in the e1 as11c range. 
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are  i'uncl.lonc  o,''  Ihi    iw;il:; wl".'.  i'^;;;.! nuui.ü 'lr t'l vaL 1 ves  (conlr'ary 

'.u  t,he   case  uf  claaGloal   elauMc   bucl< 1 I rij').     Fur sufricledbly 

small   loads  Ino  dl aplaccmenun  are  I'ound   ;'r,';n  '.he  Sulullun uf  Llie 

linearised problem.     11'  upu:i   Lnsp-ecLlon  ol'  t.hese  dlsplacemetiLa   It 

la  f'uund  that   v ru1  . r m^vc Jolnls  aLai'L   lo move   Inward  faster with 

Increasing load  'nan adjacent.  Joint a,   Uion ;!'   these Joints  the 

Jump phenomenon may eventually occur as  the non-llnearlty of the 

erjuat I or.s tends  ■.. 

ol'  the d 1 splacemcrit 

(2.2)   for  the   alIM I 

accentuate  the dlf/'erences  In  rate of growth 

9.     This may  also b^  concluded  from expression 

n  In a airaciural  member.     It   Is seen  that  In 

this expression non-.ilnear effecta  such  as  the Jump phenomenon 

depend  solely on  the dllTerencos  between   the  radial   displacements 

of  ihi.  end points of a member. 

Once"  ' t;c  solut.lon of  the   llnearlited  deformation problem of 

the complete atr'uciure has been obtained  from this solution the 

points  can be determined  where  a   local   ! nvesM^at 1 on of  the Jump 

phenomenon will   be necessary. 

The Jump phenomenon   for one Joint   can  DO  calculated with 

sufficient  accuracy  by consldorinR  the pyramid of which   It  forms 

the  Lop  together with  all   members directly  supporting  t,hls pyramid. 

This conclusion  can  be  drawn  frun a  comparison  between  the  solution 
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''li'xl hi i'. ' y  LII"  Mn'  at.nKi.urc   aupport 1 nf',  a  '.wi-'lcr  framework  can 

bo   La^'-Mi   Int.-,.   accounl   wl'.n   :;u:'l'I c 1 cnt    accuracy   by   Imposing  on   the 

J ilnto  at   the  bas^ of   the  two-tlo:'  framowurk   the  displacements  ao 

they have  been  four.d  as   linear'  runct,!onp  o!"  the   luads  from  the 

solution of  U;o   Llncarlr.ed deformation prdiem of  the  complete 

stiTicture.     The  calculation procedure   Is  then  as   follows: 

Let   the   system of  equations  which   to   found  by   application  of 

'he  principle  o'" minimum potential   energy  with  respect  to  variations 

of  the  displacements  of all  Joints  of  the  pyramid  be given  by 

CX  + G(X)   +  DY C  P o ('-Mb) 

In this equation C represents the matrix of coefficients of 

the linear terms containing the displacements X of the joints of 

the pyramid, 0(X) represents the non-linear terms ir X, and D re- 

presents the matrix of coefficients of the linear terms containing 

the displacements Y of the Joints at the base of the two-tier 

framework.  By means of the solution of the linearized deformation 

problem Y is expressed in terms of the loads by the relation 

Y  = KP U>.16) 

If (2.1b) Is substituted into (2.14) the following system of 

equations Is found for X: 

CX  + ü(X)  =  [C - DK]P (2.17) 
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. '■■!!' :r f [)K wl \.v.\:\ 

ijji.ur'al in^TibiT:1. ;'.p; /i^'ln,- ' !.-■ ;yr;i:n' 1, .:. 1 :.'■::■■■ ';. '..'■ 

lo;r! oa l.'ul at O'l I':1! :n '• ;.»:i' 1 r:;i ( .'./). 

Ti'.c critical ioail wl'.fi rcüpoct '.< ' ii'' jum; fhL'tiomenuri can 

bo cnlculalod :'i\:ti ' ,".i üyu'ivn • '.'  i'qu.'i*.! una (. .!Y) by Uie eamo 

mclhoii aü waa uacd above !'> :• 'Aw   twu-Llfi- i'l-amowurk.  I' shuuld be 

reallzoi, huwev^r, '„hal ' :,c oumiulall^.M u!" t.he critical load under' 

act.ua' load dl B'. i'l but,! ono will Invulvc a much lai'f-ci' numbfi' oi' 

dl s{)lacomenla aa unknowns 'nan need be '.aken '.n'u account. In td.e 

highly slmoliricd case considered above.  Must, likely '.he critical 

Joint In t;.e complete framework will not be the top of the two-tier 

framework considered above nor will the load distribution be of 

the symmetrical type.  In general the computations should be per- 

formed on automatic digital computers. 

The problem of the calculation of the critical load becomes 

even more complicated If from Inspection of the solution of the 

linearized deformation problem a Jump phenomenon can be expected 

Involving two Joints with one Joint In between these two.  In that 

case It will not be sufficient to consider a two-tier framework. 

However for a pressure distribution wnich she s no significant 

Irregularities this possibility must be considered very improbable. 

3.  On the Solution of the Linearised Defurmatlon Problem 

The geometry of the spherical framework to be used for radomes 

has been obtained by taking the equilateral triangles of an 

Icosahedron as a starting point for the trlangulatlcn of a sphere. 

In the domain of one equilateral triangle there are llJ Joints con- 

tained in that particular triangle alone, 12  Joints which are also 

contained In another triangle and 3 Joints which belong to five 

triangles simultaneously.  Hence ehe  total number of Joints in a 
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'mi'lo'vf  uphi'i'Ical   I'TJun^wor'n   wou.'il  cunounl   Iv 

.'0 x 1 
.0   , ,,   L'O 

+ —r- X ic1    +   -w-   X 

In the same manner for the total number of structural members In 

the same framework io found 

?o  x (>9 + ?0 
x I1 33ü. 

In the actual radome structure, which has to be analysed, a 

horizontal plane cuts off the lower part of the sphere at some 

distance below the center.  This plane contains supports for all 

structural members intersecting this plane.  Thus the number of 

member's and Joints In the actual structure is significantly less 

than In the complete spherical framework considered above.  Since, 

however, for a solution of the deformation problem and of the stress 

problem three displacements have to be determined at each Joint, 

the system of equations for these displacements is very large and 

even the linearized problem can not be solved directly. 

It is possible, however, by a suitable systemlzation to 

arrive at a system of equations which can be solved by an iteration 

procedure involving only matrix multiplications after one 39 x 39 

matrix, two 18 x 18 matrices and some degenerate cases of these 

matrices have been inverted. 

The systemlzation consists of an arrangement of the Joints 

and corresponding structural members Into three types of sub 

groups, which are shown in Pig. 8.  Cross-coupling of two sub 

groups of a different kind is caused by the structural members of 

one of the substructures shown in Fig. 9, while two sub groups of 

the same type have no coupling terms in the resulting system of 

equations. 

■The solution of the linearized deforniation problem is now 
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dt'lermlneu  by  :i  Hyulf/m ul' equallona,   wnlcf;   In  symbolic   t'urm can 

bo  wrl I ten  BS   I'u 1 I uwu 

'13 

A,, j A ,,, " o ^ ^ 

k31 '32 33 

o;.'   i 

03 

(3.1) 

where the subscripts of the unknowns X refer to the displacements 

In the three subgroups of the Joints.  The matrices A,,, A„p, A-.-, 

can be Inverted by computing the Inverse of one 3'J  x 3'J  matrix 

(corresponding to subgroup I), of two 18 x 10 matrices (corres- 

ponding to subgroups II and III) and of some degenerate cases of 

these matrices. The solution of the complete system Is then found 

by means of the following Iteration procedure 

-I n-1 n-1 
All      ^A0i  " Al?X2       ' AI3X3      ^ 

X?      -    A22      [A0? -  A21X1     - Ap^X^      ] 

X3      "    A35      ^A03 " A31X1    ' A3?X2 
(3.2) 

i. I 

where the 0 '   approximation Is given by 

Y 0 ,    -is Al       ~    All    A01 

X 0    =    A    -1  f^      - ^    X 0 A2 A22       ifi-02      R21A1 

X3       -    A33       [AQ.^ - A31X1     -  A.pXp  J (3.3) 
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I'   (,aii  be  i bb(.M'V<v'i   i.h.:'    'Jilu  JirMiod    >:'   iuilu'.l   :i   lu   :i  parll- 

cvilar  !"orm ol   a   ml axa'. U ti  ucli^mf  üvil table   '.'ov auL^mat.lc  CompuliTB. 

Il   nhuui'J  be   realize'!  'i;i'   b'.'uldea   i h"  cumnUall ona 1   Mme 

roquli'ed  lu  Bolve   ayiUem   (j.l)   the  calculation  u!'   'he mali-lces 

A,,   to A       requlrcB  In  Ituell'  a  Cv.;u;l >ierablc  c i;npu!,at lonal   efl'orl. 

However,   a  compuler pro^i-am can be /,lven  for  the   Latter computation 

also and by  virtue ol'  the  aysteml ■/.atlon 'le;;crlbei  abov-  only  one 

3'J x   3V,   two  i\i x   I:'' and  three   1 "i x   I" malrlcea need to be deter- 

mined.     Then  the matrlcei; A,,   to A,    can be  constructed. 

The  calculation of  the elements of   ..he  column malrlcea A 

Arip,   Ann will  be  discussed next. 
01 ' 

H.  The Deiei-ralnatlon of the Loads at the Joints from the Presaure 

Diatrl.buUün. 

Since the spherlral framework under consideration consists of 

a large numbei' of relatively short member's It is a uufriclenUy 

good approximation to represent the pressure loading as concen- 

trated radially directed load at the Joints.  The pressure variation 

over one triangle will be small ^nd hence the total pressure load 

on the triangle may be equally distributed over the three comer 

points.  Since the spherical angles involved are small the- loads 

at the corner points are approximately radially directed.  If the 

pressure were constant over all triangles neighboring a particular 

joint then the total load at this Joint would be given by (Sec 

Fig. 10). 

P, 
j 1 " Z 3n 1^ p  ) i   I     ,3ln(n, n+1) 

N 
"Ü F /I vn<'n+l (H.l) 

where N is the number o(' triangles neighboring the Joint and 

£N+1 £ V 
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L!'   'hi'  [ rt'Uöu ri'  k'i'.id I r;,':'.   .irc    .   '    vcr'y   l,ii>'i',   '. '   wl i 1   be   :i 

good   :i['pi'oxl mat.'. uü   '-    ';.<■   ;i.;'-.;:ii   ! .'.iJ 1 nr,  .-;'   ' ;.'■   :" i-u''■ urc  wtu-r; 

Lhe   loc.'il   value  u!'  i    1 :■   uubü^llu'r!   In'u   {'*..).     In   Lea',   case   1' 

sufrices   t,L   caloulalt'   '..h''   luad   f'acl   r 

X .     =    T-      /   f     , uin(ri,tH I) 
j b .      n n+1 

N 

for ."ill Jolnia of '.r.v  ihrnv  Hubgr ups oi' Flg. '3 In order Lu be 

able lo write down lhe value ol' all elements ol" A,,,, A,)0, A,-,-, 

(equations (3.1))divided by the local pressure. When this la 

accomplished various pressure distributions can be considered by 

a simple multiplication of these values by the local pressure 

values. 

In the case of the two-tier framework of Fig. 3 only three 

factors X. need to be determined.  The loads at the Joints 1, 2, 

3 (See Fig. 5) follow from 

I    -    Pl/Pl 
Pt)önO In 

2 

Xo  =  iVP ^P2 20140 lnc 

2 
x3 " P/p3 = 15390 ln 

It Is seen that a pressure distribution leading to P? = P = 

■w- P-, , as considered above, would be far from a uniform distribution, 

but would have a pronounced maximum at the top of the two-tier 

framework, thus promoting the occurrence of the Jump phenomenon. 

5.  Concluding Remarks 

It is interesting to note Lhe difference between classical 
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Buddcnly ohant/,'^ I'tom a I'.n'-ai' oni' '  a ;i );.-'.'. U'VI:- unc whon a 

certain load, tiamt.'ly '^•, buckll'i)- 1 iad, la rra.-M'i!, ami '\J-  Jum;- 

phenomenun, wfa-rc 'M' ti.in-1". I
-
.'ar n11 i'lun b^Vwccn luad ^..".d il'.ti- 

plocemunlO Gh.jWü a lua-! fnax'.'ium.  F',', '. '. ■'.'•ar'.;/ atuwo '..tie 

dlBllncllvc feat.ureu ,1' bolh photiomena. 

The analyals o;' ib.n naluro ol' Ma1 Jum[ phei-iumerioii h.as ahown 

that, the calculatlun u!" the cr'lllcal load i'ov  cumplox I'i'ameworka 

sucti as the radomc structure Is not feasible wltrwut a previous 

solution of the linearized deformation problem.  The method of 

solution Indicated for the latter problem Is baaed on trie use of 

automatic digital computers.  Since the calculations have been 

put into matrix form an efficient use can bo made of the standard 

programs of the computer. 

Once the linearised deformation prubiem has been solved the 

strains and hence the forces In all structural members follow 

Immediately, except In those regions where tne linear approximation 

Indicates that the non-linear terms may not be neglected.  In those 

regions a local Investigation suffices to determine the non-linear 

effects, the critical load with respect to a Jump phenomenon In- 

cluded. 
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Flg. 1 - Geometry of regular pyramid, 
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Fig, 2 - Orpphlcal representation of the factor that determines 

the limit of stability of a regular pyramid under a 

central compressive force. 
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Flg.   3  -  Radome  structure. 
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Pig. 4 - Geometry and dlflplacementB of endpolntB of 

structural member. 
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Flg. 5 - Two-tier framework with three axes of symmetry, 
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>IO*^>/00 

Fig. 6 - Model of support of two adjacent Jolnto In spherical 

framework. 

\ 

4 

Fig. 7 - Model of Jump phenomenon Involving two Joints which 

Jump simultaneously. 
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II 

Fii Subgroups In spherical framework, 
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Ill 

Flg.  8 -  continued, 

III 

ff ni 

n 

Fig.  9  - Substructures In spherical framework providing 

cross-coupling between subgroups of Fig.  8. 
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Fig. 10 - Oeometry and surface area of triangles about a 

Joint. 
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POLYESTER-POLYURETHANE TOAM AS A PRIMARY STRUCTURAL MATERIAL 

T. C.  Duuphln* 

[looker Chemical Con>orntlon 
Nlnparn Fall.i,  N^w York 

IXiring the paot few yearo,  we have been experiencing a quiet revolution In 

Qtructural raaterialo,   namely,   the uae ol" oynthetlc organic materialBi    It is 

noteworthy that acme of the fasteot progress  in this direction has been stirau- 

lated by many of you attending this symposium,  in the interest of obtaining 

electrically transparent,  strong,  and permanent shelters for radar.    Thus we 

have progressed from the inflated non rigid radcmes to the current concepts for 

rigid radomes involving a load bearing framework carrying electrically trane- 

parent flberglaas-plostic panels.    Interest in the space-frame type of 

structure continues, as you know, with particular attention being given to 

requirements of high precision systems of large size.    However, as require- 

ments for extreme accuracy have become more important, designers have 

becoane more aware of the limitations of space-frame aystema caused by 

the uneven energy absorbing and reflecting characterieticfl of the space 

frame itself.    For this reason,  increasing effort has been put forth to 

design radome structures which ere aa homogeneoua as possible - that is, have 

ccsnpletely uniform electrical and strength characteristics throughout the 

structure.    In this regard, plastic foams, and particularly polyurethane foams, 

promise structures having the characterietics required by tho ideal radome. 

They offer very low resistance to passage of the radar beam.    Light in waight, 
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(■MI   ■,,!'.   i |. pi'.. M p ■!'•! h .-I'll  ;;'i (Tri'T. .  for  nrl f-r.'ii ;• irl h,;  r! r'icl.'iri'j,   Lh<y 

I,•.,;.;, IM l"-!.';, nr ii'ii'')r'i wall   Lhicknosii,  without,  acpai'-n'   j   int.r.   ^r ri''.'i  to 

ijlyl irl   lh" ra'hi- l"'n.     C^nrci'icntly pol^iroi han •  foama art' I ''lay 1 i'ln^ 

nclivi'ly mnj lili'ri'.l a;.  :;t i-nrl ural  mal'Tnl;,  f u"  larff  ra lomf1^. 

It In t.hr p'irpos'1 nf this paper to JIOCISJ polyostor-p^lTurcthano foa^ia as 

prl-nary str'ict'irHl nntorlalo. 

n.firi' present.in^ th^ avallnM" data on otnctural proprrtiea of fnains,  I 

wA\iM Ilk«;  first to show you  aone  typical  Fom struct ufs,  and then discuos 

briefly their chenloal mnkoup. 

A microscopic exa/nlnation of a thin slice of low density (2 pcf)  foan shows 

a random cellular structure (Fie-  1)  renlniscent of a tiny space frame.    This 

shows a Hooker l.V-,  one-shot foam of closed coll structure,  magnlfiert    100 

dianeters.    The buhhlc wails appear to be very thin, with relatively thick 

rod-like struts forming a three Jimennionai  framework which apparently f^ives 

ranst of Ihn structural  strenpth to the foam. 

For comparison is shown a similar magnification of an open cell,  1.7 pcf 

p.opolymer Hooker foam (Fig.  ?).    The lower density correlates with the somewhat 

thinner ribs bounding the open cells. 

As we £o to higher polyurothano densities, as in Fig. 3 showing a 7.5 pcf 

Hooker 126,  one-ohot foam, you will  note the bubbles become smaller,  more 

spherical,   and the space frame ribs become relatively more heavy. 

Py contrast Fig.  )i presents a I1.3 pcf Äyrofoam showing a distinctly 

iifre-'nt structure.    The ribs are quite delicate compared to those of the 

7.5 pcf polyurethane,  and the closed cells have multi-planar sides instead of 

b, Ing ■:■] ST i cal . 
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/^.iM i;i|.",,:  n;    \.h''   :.':\]^   ' n    !■   i'.i':',   Mr.   .'-   ; h '..■:,  :i   i'i |"'C  [[n-ilvr  1',   ."i-- 

shnt.  fi.T'i,   .i^nin .'il   I'11 (IJ.wti'r:; "i.ir'ii t'ir ii. i in.     nubb'«'  ci'/.f r^nt.Jnnoj lo ''i1 

sti.'illcr, a.'i'l  tliv;' acrur Ivr.s  rr-''I':'  iMy with Inn;« r voluncri 'ir s1!!'! pv.in 

b/'twern,  Hn nrif would exp'ct,. 

!V)ic'i w" 'liacncs :itrnictiiral  fr>"-i3,  wo  '"ncrjüly mean  f-wis of dcnslt-iaa hjH'rr 

than 5 pcf-    Conr.i.-'inonfly the ptructiir'M .'ilmwri in  t,h" last three flpurf.i an? 

typical  of the foa^is under conoideratl in. 

The history of organic  foans Is qiiite recent.    As a class,  thny have had 

attention only In the last forty years.    Hntll now there has been little In- 

centive to use them as primary structural materials.    Two factors have held 

them back  In this respect.    First,  the lack of foams with sufficient tough- 

ness,  strength,durability,  and dimensional stability;  second,  the relatively 

hiph cost of such materials.    At best the load boarlnp; duties of foams in the 

past have been restricted to small-scale applications, mainly involvinr th^lr 

use as cores or fillers in sandwich structures where loads on the foam were 

relatively small.    It is primarily the advent of polyurethane foams In higher 

densities, coupled with the need for better radome structures, which has led 

to foams bein^ seriously investigated as primary structural materials. 

It nif;ht be helpful to talk a moment about crganic foams in general,  to 

put pclyurethanc foams in the proper perspective.    Almost everything which is 

plastic can be framed,  by pome technique. 

üany  fl^xiW and STii-rigid foams are made thronen addition of chemical 

bl'v.;:n;: a,j''nts to - plastic mass.    These hioi/inj agents have the property of 

hcomposlng pbow a certain temperature level to release gas bubbles which ex- 

pand th'   plastic nass into a cellular structure.    Many foamed rubbers arvi some 
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I'i.vM 1 vinyl ;il.v.t. ii--., :\v    ■ i !"■ In ihlr way. ih\r.  \:   in ■■■ ^•-:;:.y :\\<\"-' -vh, 

an I l;i muMv li"iit"l to f ■iiH',it I'O.-UTI,-, 

rhfinli«; fo.Tns, whi-h .n-" aboMi t'-Tty yi ,i;v; old, tnv ronrnr 1 partly ly 1 lo\;- 

Inp, nfjiit., an 1 p.irtly !iy th.- Hhfr.i'inn -.r waiir ^npor durinc Ihn pnlymorlra- 

Lion ri'.T'lion. rv^'ir>llo fenmr ar»' r. t.h'T brlttlp, rvlorl ToroviB, rorrooive If 

alronp nrVln ar»? nce^ as -alalyrl.;), |)''r.icnblr lo water and pan (in other wordr 

have open ocll structure), but often hav» remarKübln strength and outstanding 

fire reolstnnce. jimilarly uroa fonnaldel\yde nan bo made Into foams by 

nnalogoUD techniques. However none of ther.'1 foams have assumed commercial 

importance as structural material. 

Another approach, which has been uscl both for resilient vinyl foams and 

rigid polyester foams, is that of the so-called "mechanical" foam made by 

beating a gas into a molten thermoplastic, or into an uncured catalyzed resin. 

The object is to create a stable froth or foam which will not settle in the 

time it takes for the resin to harden. This is potentially a very economical 

method, but is at present practical mainly for elastomerlc vinyl foams. 

Polystyrene foams have been made in two different ways. One technique 

produces a lop of expanded polystyrene which may be cut into slabs and 

handled much like lumber. The principle- is to expand molten polystyrene by 

first aiding a volatile solvent which dissolves In the molten plastic, and 

which vaporises on release of pressure to form a cellular structure. Such 

material must bo aged to permit excess solvent to diffuse from the interior of 

the foam, before such foams attain good strength and dimensioi.il stability. 

An alternate approach is to dissolve a volatile hydrocarbon, such as liquid 

pentane, into small beads of molten polystyrene which is chilled, therely hold- 
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i'i ;  a   :.-l ; i   :    h;':-    ^  ' h.   v ■! i1 .: ■    hy If" .irl "M   1 i'|'i; i.     ,.1-'   :.'i ■     '■■A':. :,:■<■ 

h.'nf.i,   'he  v..l.nt.ilc  hy.!r-).-.-na' 'n  hi'L!   In  a  rilil  riilutirn   •.etuis  tn  vpirlr,"  a'i'J 

f'xp-ii'i  t.hi1 bi-nd  to miny t ;-v;   it:, orlrin.il   .nl?."',     The U-ada shoulii  i;-t, fnt. 

enough t ■) fuac t.i(;( t.li<>r In (ho i>xpanvU'I .ilnt",  thcrfiby forminr a li^lit.,  st,i->M(j 

ntriicturo.    n.'inJrnlly t-hln n.sor; a v)l ilil»' liquid ns n Movdn;; afTit,   Its 

vapor [jr'T.Mirr    .MT/inr Li »'ypnnd t Iv hr-itfl plnMic into n foan, 

Siyrono foa'-in aro  thcrnnpla^lic,  an i will  meH at  fairly l^u temperatures. 

They have rvi c* rcn^th above lnri0F.    They have excellent electrical  properties 

however,   and have been of interest as core materials in  smaller radomeü, iihere 

fiborglaaa plastic  skins nay be used to take major structural loads,  and pro- 

tect them from the wrathor,   since weathering properties are poor.    Also they 

lack practical  firo resistance desirable In large organic structures. 

rolynrethanc  foans are of recent vlntnpe,  having been commercially avail- 

able in this co>mtry only during the last three years.    At present most poly- 

urothano  foan made is of the flexible type,   and Is in sharp competition with 

foam rubber.    Rigid polyurethane foams are attracting wide developmental 

interest,  however,   for cores in  structural panels, refrigeration insulation, 

flotation,  as well   as  for radom«r. 

The chernlctry    f 'be, • roams Is exceedingly complex,  and I propose to show 

yon only the basic essentials, 

Polyester-polrurethane foams are based upon the reactions   if dlisccj'onates 

with an alkyd re^n containing a predominance of hydroxyl groups,  with sonr. 

Cf   boxy groups. 

Figure '   sh :::: th" '■.■.- conin:ercial  isomers of toluene dlisocyanate,  usually 

c-'illed T1>I,  •,■;,,' ■ I1   »s  •be cheapest and most comnnly used diisocyanat ■■.    The -ÜCC 
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rri'U"  ■n' ;; «i van,-'  ■■ f.r'i'i; h.il   ihi-ri- arr tw nf  Ih.'.ii -.n 

'b  ;    M fv-irt l"n.il  :ri\ •■■•],■ l  whl-h |^r-i!*'-  Il:r TDJ   I ' i-hnln rxtfn! or rrr.^s  1 i.'ik 

nny  t.v .-i i] "i.-i'](•:; with whjch   It .nay nart. 

A i'i]yf :;t.or all^'.l  for  r)"xi>]r foans may br ochrmntlrally rt-pn-aontod  (Fif.  7) 

as a  11 f, ar co.iit ip.->t i ^n rf a .UKisii'  miA,  MK-II an adipic acJ<l,  with a (jlycol, 

usual-ly ili-thylcnr  f»lycol.    Thlü CJVHS a  Ion,; chain mainly t'-rmlnotdi  by 

hyir^.yl   (C!l)  nr with a  f'.-v; carbo.vy (-call)  rr^iips,  both of which can react 

with the 'iiJsncyanatt. 

31milar]y,  a polypytcr aT:y>!  for a rlpl-l  fnm in shown in a simplified way 

In Fif;.  P.    The addition of a t.rifunctional  trio!  such as glycerine lend:; to a 

three dl.icnslona]  network structure,  t< rndrated by reactive hydroxyl and a few 

carboxyl   rro'ips.    The higher nolecilar wf'l^ht of the  starting alkyd, plus  its 

freater functionality,  gives a higher softenlr.c, more rigid polymer after 

cross linking, in contrast to the nibbory polymer fomed fron the straight 

chain alkyd for flexible foams. 

The most Important  isocyanate reactions,  as far as foam formation is con- 

cerned,  are listed in Fig.  ?.    Reaction A is between water and two -NCO 

radicals to form an urea linkage betwoei   two isneyanates, with the liberation 

of carbon dioxid.   gas.    This is both a linking and blowing reaction,  and water 

is customarily added in controlled quantities to act as a blowing agent in 

Polyurethane foams. 

Reaction R is the Isocyanate reaction with ar. alcohol.    This is a polymeri- 

zation reaction  throu-h the so-called urethanc linkage.    No gas Is forr^d, 

and it is this reaction which is predominant in the formation of a so-called 

"prepolyner", where; all  of the dlisocyanate required for a foam is pre-reacted 
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■       i ■     i   ■,    l '■   ' '■      . .   . ,.    .'    ■ v,        •    ,   ;    ,,,■    Kit . v   y .■.    ;   i !   :/,■ .• 

..;■• ill )   !        ' T ,    ■   !■< ■-.. 

.1   .c' '   n Z  i1' i.     '"'   r'.T-l :'■". ■•;' TI   :!   cyanati' wit.h  -n r.cid nr cnrboxy 

; i-"ii)'  I     1;b. I-,I',I   ci:1   -i   ::.■>;.,■ ^a.'   ;uil  f>.r~ ar nnl'.l'1 Ijnknyo as showr, 

"■•art.ion Ü 1:   the  isocyanntr rcac'.ion with an n/nino to  form an urea llnknge 

hotivvn nolcr-ulc'S.     )fton orcanlr  amim-c are 'ir.od in poljntrcLhano  foa^is,  and 

Eii-vp ns arUvc catalysts. 

In a'lditinn to Itr four react ionr  prcsontcd,   the iaocyanoto p.roup can roart 

with the acti"" hydrogen shown in thn urea linkar;^,  the urethanc llnk.'/o,  and 

the anidc llnka^",  clvjnß further crosn linklnj;,  but liberating no gns, 

"ar.i?t1'">ns in  fowi properties Piay be obtained by influencing the various 

isocyanat.o reactions by adding catalysts,  blowing ng'-nts such as water, and 

by i-ontro]  of alkyd specifications.    The alkyd itself can vary through use of 

difffvfnt  glycolo and triols,  and different dibasic acids,  as well as by 

different acid-polyol  ratios to affi ot alkyd reactivity. 

['or instance. Hooker foans are unique in ucinp chlorendic acid,  trademarked 

HLT Acid,  in the alkyd portion.    Fi0-. 10 shows its structure compared to 

adipic acid and phthalic acid, both of which are also used in other polyester 

alkyds  for foans.    This lar^e heavy molecule,  containing $$% of stable 

chloriiu,  ontribute:; to fire recist^nc1,  stiffness,  and strength at high 

tcnperatiires. 

Poly-st cr-p^lji'ir^t'iano ri^vl  foaj.r may be made by the one-shot technique, 

prci 'lyn'.r technique,  and serii-prcpolymftr techniques. 

A one-shot, foa.q is male by reacting all  the diisecyannte with the polyester 
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lv. ■I 

•r.-i.-t.Ti' •• 

irv I • ■ i I- I':-   ;i"   ;:■   ■.•  ■)■ '■    i. r   i-r'.  I , v ; ^]y? r v H»;   ]■•■■ 

.     Thl.-. j i-' i    :;■•■ ;■  i:,  ' h. -  ;-   ■■>,  !   i:'h w.,).-!-,   •■ ' P!;.'! ' ,     - ! 

t l-i.      f fj,v;;ti   .    7h;;.  t. rh-ii'i'i''  j;   (it   wl 1   -i \::i<{" 1   :'i- 

nil   -f th     üis^ryanat«' wi'h ,-,Tt    .f t h'- , 'V--;-for a]':yl,   'T C."1  ■''■ pf<yn]y.-\ir 

wiMi  .-i  h1-;h p« ••i"^it A_~i'     '"  rr1"    i ;• w.Mn >t ■   jri.upü.     AL  tlr.i- "f foamJnr  Ihir  i; 

r'p.ir >,. I th    'ho ri'nnin'if'r of th.   nlkyl, piny r.'itnly^t  and blowinj .T[j"''i
,it,. 

In -ill   ".ns^s thf .^ixinc of the fo.-nin,- in(;r''li^nts r';:';!'.:;   in n honorm'- T 

lipiid whJch  15 un ]^rf;'-)-inc polynrriKat inn arivl blowing n-acti^n;- ni/fi'.i.l tctr-luy] v 

Those rna^'Jnn^ rnn^rntr hoat, whjrh raises '.ho t.rv.poral'ire ^0 Hirthoi- jip^C'! 

thn r^artlons and hasten fjolnt.jnn  irri foan rJr.o,  and holpa cire the hnrdc-n^l 

foam.    S^nc rr>a/,in are ^olf-nrin-, bi;t,   .ithcrs with Ir^s functionality may 

r^'iuir»' oven cirinj; to devylnp naxJ.'iiun properties, 

I  shall not  attempt to   icr.cribo the variety of equipmcnt .;hich nay be need 

to 'nakr' ririd polyiirethnne feons.     Poth batch and eontlnuo'is .';3rGt.em.ri are 

available,  as uell  an equ.ipnent  fT rj rayin;- eertaln  foam5.    Also,  th'1 i)robie! 

of making foar.ed objects arc not pertinent to this paper. 

I hope  this  short reviev: "f the laric 'irethane fra.^ rlvnist:',' ha;; at least 

Inpressed upon yon the corple/Aty and varialilit.y of rijid nri'thane foam 

systenc.    ALaont an infinite niunber ~>C urcthane foams can l.r made,  each 

different,  and it is very danjcro'is t'    .rü'.c t; T.era]   state'nients rerardin/^ foam 

propr.rlie;..    The field is too new,  and not sufficiently wall  orpanized,  to 
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,, pnit   -, -••    lh i"   ;■  ;:•.;. •-.: V MM    'r    ; ■ -i C       !   '     ■■   n ■■ rnln,;   -i  ,    -f i-)' .-   -• ., ,. 

C jn.,'^iii'Mt.:y,  .-. : I.   '(' t-h'1 ilaln   n ,',t ru^t urai  pi ^•■i-t I-L; uhich  f"! 1 '•„.■   , ' rt   .M 

to a Mo ikr-r  ].'',   nrr'-ch  t   f-vjin,    '}VTI
I
 i'^ci'J'l'',  i''."-ii,-ir;fion:: .i;-" .-.nil'' vit.''   II.'L') 

foa/i.'i.     !.■ t   ■".'   'i w  i'ifr' l'i'-" y-M ♦. ■ ',(-,,■ E'rnr;,i.r;iJ  i '■vf":-\:inrr "f certain  f-<.-n;-, 

Th"  rcj^r "i'i'-JM J ! .y   -f nt.rict ura]  propcrLioc  in  Toan^,  ns you nay  irafirr?, 

is poo»-« ;• than that   "xjX'rJoncc'i with s.tcl and ,)ihcr not.orlals which may be mn'i» 

to rloscly controllci rtandards.    Tho chemica]   foa^in^ syctrmr are very .sensi- 

tive  cystomo,  bcinc affected by the tjnc of reaction,   the anmnt.  of stlrrin;, 

the probability factori; in nivine,   trace quantities of moisture and   ne'aliic 

or other impurities,  so  that to t?kc a foaming syston and pot perfectly 

reproducible results scans to he very difficult.    However with c^0'' control, 

fooms can he made for which the structural properties are reproducible,  and 

where variations from a given average are small  for practical purposes. 

Another  factor is the direction In which strength is measured.    In certain 

foariinc systems,  and foe foams risen under nearly "free rise" conditions,  th" 

foa^i is often stronger in the direction of bubble rise.    Heedless to say,  any 

good structural foam is such that this distinction is noclici^e-    Directional 

effects nay be substantially eliminated by using some pressure in the molds. 

The figure {Fir,.  11)  shows a stress strain curve in compression for a 

Hooker \?.f,  one-shot  foam of 12.] pcf.    As you can see, we have a straight 

line relationship following Hooke's law,  and at maximum stress reach a true 

yield point.    This is a typical  diajram for Hooker foams in compression.    3ome 

thermoplastic or semi-rigid foans do not show this type of diagram,  but show 

a continuous curve to the right, without n definite yield point.    In these cases 

it is necessary to pick an arbitrary offset at which to measure yield point. 
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Kl-,   I '  . h>w-   I,  ■.■  :-    ,.,   I,   ^ , ,- ,i .;:•..  ,■ . ; r-. •,■,; ■•,     ,1 ;■. ■ f' I-   iii'T'-;': ■ ,      w: ' 1: 

i'.'i.'ily   fnr   "■,.  w     ;., ,.   ];.   )    ,■,, -:i!,'    '   ,V|;;.     T'M:    ■•I:-V   I ;;   1: . I'l y   !■■ ; !•■ : ■■it; I i v. 

of n  mnliT    ^  r-i,;1! ;■   ly:'';--;    1;,-; pf'h;,n.'   !'-•.■:;.     'Ixto   Mnt   ;:(.r"i,.;t h   i n.T«a;/'! 

fponc-t.rically with i'on.-.lt.y,    !>>■ cnntrnst   th^1 |MillJsh',i! vuliicc  for p-'ly.':f;,n'H' 

'v   r^rlnr foffis  .•■■I1«-.' n.jnjva1 > nt  ;■.'r'ni;t h:; n'   .'  p-f,  bil   T.'I-h  l"i;'r  rf ;•■ ri;*t h;>,   t 

of 1^ pr.i,  id  n [Tf,  wlt.h ,-i  lirvar ntrtnnHi -   IfMir.'ly relationship. 

A conpnrioon r>i' mom tcnpiraturc conpr'ssivf sti ITri'T.:;,  "r mi'lulns,   is 

prespnt.o!  in Fig.  13.    Jala nr'1 r.hoviv, versus 'lencity  r T a llcker I.1   ,   mr-r.hot 

foan,   and ronpar'-l with ■!,•.* a p'iMJihed I y   In Pont   for typioaü  polyr st.or- 

polyiircthanp  fr.-^s.     For a t;ivcn   Imsil.y,   t h'   Ihokn-  foati .'I  'Ku a nn^h hlpher 

modulus.    Tliic rnulil pir,r,ihly be explained by the hi^h "LT Acid content,  and 

the fact that this oystom is thoroughly cured at, about. ?>0oF. 

All materials loac strength as tcnperature is raised.    D^forc urct.han.^ fo.v.;: 

"an be .seriously considered as structural  mnterlnlr,  we must know how they  are 

affected by rise In to.'ipcraturo. 

Fin-  l'i dononstrntcs loss in comjiri'ssive yield stmijjth r^ir an pxperi •lental 

Hooker I?'',   soni-prepolyier hirh heat distortion foa/n.    Fear, densities shown 

are  for .^.l) pcf,  7.0 pcfj  and ?7.'j pcf.    There Is relatively little loss of 

stron^th out to 300^,  and 5?,' strength retention at 351 - :^0oF.    Above this 

temperature conpressive yield falls off rapidly. 

Plotted for comparison in the two lower foam densities are published data 

from du Pont on con,ren'.ional polyester urethane foams.    These ..re not hirh heat 

distortion foams and have ^"V' strength retention at. about ??f'nT.    The Hooker 

1;''',   one-shot foam has hifh temperature strength  intorme liatn be-tuecn the  forms 

shown,  with a 'y\: stronj'h retention between ^0nF and :-'750F. 
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' n    ' K   ■ ■ ■T i' ■ r ; '■■ ' -,; r -.'■ Vi. 

(•r<< is   ■'!•   'It.    n^w with  t.i.-H     >!" n  •;   '. ri;.1   ! >;■ 1.  ! 1 . 1   w jl :   ■].>■.'.:.■   \\ ■]][.. 

Civ]    l.t.,-,  ;,i-,.   i',"/:,;.  tv^n  ■  ,i:-t.nt   '.'.-[ |>l,-t;.tl"   f a-i:,,   .•■•■. 1  Kl;;.   I'.1   :.H -• ;.  Irf rn- 

t!on nhUltiP'i al  Hunker,    ünrh .!v>r" 'iat.- on '-r^rp ,'<ri' il^iiirnMn t.n rjrfino  To.v; 

P'Trornir.nct' under l^a-l.    Cn.'npresaivo cri'i'i; at   \[.i''r'Y was mcnnnrof] at r":,.' of 

rr.om t.iniprraUiri   \iltlmntc ct.rcn^ih,  which   In this cas'" cnrrc.s;n 1:;  ' r< r^n- 

[)r»:.s'.vr' yji-M strength.    Curvoc are nhcujr  Tor  ^ prf Lr/litc f.xjnin'ifl polyntyvrrv 

bo.vis,  arvi a I? pnf Hooker I?'',   onc-r.h'.t.    The Uyli'o rarrie.l  ".'") prl   rmi- 

prpsslv«1 loa'l,  and f h'1 Hoc^ker foan carried a  "'" psl load.    Creep i •; r.heiv;n as 

percept,. 

For DyHU; rrccp war; very rapid  initially,  [•oinf to [•' in only seven hour:, 

and rontimiinc at drcrcanlnc rat<-  to ',.',o at  ''f'S hour:'..    A'   this point   Ho   Tn  ■; 

nppearo I to ntabilj-.'.e and had ne^lirvible additional  creep for the duration of 

Uv  t.>jt. 

The Hooker fo.ajr, ^ave sicnifjeantly l/'sc creep, and at a wich slower rate. 

At well over V"1^ hours the creep war, only 1, n,u, or Ifas than the creep of 

Pylit..- at seven hours. 

As a qualitative nnnsure cf foam brit.tlencss in comprersion, it Is intorest- 

ing  to Pleasure resiliency of foams, A foam cube Is crushed beyond its yield 

point to ^n/ of original heipht, the load removed, and the recovery noted. 

TaMe 1 shows percent of oririnal height regained immediately after load 

removal, and. 0!, hours later, for lo',/, intormediato, and high density foams. 

In all cases immediate recovery is to ''n - f-fr"' of original heirlit, givinr as 

hi,-h as ?n^ after ?)| hours. A completely brittle material would sf.ay at 5^ 

w.i th no recovery. 
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1 "'W i o"., rr,i! MT'' 'ij-'in ■ t ruf I if':,   ■.",.'   l' 

'• -,....   ,1   |     '   ,■  ,|  I     T • hi'    •'■'■■.■ I      'if 

•1.       '"'if M-'M-'.' ■   ' "   ,■    h.T'"   I ■■■■''. 

,..,, r ;■' !> ;■   l'    1   ■,;   ' ■  ■;' r,:1,'^   .      Thi 

IMth'T   1 Uilr- i    'it:,    -1   (•■ .r.lTf, 1 !   : ' !■■ 'i; t h:.   •••) '   r   ril h'rvv al   ' ■   ■! ' r.>- 

'irc:; 'rvn  l i ihr   1  ■ ■i    : n'i:-;i n"  I"-11 in ;     rr,   nn 1 j ( rh.-i;1,-. .-i 

noflr.it. rior,   in b^'h ^•.■•"prrn.si v.' y:'l 1 .-uvi  firil icnry r>'. ]^v  toivp'Til »ire;. 

Hn/rvor much more flat,~   ar^ n^ > li'!  t.f cn^ir.-, or   II.T.V thin  InHlrrtlnn, 

The ultlmntr  ♦ - .',*  of a r.t r-iH.ur'O  ;",->'/r'. ,• 1  J;. i';  nhlULy  to r.npport. 

jtself and t ho  functional  load;;  inpond upon lt.    Fl".  ^ rh-; - a load 

boarinc comparison between Hook or 1?^, onc-chot roa"i and none conventional 

materialö   ■ brick .nnsonry, concrot',j U ic^toni j   -.ar-^l'   - '.^"d in c \iprc:;oion. 

Tho o'irv- r.h^iz tho column h( Ijht r< ^M ; •..■! fo r.u^z- conpr'jasivo failure In the 

nol ori-il.    Allov/aMo denlfjn InnUn^a arc of course  nuch less. 

The iot,jr^:;.Mn~ fact in that   roa.i, in nn appropriat"1 density, ^oncr-'illy 

falls abovo the conventional na'.orials sh^n in its self-supporting ability. 

Thus, whili-   '.h    structural pmpcrtioc of foa.iis  ".ay "|0^ approach tb-^so of 

steal, concrete,  ani other nalerialn   'n a pivn 1 per square  inch l-.asis,  il   is 

quite abl" to sopport.  itü-.'lf in  '-.Trc.; st^ucUires lecauso of its lor density. 

It also appears to off.T c I'-pi.-,! .■ rcs^-l,■.'■., to handle  tho other functional 

loads require,1 o.; a simple sheltrr. 

Information on tensile prope-tiet of fo.inis is .-nore difficult  to obtain than 

enmpressive data,  and cons'qucntly 1 have less to present.    Cur  testing 

equipment, does not pornit us to  -.casure  t;n:.ilc load -   lernr.nation, but only 

ultimate tensile strength.    This is shouu on Fiß. 17, versus fna;n doasity,  for 
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Tcn;,l I..  t;i-.(..j,  at  i;'"^'   f-r ; prf  jyllt-  an-!   -.   !P i-.'f Ih'K,.r IP', 

h.T-a.v linearly with ■'';T.i,o', l;'.' l':..t ^ ■'.■■•?;■."■; ■ ■ i ■■; ;-„-': v ' [ : \ I'M 

a ]'; pcf foan. Ho\;(«ver mn-; r"". nt, i,.'.:; ■ .■.U-vllr.,; llv- L-'U'"" tn h, ;h. r !-n:i'i' 

Indlrat^ thi' c'irv'j bhonlH hr^nm   s'^r-p^r as   I'ricMy  Incr'aovs. 

mv -r'vM. 

foim la shov;n In r'ic- l''- I''"i;r' on 1,r>th f^ar.n is : ; ,.' of 'ilUnaU-, l^in- P"1.';' 

psi Tn- ihr Üylit.p, ani 7^ pci for tJv Hnk-r foan. Tho Uyliiv :,h.y.:':\ raj.i 1 

cror-p to P,J In the first ten hours, wont, to t,£ at ($ heirs, and roachoJ "-.^,1 

at M'.'P honrs, V(h"re it hfl.l constant nntl]  the test •.■,a,~ end'."! at ^PH honrn. 

The pnlyiirothme foan shows a positive orvop of ^.'J-.t in thi; first t<nn hour:, 

and then bo^an to show n^jative croep rat", pocsllily rauscfi by chrinkac; 

attending further curing at this temperature.    At ,1P hour;! the creep dofornn- 

tlon v;as -r'J%,  remninlnj constant to over POO hours,  and rising tn -'\5,J  "■' 

TJ'1 hours when the test was discontinued.    A^ain,  the rather striking 

difference between the thermoplastic  Dylite and thenaoset urethanc is 

demonstrated.    It is li'cely that longer bLme tests, which would be very 

desirable,  would demonstrate even greater difference. 

Shear strength is another property of foams which is difficult to measure, 

except at low densities.    At densitioo above 0 pcf sample shear strength 

becomes high enough so that  failure often comes not in shear, but at the 

adhesive line holding the sample in the test Jig. 

Fig.  1^ shows shear strength versus density for the Hooker IP'',  one-shot 

foam at roor temperature. 

The fle;:ural strength of üooker 1P6, one-shot foa.i, with the load, parallel 

to t'se direction of foam rise, is presented in Fig. 2\    Janplc size is 
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1"   .:   ;"   T :,-  r'-r-tl^n  ,;i\h n li  inch  .I; .TU    A;;  in  .••':,'■.•;/ --i,   !'!.■ 'ir.il 

;:'ri'i-ih  inn-'"! ■;'■.'; (;"nTL>t ri "illy with  i'im ii'"i3H.y. 

!■■]..-ir'1  r.-M'i]M;;,  a mr^'in1 -T r.M rfnrr.s  in l-r-n lln^,  ir, j rcn<'nto.l  in 

Flf.  ?1.    AHhoiifjh ih" tost.  In not illroctly comparaMo to that, n.iftl for wuv.l, 

f('n,-n D'-xiiral  no'J'ilns j .1 ronni IcraMy ■mdor that  for varloilfl won.is,    For 

inainn^p fial.sn,   •,'. " pff, han a floxuraJ modulns of liJO^o^n pal, co.np.-iri^l t.n 

>n]y alou'   O (^ paj  fop an H pcf fn/L'»i, 

Cn-pp i-i bcn.JJnf; is copipnred In Fir;,  i?? for 1 pnf Dylit.p ami n 1? pcf 

Hooker I?/', ono-shol foai, both at 15^°?.    jpeclmono wrre 1" > 1" -roaa 

.r;«ctJon and loaded at, the nlipoint of an ^ inch span to 25^ of ultl/naLo ro-vi 

te.-npcratnre flr.'xiinil strength.    Load on Dylit" Is 22 psl,  and on the pcly- 

urcthane foam is 120 psi.    Dylite takes an immediate deflection of O.."1 Inches, 

poinc in ?0 hours to a deflection of 0.8 inches.    Thereafter creep at I5fl0r 

is relatively slow, goinc to ^.92 inches deflection at 720 hours.    At this 

point temperature was raised to 1760F and deflection more than trlplnd to 

?,$ inches at 7^8 hours. 

The Hooker foan in 2/| hours ha;i a deflection of only 0.1 inch, which 

.1nrr<iasf>d sllßhtly to 0.13 inches at 720 hours.    Increasing the temperature 

to 17^ F raised deflection only to 0.1^ inches at 768 hours. 

If polyurethane foams are to be considered for structures,  they must 

either have inherent weather resistance or be capable of being suitably 

protected.    Certain polyurethane foams, particularly the older castor oil 

foa.-'is, had poor weather resistance, deteriorating badly on exposure to ultra- 

violet light, and moisture.    In our own laboratories we tested in the Atlas 

//en th or vie tor the Hooker 12;', one-shot foam, of various densities, both 
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■irr   il    !   i.'il (.r I'c-'tc I l-y R.nl-il m.     la la]   'i  i:;  "  WMMTT rcylst.anf. nrrl 

"Ir .-Lrlril ly f.ran.sj'an'al  M..-r.-i'-'' matin/';   !■ .I'lopoJ  f^r r.-; l'\",'.'a. 

■•■•:,-ilt:; ;il   ['i' hMirc ■   i'ocir"' ;irr  sh^i.n   In Fi';.   P?.    Althvii;h  the raw  /"■ana 

h.r.'.'  turnp'l ' rown,  n w    'f Lho saTiplcy have chanri-il v/"lnht 'Inr to crnri^n or 

•nistrnv picl;'!ji.     ^r.ijJnaJ  ca/njilo 'tinonnlcns have lien rctainnj. 

At. this point lho test v/as   llncontinnc1! fir thf1 5.7 pcf and \}J pcT foa/nö, 

an'J \ho wr-ath'TC 1 ;;aiplf'S wr-re trst"!  In crnpres.'iion and tension,    No Inas of 

phvsi'-al   rtriTi^l.h had born causi'd h'j lho acccl^ratt'd weathering. 

The W'.'athorinc ^c'r>'' wa;J continued on the 2.^ pcf sanples, Raualon coated 

and '.'nroated.    Noticeahl*1 erosion began on the 'incoatcd sample at about 1000 

hours, with a somewhat sugary surface developing.    The teat has now run over 

35nO hours,  and the Rada.lon coated sanplo is still in excellent condition, 

although recently some deterioration of the Radalon coating has begiui.    From 

'.his data we would be confident that a suitable surface coating,  ouch as 

Radalon,  will give quite adequate weathering resistance to a foajri structure. 

At, times it may be desirable to use inserts of other material imbedded In 

a foan.    The thermal coefficient of linear expansion of most polyester-poly- 

urethane foams, including Hooker 1?^',  one-shot, foams, is in the range of 

2.0 - 3.5 x 10"-' per 0F,  over a range from -7''0r to 176°?.    This is about 

double that  for alumlnam,  ami three to four times that for steel and stainless 

steel. 

Folyester-polyurethane foams,  in the higher density ranges wc are discuss- 

ing,  have good dimensional   stability,  as indicated in the discussion of 

weathering.    They are also unaffected by water and most organic solvents, and 

have high resistance to acids and alkalis.    This inertness to various solvents 
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of tho rigid polyurethane fomnn lo ouperlor to that of the thermoplafltlc 

foamo ouch aß tho polyotyrenoo. 

Tho electrical propertiea for Hooker 126, one-ohot foam io given in 

■Dablos 2 and 3< Ihlo data was obtained from the Laboratory for Ineulation 

Reoearch at M.I.T, 

More recent laformatlon Indicates that Hooker oemi-prepolymer foama aloo 

fall In thie Tange,  which ie fairly typical of polyeeter-polyurothane foamo. 

Since in particular heat cured polyurethane foam ahapee can be mode without 

any appreciable "skin", or high density reain layer on the surface, these 

good electrical propertiea can be fully realized in practice. 

In the consideration of foams as structural materials, mention ehould be 

made of fatigue and impact properties. Unfortunately no reliable data exist 

that we know of on either fatigue or Impact. As Intereat in polyurethane 

foams for stnaotural purposes grows, defirdtlvo data will have to be 

obtained. Experience to date does not indicate that polyurethane foams 

are deficient in these properties for the fixed structures considered. 

The fire hazards of foam etructuree deaerve moat careful consideration 

Bince the thermoplastic foams (except vinyls) and most polyurethane foams are 
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.; ..i -I, 

M .1,  .,M^r- .-.r -n-, prv ;■ ;'i.- r r ;■ c t.c 1    /;rr: wlMi   ;it ' ■ i; h"1   h'.r-h 

,..'  ,   ,,r   Q. „.;;i,r,.n I. 

It    i:; i'  i: i'ilc  l-> ,-iv-  cur-i nt',   a:C,   ; ' ' .v;-■ i--j   il.'.iiruthjinc   f'-i,"1:   :,■ 1 I'- 

c^tin^Miohin^ prop'TLios t.y jncorj^ra* H,;  ■.■iMfrin,- n,;i'nt3 r.uch .-ir, t.rir: 

rhl^r"thyl phnsph.'itf.    Th« ;;■■ :ir"  Vl:' pl'ii;'Irlz^rSj  and ;,ir i ""irly wcak'-n t.h«"' 

foan, p.irtio'il nrl y at, above room t.cnpirat uro, 

Tl." Hnokor p^lyiirothano fo;^.'! 'ibfiin l^iil'-in  fin' r* lubt-airf t.hron^h M:.- 

oi   the  staMe,   highly chlorln.itod chloren iir acid in tlio polyester molr-rnln. 

Tals fjvc'i pomnneit fir»; resistance of a hi^h ilecre^,  incrcaiiinj with foam 

density,  and actually friv^a improved foaii strength and r;t.iffner.o. 

The   '.cnmireient of practical  fire reslr.tancc  in fonnc  is not well drfim !. 

It  is ocvions that uimplj  "match" tests and othor  snail  acalc comparative 

tests do not measure real  fire hazards of structural nat"rlals.    The 

Un-'ien/riter's Laboratory ha;, developed methods and nuch data for rating  lli,? 

real hazards of bnllding   natcrial:;.     In the Ion,"; r'in foann that   arc   intende 1 

for largo structures,  and particularly those housing personnel, -..'ill have to 

be rated with more conventional  ..-.at'Tials by tests  "'ich as the I''i-ievwri tors' 

'.'all  Test, and Tunnel  Test.    At present, this kind oj   infer-.ntion in not avail- 

aM e. 

In snmary,  we have presented a very brief   liscnssi^n of fnlyester- 

polyurethano foajns, their chc.nistry,  an 1 thr-ir sLr'icl.nral propi-rtles, v;ith 

particular emphasis on polyirethanc foams based on chlorendic MM 1.    '.,'e have 

noted the co~ple::ity of this field,  and the need for identifyin;; and 
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HOOKER  126 FOAM - ONE SMOT 

CQMPRESSIVE STRENGTH AT YIELD POINT VS. DENSITY 

(LOAD PARALLEL OR PERPENDICULAR TO RISE) 

TEMPERATURE -73.4°^ 
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COMPRESSIVE YIELD STRENGTH VS. TEMPERATURE 
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HOOKER 126 FOAM-ONE SHOT 
SMEAR STRENGTH   VS.  DENSITY 

Jr-OAD PARALLEL OP PERPENDICULAR TO RISE 
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HOOKER 126 FOAM-ONE SMOT 
FLEXUPAL STRENGTH VS. DENSTY 

(LOAD PARALLEL TO RISE) 
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HOOKER 126 FOAM - ONE SHOT 
FLEXUPAL MODULUS VS. DENSITY 

LOAD PARALLEL TO   RISE 
SAMPLE  l"xl"x4"r3PAN 
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DENSITY 

(ib / f; 3) 

(Hooker   <?G i naml 

24,000     Mcps 

c e Tan 8 

Measured   Nominal 

H-- 

PARALLEL 
TO   FOAM    RISL 

fJFHP( r.DlCULAR 
TO   KJAM   RISE 

PACK < 

<0,25 <2 

<0.29        <2.5 

FACF   2       AVG        TACF  <     FACE   2       AVG, 

*.<80        M79 l.<80 

1.179        M80        <,<80       .0024 

<0.38        <2.5        <.^79        <.<79        H79 

<0.09        \2.5   I    M78        M74        1.(76 
j.. 

i 

24.8< 25.8   i 

26.38        25.8 

25.32        25,8        r442 

24.45 25.8 

- - t 

33.<8 33.0 

32.69 33.0 
i 

33.08 33.0 

34.34 33.0 

M39       M43      4.44<      .0048 

<.457 <.457 

<.399 

^.444      1.443 

<.428        <.4H 

^.• 

1.592      <.591     I   1.592 

1,578       1.575 

1 

1.6i2        1.62 3       1.61. 

1.603   I   1.616    i   1.610 
i 

1. 577 

.0063 
I J 

* LOSS TANGENTS WITHIN EACH GROUP  ARE   WITHIN  5%  OF 

VALUES  SHOWN. 

TABLE   in    RIGID   POLYURETHANE  FOAM   -   DIELECTRIC   DATA    (a) 

24,000   Mcps    ( EFFECT   OF  SPECIMEN  ORIENTATION   WITH   FOAM 

RISE   DIRECTION ) . 
202 



CN RADTMF VA^IAIS 

H.  S,  Schwartz 
Wright Air rv>Vfl1orTOort Certer 

■.Vrii'li».  Patt"r.->f)n Air Forrp B,T--.",  Dayton,  Ohlc 

ABSTRACT 

Thp effect of simulated nuclear thermal  radiant energy environ- 

ment on convertlinal  anH heat resistant radome  laminate materials of 

polyestrr,  TAC polyester,  enoxy,  8l1loone, and  frfienollc glass  fabric 

base ccnstructlon was evaluated by dynamic irecharlcfl  property tests 

and visual observatlrn.    The efect of nuclear gama radiation on 

laminate and sardulch materials was eva1uatad by mechanical and 

electrical nroperty tests after and during irradiation. 
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iracpucTicv 

The utlUeatlcr of nuclnnr energy for destructlvp purnosee,  ruch 

as nuclnar wftaponfi, anr)  for cons+ructlvp purposos,  such as Dow^r rpactors, 

Irtrcduooo rvw oxDcsurf» enrlronnwrta which must be crnaHered by matorlals 

aH syotems «nfrlneers.    Th^ Infonratlon prespnteH herein shoue the ©ffpct 

of exposure environment on the materials properties, as coDipored to 

rflference properties of unexnosed materials.    It is  Intended that the data 

will  provide Information on the envircnmerta] limitations for materials 

and on ihn selection or appropriate materials. 

The materials evaluated were conventional pol^eric type radome 

m-te-lals, such as glass fabric base olastic laminates, alkyd-lsocyanate 

foam core,  foam core olastlr aandwich, white reflective coatinge, and 

rain erosion resistant coatines. 

On« exDOcuro environment was thermal radiant energy having spectral 

energy distribution simulating the actual condltlone  (assumed to be 

6000oK) and having narametera of intensity s-nd tlms over a square wave 

pulae.    ^e ex-xisure environment reoreaenting nucloar power reactore wan 

gainma radiation, rather than a mixed gamma and neutron flux which actually 

occurs.    However, the physical and electrical chonpes in structural 

plastics which result from gamna radlition and fast neutron irradiation 

are quite similar on th« basis of energy absorbed; and, thersfors, a 

radlitlon effects program perfoimed in a gamma field reflects the behavior 

of a material exposed to a mixed radiation !«v«rlronaeirrt.    Time of exposure 

was the variable paramater for the gamma radiation envlrorsnent. 
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A •     '"h'-'rn'aT   ' a !i ^t l( r  "vu1 UMtjon 

In crHuct.lnp  th"  1'ibrri1>rv  rrorr'iir  t(   oviluitp iVit'*lc Inrlnntos 

nri surTacf» cc^ntirvs urHfr slirul i*,«>'1 »^viri ninor.*6l  conciillcns of hlch 

irtfrrlty *h"rn>ftl   ra11"1,1rn,   th»   InHpiTPir'Tit   vnrlnblps,   *oy.\.  narrtmitpr;;, 

aryl pV'ilu  ' li r  critorln  w^r« «"Ftubl Irhc!  '<   prcvlHp Hi'a whl'-h vruld be 

UBP^II ,  rot, cr,\v ror alrcrnft ra-'tr»*«,  but   'il;.c  ''cr t'l.or i^lntoH anil— 

cntionr,  sucli ia pre unri  rftdoinf>6, 

"ho  1 rrlf iioriiprt veri'iblcs wfTP trntprlal  rrrrtiuoMc r. ard  thick- 

pose,  and tensllp ptrpss   IPVPIF  lr OPT cnH  r'' iPtlrrrit,p ♦orr.llp rtrorfth. 

Vni-'rVi'  r^rnffptprr. WP^P rptrfi rcprrprt criprtetlcn,  lejr.irntir^ rpslr, 

surfncp contlrrs, nnd r^dlart prprpy Irterslty.    '"hp nvplunt'.'>r, prilnrlo 

u< re irpcbarlcal arrl  physical deprHdntlcr, exrrpsppJ tr timp apd qiwrtlty 

cf radlstlor rpqulrpd to CHUOP  failure or dnmnpp cf iT,prhHrlrnny ^t.rpsr.ed 

rTd i.rnt,resPf-d  .sryclndpris, 

Al]  thp-rrnl  rhdjiiticn teste werp ccrduc+pd at the  facilities of 

ih" hateriais labcratcry, rirpctovate of Iator:-.toil?st Wright Air 

Devplcmprt Cert^r, I ripht-Pattprscr !-iv 'orop Base, Ohio. 

The rrinmry objective of this nropram was to determine thtt 

effects of hiph ir.tensltv thprmal radiation en the nipchanlcal  profjertles 

of rl-istlc sandwich mnterlals cf the tycee used in aircraft radores. 

It was aom; ent that the outer skin of the rlgstic Bandwich, 

beinp the pxoosed surface, was a critical sandwich ccir.TXinent  (the skir- 

to-core bond alto can be critical^, and therefore, it was decided to 

conduct tests on thin nlastic lafiilr0tes about CP035-C.040 inch thick, 
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reprenen'n'ivfl of  lamlnMe .skin.1'  U8«d   In 'ilrcrnr'   rfldonwo.    Th^ nv^rlHla 

t,eafed were all   f.y^jlral ^Iflss-rnbrlr  hnyt» pbi-Mr   l/m'r'f tot; dlTerlng 

principally In the Lamln^'lng reein used.    The  LomlnH'.es, desl'^n'f.od 

accordlnf; to resin,  comtin'od of a conventional polyes'cr (Polyll'e 8000), 

a heat-realsUnt phenolic {CTL-911L),  e eillcon« (DC-21C6), a Lriallyl- 

cyamu-ato polynster (Vibrln 135),  and  a hfia'.-reBistunl   epoxy (X-I31,  now 

known ao Epon 1310), 

The polyester lamlnato was ovalu'ted in  'hree dlffTent fomfl : 

"as received";  Gurface to bo exjoaed coatlnp with a raln-^roalon realatant, 

coating (deai^o'ed as Poly lite 8000-1);  and,  surfnco  'a be expooed co'itea 

with a white  thennally reflective coating applied over Ihf rdin-eroaion 

coating (dealgnated as Polylite 8000-2).    (The two suffix deaignations 

were used  for reference purpoaos and are no^- manufacturer'a designations). 

In addition, a aeries of teats were run on speciraons of each nwter^.al 

painted black to evaluate atrongth under equivalent hea*  absorption;  the 

uae of the black paint was merely a test expedient,    Tha materiale 

evfiluate^ were not necessarily formulated or conatructed  to wlthstarel the 

extremely severe environmental test conditions to which they were subjected 

and therefore any data reported on them should not be construed &a reflecting 

on their quality or performance under nomwl condltionfi. 

The polyester laminates were made with Style 112 glass fabric and 

the others with Style 181 gliss fabric.    A description of the Lamlnfltes, 

including component materials and fabrication procedure,  ie given in Table I. 

A description of the coatings used on the Polyllte 8000 and of a white rain 

erosion coating evaluated for absorption and degradation is given In Table II. 
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1.    Mi'ct.'Wilcnl >'roL"i'ty   '"ü'a 

I'l'lnuiti'   l.enslle n'r^n,'". wns aolec'ftd  fi»  'he mflchinlcal 

property crl'rrlon  '"or dfi'prmlnln^ 'he  reaiH'nnc of 'he m/iVorlalo to 

do^rndn'-lon hy th'Tmal  radln'lon,     THH size «nd confli^urfl'Ion of t.he  tenslln 

fegt  flp«rlmens were  In «ccordnnce with F'ed'-rftl  SpecifIcwMon L-P-Z.n^b, 

"llastica, Organic;     lenfral :ipnciricH'!onr,  Test Methoda", Mot.hod 1011, 

Type 2, w'-Jch apoclfioa a gnugo aecHon  l//,  Inch wide and 2 l/l inchea 

long.    For  the  InHiwl seriea of  leDta,   'he  gpeclnens  were mnchlned with 

their longitudlnnl axia pflrnllel  to  tne fabric WMrp.    This la common 

practice in determining dcoign data on plaatic  Inmlnatest    However,  in 

thormal radl^tion tests,   resin degradation was partially masked by the 

continuity of '.he lond bearing capability of the glflss fabric.    Therefore, 

subsequent  '.psts were made on specimens having their longitudinal axis at 

£5 degrees  to the warp,  so the resin and resin-to-^lflsa bond  supported the 

load. 

The test procedure used for each material was followsl 

A room temperature, ultimate  tensile s'ren^th control value wae determined 

by testing five random speclraenp rrom the sfme panel arxi averaging the test 

ve.luos.    The control tensile strength data are shown In Table III,    The 

remaining specimens were randomly arranged into groups of five specimens 

each, each group to be irradiated under stress with a stress level within 

the range of 20 to 60f of ultiran'e,  at incremanta of 10^ stress.    Tensile 

stress was applied by a Cal-Tester,  an electric motor driven hydraulic test 

machine, which applies load in the horizontal direction.    A photograph of 

the radiant energy source is shown in Figure 1, and a photograph of the Cal- 

Tester in operation is shown in Figure 2.    For each material,  two series of 
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leots vere conductod,  ono at tn li'enelty cf 25 cal./c« -Booond,  and   ihn 

o*h«r ot 10 o«l./c»^-ieccmd.    For « (flven floriao of toot-a on a mnterlal, 

the radiation lutanelty wan held conetaiit,  and  the tljae  required to caiwe 

ultimate tenell« failure at a particular at—IQB level «o dotemlned.    In 

thla «anner,  plot« of "tljBe required  to caußc failure" Teroue "atreoB 

lerel,  percent of control ultimate" vere obtained.    The effect of radiation 

inteneity on total inoldent energy (intenolty imltlplled by tlw of expoflur«) 

required to cauoe failure for different atreeB levola 1B ehown in elxilar 

plote.    Theee datx o^talned are presented graphically in Figures 3 »nd ^ 

for ■pftr*ll«l-to-yarpi' epecliaene and Figure 5 for "^ degree to warp" 

Bpecisenfl.    In addition, Figure 6 ahowB failure tin» Tersua absolut« 

•tr»iie«e for "^5 degree to warp" Bpociaon«.    In addition, A50 to warp 

tanflil« Bpeoiroene were painted blaok to oqualiae energy abscrption, and the 

failure tiae wan detamined at JOf, pre-etreeB, uaing three radiation 

intouoltioo, 1, 5 (Miti 10 c«l./3B -seoocd.    The roeulte are ehown in bar 

grspfa fors in Figure 7.    The tine required to cause ultiaate failure was 

datertsiiied experiBent-allj in the following Banner t    ?or a given group of 

five opseiesna (at & particular stress lovel), oca apeoiaan waj selsot»d 

to be axpoaad for an arbitrary tiae period, say five saoonds.    Depending 

on whether the speciaea failed or did not failt  the exposure tiae waa 

respectively donreased or inoreased until about $it of the rapreeentatlva 

tlss separated the failure tloo froo the nö~fallure tiae.    The two eloseat 

failure, no-falluj'« tiaes were then averagsd to yield the represontativ» 

failure tiaa for the particular stress level. 
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2.    V^gU4,l Pogrvdntipn Tefltp 

Th«  t-hresholcl  level in  tenn.i   -' tlBu and  total lnold«nt energy 

r^qulrad for vlflual degrad/itlon of the iLnterlfiLr wao determined experlaentnlly 

by • method similar to that docorlbcd abovo.    In addition to the lamlnatee, 

a white rain eroalon reoietant coating of  the necprene type (Oatee KV-9431) 

WM alao avaliuitod. 

The laminate apeoimeno wore one inch in diameter and were placed 

in a apecial wedge type apeclaen holder, BO that the epecimen wae oupport«d 

at only two pointd on its edge,  to ainijtize heat tranofer fro« the BP-ciaen 

to the holder. 

Teot« were oonduoUd at radiation intenflltlefl of 10 cal./w - 

aeoond and 25 cal./c» -aeoond.    Ev*lu«tlon criteria worei   (1) firat risible 

dioooloration or degradation, (2) charring,  and (3) ignition or delm4nation. 

Data were taJcen in teraa of tlae required to cause degradation and were 

conrerted to total Incident energy vnluec by nultlplylng by radiation 

Intenalty,    'feet resulte are shown In Table IV. 

3. Bataffl^atlflft at ^grtUT^ty & Mint ftwa^&m^s 

The deteminatlon of absorptiylty for all t«»t laaterlals, 

Including the oootad Polyllt« 8000 and tho KV-9A31 white rain aroolon coating, 

waa oca^nited froo expcrinentally detemlned speotrfl valuoa cf reflaotano« 

and tranaalttanoe over the region of 04 to 2.0 aiorons, and the thaoretical 

ourve of spaotral enargy distribution fron a 6000oK blaok body, which 

clooalr approximatea the carbon arc source. 

A .graphical Illustration oi' the method of calculation 

la shown In Figure 20. 
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Th« energy below 0.4 mlorone and »bovo 2.0 mloronc VAB not 

Inolnd»^  In the «beorptlvlty coaputatlonn beoauee of dlfflculi-/ in obtaining 

upectral reflecta/ioe data in theue reglona.    ycrtunately,   the energy outulde 

theae Limlto la Tery gsall oorapared  to the to'al energy «Bitted by the oarbon 

arc oouroa,  and  therefor« the abaorptirity data are oonaidensd Talld for 

engineering pxirpoaee. 

Values of Integrated normal incidence obflorptlvlty conputed 

for the «atorlaLi are ahown in Table V.    Spectral ralueo of reflooUaoe 

and tran««ltt*nce for the tost aateriala are ahovn in Figure« 8 through 19. 

i.   Rtdar rrapBulpplon Through Coat»d UtEingtoa 

The radar tranamleaion ooefflciant at 9375 segacycla», phaae 

delay, «ad nurfaoe reeiatlvity for 0.050" thick glaas fabric be»« polyeoter 

lasinatM coated with EV-9431 vhite rain troiioo coating waa detei-sined 

dlr«ctly after application, after 3 «onthe ^.atbering, and after 6 »onth» 

wtatherlng.    Rooultn are ahown in Table 71. 

5.    fydifPlgpargr ftMf^ 

Th« radiant energy oouroe v«? n Mitchell Procaao Projector 

utilising « oarbon iiro.    i photograph of the louroo la ahowa in Figur« 1, 

Th« povtr aupply for the ar« was a 30 HW  't *«et ourr«flt g«ii«rator with rarlable 

reelotora to adjust the ourrtnt between 150 and 225 «uapsree.    The vadiant 

«Dtrrgy bean wa« foeuaed through two oeta of quarts lenses«    The Bfudaua 

unlfon» Intensilty obtained waa ?5 oal./ca^-eecoijd over a spot one inch in 

diaaMter.    For testa at lowsr intensitiea, ti?« radiant energy been waa attenuated 

to th« desired value by interposing ooreens hetueen the lenses, by raduoing 

the ourront, or a esablnation of both. 
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Two aota of uhuttflre were uaod to oontrol the oxpoour« 

duration.  The flrot ohutter,  called the ■douiftr",  wan R vnter-coolad copper 

plate operated by a rotory aol^no'     avitoh.    Thli ahutter,   placed between 

the arc oouroe and the flrat lenc ayaU«, wna the  "ooaree" control and 

opened first, followed by the opening of the geoood ahutter, which aocurotelj 

controlled the expooxire duration to ;K).05 aecondo.    The eooond shutter, 

placed bstv&OD the two l&na ayftes, oonoloted of blades rotatable In 

opposite dlreotions to « Baxiw« of 90 degrees.    The shutter control 

apparatus was an electronic tiaing circuit whose central control waa a 

digital type preset counter which was used to sat the tlaa period during 

which the shutters r««airi»d opss.    In operation, the desired tiae interml 

was obtained by setting the counter on a certain digital coabination, and 

pruasing a starter switoh.   The shuttor blades then aatoaatically opened 

and olossd at the correct tise. The tiaing oyole uao auch that an eaaantially 

"square wave" pattern of intei^lty Teraua tise was aohieTad. 

The radlcneter uaed to doteraiM the radian", energy intensity 

received by the test speolBan was a water-oooled oalorineter typo obtained 

froa the Ü, 8. Saval Radiological Defense Laboratory in San Franoisoo, 

California.    It consisted of a blackened copper disc soergy receiver with a 

thenaooouple eonaeoted to the back surface of the diso.   The disc was inclosed 

In a housing in which coolly water was circulated in oonteot with the back 

of the diso. 

6.   W BMMlSi Mfl SflBfliMliaM 

a.   The results of tensile otrec^th tests on laalnate speolBens 

at 45 d©gBt-33 to the warp give a batter indication of rasin strength degradation 

than do tsnaile strength tests parallel to the warp. 
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b.    For unooaUd «nterlaLs,   teot&i In tension at ^5° to the 

wurp,  uolng pr«-«lr«8««e at rarloua poro^ntajas of the rooa    oiip<trataro 

atreng^h of t.he aaterial,  tbfl following reaulta uero noted I    (l) The PC-2106 

•llloona and the 1-131 epoxy had the highest fallur« UMB, with the I-i31 

being better thaü th« DC-2106 at the highar pi^-fltreaaea; and (2j On the 

baale of abeolute ntrea»,  the 1-131 lanlnat« vaa better iiooh*nloally than 

the other rmtorlnls tested. 

d.    For the «wterlal» palntod blaok (to produce equal energy 

aboorptlon), teatad at ^5Ö to the warp, at 1, 5 tad 10 cal./on -■«oond, 

and fltr*aaed «t 30^ of the control atrength, the following roaults were 

obtAlu^li    (1) At 1 cal./ca2-e«ooöd, the DC-2106, CTL^llD, and Vlbrin 135 

naterialfl had rery cloae to tne aas» failure tlaaa, roapeotlrely ^,8, ^.6 

and A.7 aaconda.    Tha 1-131 waa allgbtly lowor, /».O eacoado and Polyllto 8000 

auch lower, 1.7 aoooadaj (2) At 5 oal./in^-aaooad, the CTL-91U) and DC-ai06 

had tha hlgfaaat failure tine, 4.2 and 3.9 geoonda raapaotlTaly.    Tha Vlbrin 

135 wae aonsuh&t lower, 3.3 aeeonda, fend tha 1-131 dropped "harply to 1.5 

saoonda; (3) At 10 cal./ca^-aeoooc^ th* CTL-^Ui) uatarlal had tha hlghaat 

failure tlaa; and U) The rosults imlloata that the relative asrlts of the 

Batariala depend ooBfilderably on tha rate of energy input, 

d.    Tba data froa vlaual degi-adatlon testo Indicate that the 

incident aaargy requi^'ed to oauae visually obeervablo degradation depends 

•ore on energy abeorptlon propartiea than on eeohanleal strength at high 

teBperaturea, except to a certain artont for tha DC-2106 sllioone wterltl. 

B»   feolaar Relation Srolaatioa 

Tbß iaatarials properties oaed as criteria in evaluating affeot» of 

nuoleex radiation were ssahanloal properties consisting of ultimate strength 
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ana Boduloa of olaatloltj juid oleotrlcal prop«rtl»fi oonil«ttng of dielectric 

conntant and LOB«  tangant at 8.5 KMC. 

Thro« »raluatlon phAB«e war« conduot«! aa folloirai 

Fhaac On« -   Spcolasna wer« axponod at opra&l teaperatur« In 

the «pent fuel guna facility at the Matsrlala Teatln^ Reactor, Ration«! 

Reactor Teating Station, Idaho Palla, Idaho.    Following expoeure to a 

apeolfled radiation doaag»,  the opoclaun« were renorwd fro« the expoaore tad 

teated for the approprlat« property, 

Phaee Tvo - Sjxolaena for eleotrloal property teata were expoaed 

to guam radiation from a Cobevlt 60 source, cad the dieleotrlo conatant and 

loat tangent at 8.5 DC were nonltored during the expoaore period. 

Ffcaao Thr«c< -   Speolasx^ for aaohanioal property tosta were 

exposed op to 200 hoar» at 50C^? «ad »laoltaaaoaaly to guna radiation fros 

a Cobalt 60 aoama, followed by «aabanlcal tosting at 500^?. 

Th« «aterlala eraloDtaÄ wer« 1/6 iaoh thiok glaaa-fabrlo base 

plan tie lanlns^o harlog polyesUr, heat-resiataat pclyoater, p&eaollc, 

•po^r» *od slllcone raain binders) sandwich oonatruotloa ooaaisting of glaaB- 

fabrio rainfowad polyester reuin laadnata facas acd aU^d-iBcoyanate foaa 

oca; aad ol^yd ieoeyanat« foaa oora without fao® astarlol.   A deeortptlos 

of the eoopooart latcriala aad fabi*icatlon procadurM ea reported by tha 

■anufaoturero are given in "nable VII. 

2.   STaliatisa Pfrograa - ?^f>p ). 

a.   Radlatl^ Smuree ssä Bspoeure Goaditiosa -   The gasaa 

faeillty at the MTB la a ra.^ at the bott«a of a wa^er danal 20 feet deep 
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irou^ vhlob  la placft'"  spent   fuel nlnmontfl from  th« rwactor.   ."h« KUKU fl'Xt 

In  this  faoillty l» ortreoely Tarlabln rangin» Botwo«a 3 x 10' r,Air to 

5     . 
^ i 10    rAir rt»peDding o::  the length of tla«  tiia fuol elrsman'.n hnve beon 

out of the reactor.    The arerag» gama energy 1B eatlmated to be in the range 

of 0.7 to 1.2 MAT. 

The laalnate aanplee Inaluded in this phase of the otudy were 

7 7 8 azpoBod  lo rarllatlon dosagea of 6.2 x 10 ,  7.9 x 10 ,  2.9L x 10 ,  and 
a 

9.^8 x 10    roentgena.    Tho foaa sandwich oampleo were expoaed to raJlatlon 

doflagws of 6 x 107,  8.2 x 10 ,  3 x 10 ,  and 1 x 10^ roentgens.    Mechanical 

tests v«re performed on control (no exposure) staple] and aaaplea exposed 

to each of the above dosages» 

b.   MtohAnloal Property Tpptj -   Th« follovlng tests vere 

run on each of the laminate materials; ultimate flexural strength, ultlaat*» 

tonsile strength, ultimate cospresslTe strength, and flexural roduluq of 

elasticity.    These properties vero aloo deterainad on samples which were 

lrradl*t»d and then iraersed in boiling water for two hours.    ?or those 

InmAnatae mode with neat-resistant resins, additional testa were made at 

500OF aftor exposure to this teaporjiture for l/2 hour and 200 hotrs. 

Tansllo epaolaans wsro 3A'-inch wide and 9-inches long and 

corraspoedad to the Type II sped »oti under Method lull of Federal Speoiflea - 

tlon I/-P-i406b,  "Plaatios, Organic; Qeineral Specifioations, Test Methods". 

The opeoimsQi wer« tooted using Teoplin taneion grips, with a testing aaehlee 

head apsed of 0„2 inch par minuto. 

CssupreseloB sp^oiiseM were l/2-inoh wide and 3 l/8-inche« 

long, «ad VOTB reetr-aiasd from buckling by mnana of a supporting jig ts 
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cUeorlbod  in Kutlioo  1021 or Federal 3p«oifIcation L-P-^Obb.    Load was applied 

at a testing machine head epoed of 0.05 Inoh per minute. 

Floxural apt-olBono vero 1-lnch vld« and Z,-inch60 long.    Theo« 

upeciiaens were  teated flatwlae by center loading over a opan of 2 Inchei. 

Load van applied at a testing machine head speed of 0.025 inch per alnute 

and  load deflection data were obtained. 

The foaa sandwich Material was subjected to two testii ultimate 

flexural strength and flatwise ooiapreBslTe strength.    TTie fL»xural apeeisatu 

were 1 l/2-lnoheB wide and ^-Inches Long.    These soapleo were tested flatwise 

bj oenter loading over a three Inch span.    Load was applied at a testing 

machine head speed of 0.05 inoh per minute and maxlinicn load was determined. 

The foam sandw'ch ooopreaolon epeclmene were 2 inches by 2 

inches and the load wan applied in the flatwise direction at a head «peed 

of 0.01 inch per minute.   The ooopreseive strength at K$ strain was 

determined. 

The data obtained on the lasinate specimen» and foaa sandwich 

speoimene are presented In T&blee VIII and IX respectively. 

Analysis of the data oa the glass fabric reinforced plastic eaaplea rflvealo 

iluat the Bschanioßl properties of only oae saB^l« oaterlal is «Hersely 

affected by gaim& irrftdiation to & dosage of 9.48 z 10   roentgens.    The 

Epon 1001 laminate material reaches a radiation threshold at 6 x 10'r and 

the mecbanlcal properties of this aatorial fall off very rapidly when thi« 

dosage is eico^dad.    Irradietion inoreases tha strength of the Vikrl^i 135 

laminate when tinted at 500^ after being subjected to 50CPF for 1/2 hour. 

However, '^hie inorease was not present after 200 hours conditioning at 500°^ 
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Within tho Btatlatlcal lladte of the taat reaulto,  the mechanlool propertleu 

of th» root of the »nteritls can be repreBent«<S by gtralght horlrorttl llnee, 

•hewing BO appr*olaibl« radintlon danage. 

The fosa sau^vleh eamplea »howtwl ao reduction in xechanlcsl 

9 
properties tt doaagee up to 1 i 10   roü-t^na, 

d.    JUftOtrtppl fTPBgr^ Tgctj - 

(1) Saaplee -   The test epecimenB ueed In thl» uorleo of teete 

were cyllndrlcel laminates and foaa eamplee 1.000+ .002 Inch In diameter. 

Triplloat« oylindrlcal •peclmen« of polyeeter, heat reeiBtant polyestar and 

aUcyd-dlisocyanaU fo«» were prepared 0.A0O, 0.^50, and 0.500 Inches thick. 

The dieleotrlc constant and loos tangent were deteralnsd on oontrol (no 

«xpoBur«) specÜBens and on spaclmens InradiaUd to dosages of 3.0 x Kr and 

lu0 x KP roontgens at the MTR gamna faoility, 

(2) Test FquipaBent -   Measureosnts of mlcrowar» dielectric 

constant and lose tangent ware «ade with a aodifled nicrowave di^le^trcsr^tar, 

Model #1, MjrafaotHrwJ by the Central Reeaaroh Laboratories, Inc., Redwing, 

Minoesota.    Thia inetruaent consists of a slotted circular wave guide equipped 

with a precision positioning probe typ« pickup^ a prob« output aaplifler and 

a square wave nodnlatad klystron capable of oscillating at 8.5 kiloasgaeycles 

per ••oond. 

(3) Rseults -   The duts obtained frca thi.e aeries of test« 

are presented in Table I.    it first, it would appear that there is a »light 

affect on the dieleotrie constant «nd loee tangent due to radiation.   The 

dielectric constant and loss tangent, howevör, «re inverse functions of 

resin content and when this paraineter is coneldered, it appears that the 

effect aay te a result of varying resin content.    In any cae«, howmr, it 

Z16 



cwi be conoludad that thwo 1B no ölgnific*nt chAiig« of olaotrloal 

prop«rtl(»o M a function of ntdlation dootge. 

a. Hadlatlon Scmroe and Kxpoffar«    - The 1500 o\irle Cobalt 60 

oouroo looatad at Wright Mr DtrrelopneDt Canter waa uoed In this etudy. 

The avaiiable flux in thlo frnlllty »aj ^.3 x 10   r/nr vltb an arwraga 
7 

Ktaam energy of 1.25 MBT.    Bxpoturas up to approxlaately 5.0 x 10 

roantfrano vera made. 

b. Matarlal« and Property Einluatad -   The ■atariala 

rroluatat) w»ra Solectron 5003 polyoetor, tpon lOOlAlyophan 5023 »paiy- 

pfcenollo, Bpoa 1001 epozy, Kpon 628 apoxy, Vibln 135 triallyl-ayanurato 

polyastor,, asd CTU^ILD phenollo.    The aralnatlon property vaa dlelaotrlo 

oonetant at 8.5 KKC. 

o.    Haaulte -   The prlsary purpoia of thaao dynaaie «leotrleal 

toets va« V/ dotondne if the ion buildup in thaoa itatarials during irradiation 

vould eaufio a eignifioant ohange is their alaotrioal properties.    The racaltg 

•hov ooaoluairaly that the preeenoe of a high intensity gaaoa flax dose »ot 

alter thaea ohoraeWristios.   Qrapbs of dlelaotrlo aoaatant versus «xposura. 

roaatgoos ehow osseutially a horlsontal strai^it lie». 

c    B«dlation Source and Ezpoaure -   The 1500 curia Cobalt 60 

souroa at HAS5C «ma umü in conjuaotion idth aa alaotrioal reslotans« typ© 

fursao« oparatlii^ »R 500°?,   Plaxural and ooaproasioc Bpaoiaeaae ware plMOaA 

iosida the fvi-mos vxi. ©aposcd gimltanaously to 500°? asd a g&asa flax &£ 

5 s 10   roeatgeuAr for parlodn of 50, 100, sad 200 hcOTs. CoJitroi epacisseas 
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wer» «xpoMd «t roc« Usaij)eratur« wlthcat Irradiation and at roo« Uaperatur« 
o 

vdth irradiation for 200 hour*, and at 500 F for 50,  100,  and 200 hoort 

without Irradiation, 

b.    Tagt NatarlaLi a:id Toot frvtoodor«» -    The t«at aatcrlalj 

wra l/ft Inch glase fabric bat« laninaUa «ad« with CTL-^UD phenolic, 

1-131 (BOW Epon 1310) «poxy, and K-21C4 ■Uloone realne.    A detailed 

dooorlptlcn of th« «aterlalj »ad eure cycle la glren In Table H.    The 

CTMLLD and DC-?.1Q4 natorlaLi were eraluated for ulti^to flezanl atrenyt^ 

«ad flezurtl «odulue of elaatlolty, and th« 1-131 uterlal for ultimate 

iiompwati-n strength only.    All of the test speolaenj vlxloh were exposod 

to t2\o conourrent mdletlon and high taaperatur« earlroBBent were test/id 

tt JOO0?. 

C    Ttlt RfKJti 

The test results for control speoiBODs «ad Irradiated 500°/ 

«xpoMd speoiMDs ere shown la Table II.    The aost significant results 

Bot«1 are, that for Uw CTL-OUD pb»Qollc, the Baohanloal propertiej at 

500°? after slaultaaeous radiation and 500°? expoeur« wer« oonsidorablj 

hlgfeer than after 500^F without irradiation.   This effeot la aof-t pronounood, 

ooq)aratiTBlj, after 100 boors exposure. 

IB ganaral, for the 1-131 and DC~210^ aaterlal«, th/jr« «a« littla 

dlf ^r-eaee in the iwotaanloal ^Toportios of aaB-lrr« Uatad fisS irradlatod 

yxfi? esposeä spaoinsaa.   Howarer, for the üC~*ilOit after 200 Lours esposara 

at JOO^f, the irradlatsd •paolHaos hasl oalj about 70$ el' ^w «iww^fth of th« 

aon-irradlated «paolawM.   Sor tiä i-131 » tsiial 9Mprm& t- 50(ff? Xhe 

irrediatod epeolBans wer« ülightÄy etrongor than th» Bca-irr&diated e{,>?>ei»»Ba 

after 100 hours ard 200 bourit ascp^or». 
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Si 
im 

SUMHAR; 

Struotur«! plii'-lo auiUrlalfl have been ue^d oxtrnfllrnly in rooent jrar« 

for « variety of »ppU j^tiona and und«r a vrldc .Ttn/f» of 8nvlron»*.Dt«. 

Curr»rA and projflct»! tppliOBtlorn lno!ivi'> additional ifinrironaentel oondltlonj 

jsucli 10 Intanue 'bfn-sl ''nd miol/;äi  orwrgy crpoBurae.    In order to dij^ijrsln« 

tä« UJ^^IBOBJ of Btruotiir«!' -wtarlala undar such oondltlowt, MUMIT« 

■aUrlais aTtlu/.tlo« id i-oqulrad.    Th«n, aa amterlal» duflcleDOlaa an» 

f.^und, nev wirtialg can bo doTelop»d to Include» lBproT»d propertl*»,    IP 

tl.» e^nluatlfn atudies pr«Bent«d, reinforced plaatlo Bfterlala HAT« ehcrvn 

outaUndln^ propertlea which »hould be extreeelj lijeful In aeny typee of 

advanced fipplloatlon» including thoa« applluatlon« In which high intensity 

energies are lapoeed on the otruotural ■»terlala. 
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■w 

TA3U; V 

ABSORPTIVITT nOH A 60OGoK BUCK BODY RKPRÄSENTIHO CAR»H ARC fKJORCS 

MATEHiAL AB30RPTIVin 

Poly lit« 8000 0.279 

poijiit« iwoo-; 'iteU 1) 0.728 

Polorllt« KXXK2 [Hot« 1) 0.118 

DC-21J06 0.5^9 
0.527 
0.538 Arerif» 

CTIH9]^ 
■ "— 

0.863 
0.838 
0.850 ÄTerag« 

Vlbriu 135 0.529 

1-131 0.631 

rM&3l Coating? Horaal Conditloaing 
After 6 aonths outdoor 
leathering 

0.U5 

0.209 

Rot« 1 - Absorptivltiee of ooated Polysator metoriala aro for tha ooatad 
surfaces. 
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Figure 
1 - Mitchell Carbon Arc Projector Radiant Energy Source 
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Figure 2 - Cal-Teater with TenallB Specliten Under Load 
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:'      ;■   . ..;■.!■ ,      V,! .1 IT 

I.) •;,     i;il   rn*.  ry,     !•   re; '   ."ITV I •(.' 
.   '.'■; r.r\ ;nc:.'      !'   Vf/r 1 ■ i:! 'ifi' 

AL..t.ru -t 

Wirk   1;, t.hc  ['atJ^ue,   'reej ,  ntii weit.herltig   -linrd-'.or I. Ll ::■, 

.!' rf l:.!'T-e 1 ) lar.Ll ":; ha:;  be^n   • 'niu"'.ci at,  the Forer.t  Pr/ductn 

l/il   rat,  ry  l;i   .'uiierutlon with Dejiarlmetit,    f I)efetir.c Ageii'len, 

[■'«tlguc  i r )}-prtle:'.   >'.' ly; 1 'ul   ;arr.lr.at,e    unJer ax!al   i mdlng were 

ie'.cr::.I:;e 1   In a   llre't , trer.'.  fatigue mn'lilne mierathig at,   O' "ycle; 

icr ralr.ut,'.',     IJnii it, "he i a;.! :.,it iici :■[ e.'Imtii/. were to.';Lel,   ur.ually ul 

/.er    mean  ,■,t,^^■.;,■.     Creeji nnd  :reep rupture data   In  tenr.lon,   flexure, 

and Johnson  ,.)iear  Include  data   -n  r.peclmenr.  that, have been   loaded 

for porlodr. up t, . I  yearn.     Effect:! 'if outdoor- expor.urc on  the 

strength ani electrical properties   if  iO different glasn-fabrlc 

laminate.'; have been evaluated.     Four   if the  laminater. were made with 

poiyester rer.Jn;; and two with epoxy  resins.     Laminates were exposed 

at  five   ilfferent   mt, I mr exposure  sites  for periods up  to   ] years. 

This paper summarizes  the  results, of work  that  the  L/iboratory 

has done   lr;  these three fields of Investigation. 

-For presentutIon at llymp is.lum on Hlgld Radomes,  September M,   y,  and 
IG,  at Massachusetts Institute of Technology,  Cambridge,  Mass, 

-Maintaine i at Madison,  W'ls..,   In   looperation with,  the University cf 
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Li.tr   lu".l it. 

!•   r  fib ut   1     y'-'iir:;,   the  F'>reut  l'!' ■ tu ■'r   Ivit   ru'   ry  hn: 

•  ri.lu'tcl  rer.oar'!i    n  relufor'eJ  plat'tlc:!   In   ■   jpcrutl >:;  wltli 

ngeruler.   if the Department   T Defetice.    M st   if the w  rk r.n,   beer, 

relatei t    the eotivbllütiment   »f   loclgü crlterlu,   parti •u'.urly f )r 

ml.ltary appllcatl mü.     '«.her work ha:: pertalnc 1 t    su:h  fa-t irr, 

ae evuiuatl in   if nuiterlaiG,   prJcesBei;,   tect meth   I:;,   a;,.! envlr nmon.-a 

c jtidJ tl m:;. 

In this paper  Is reviewed some   )f' the   Information that has 

been obtained at the Laboratory   m fatigue,   creep,   and weathering 

characteristics of reinforced plrtstlcs.    Moat of the Information 

on fatigue and creep  is contained in published reports;   the  finaj 

report on weathering characteristics  is now being processed.    A 

list of applicable publications is presented under Literature Cited. 

Fatigue 

Fatigue data were obtained on several types of reinforced 

plastics tested under axial  loading;   specimens tested were  dumbbell 

shaped  (fig.   l).     Stress was applied at 900 cycles per minute and 

usually at zero mean stress.    Both uunotched and notched specimens 

were tüsted,   the notch being a 1/8-inch-dlameter hole drilled 

through tqe  thickness at the net section.    The  specimens were tested 

under normal conditions and many also while wet.    Some tests were 

also made of heat-resistant laminates both under normal conditions 
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' i;. '.  /1'   ' •   i • v ■ i' • Vh'  .• 

TJILer 1 'i.     f.n . ..n' 

/r  I'T   .MIL . •, i'.i-    n.' w. ..'.   ; HTM . .(' 

, Hal:. I'.L' '"nl we ri- 

le :.lcJ   (.,    ', '   !:.  !nlVJ("  ;'irn..i',   '     ' (■<■ wnr;    1' re1  • ;   :;.     A.,     i   ina 

:'-.'<   'urve'1  were    I'     l.T.l.'ir    ,'m, <.' n-.i mag.'i 1 lu le,   I. i!  H" ; ■,(.;  '.'■(!',  ;.;ic 

type   if rt'lt.l'.r'cmei.'   du I Lu'.   .iLlic ».•rj'e •',    'n  fatigue    'retiglh. 

/i y i .yv.-lrr-::ji'.   . H;:.'. :.n-.c,   'i,   expe ■*'•:,   l.»i 1   .  wer   f'illgue   .trength 

:".'.:r    ;.L'i-i  t,he ; j.ye/.tcr   l/imlr.'i'e.   re In!" ir.'e 1 will, g.n      fulrl'. 

After   .    n,l..l >ti  repelltl »n       f  ; tre   . ,   h-wever,   t.'.c   fa'Igue 

i.t.rc'igt.',     t' a. .   ;  ..ye.'.er   Ifimlrnve.   wa:'. fib ut   me-f lurlh   -I"  the 

.-.t.-itl-  t,ei'.:;Ke  :;Lrengtt.   (fig.   . )• 

An e; >>:y  lamlrmte  relnf jr.'ed with   ihl  gld:-,-;  fubrl '  ha i 

higher fatigue :'.tre;.gth valuer, than a   :orapanibie pjlye.'.ter  laminate, 

particularly after  1ü,LVO   ir more repetition:', .if  loading.     Furthermore, 

the  fatigue  ..trength after  10 ml 11 Lm  repetitions of ntrer.:. war. 

about   j5   T ■*'   percent   )f the ;;tatl:  ten:;lie strength.    Thin might 

be expected,   because  fatigue  strength at  zer;) mean  r.tre;;:;   Is 

Infiuetu'ed  by b;th the  tensile and   • mpres.slve strength   if the 

material;   .••jinpresslve  s.trength of epoxy  >mlnates   1    generally 

appreciably higher than  that   if   Mmparable ;  ilyester laminate.;. 

In all   laminates  tested parallel     r perpendicular  to the 

warp direction,  an en lurt.nce  limit was, rut reached at  10 million 

■nJnderllned numberr.  in parentheses, refer t)  .Iterature cited at the 
end of thl .  re;   rt. 
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'.'■''lo n.M':.   ' (.•   'r 1  u"   v.>.',.'■     "      Mil'  wur; ,   '.he   I'IIIIK^
1
'    '.".nrn'Vrr 1:', 1 ':; 

rferc  quilt'   ll I'Orent  nr; !  ;ir.  ivi !uni;. •<•   . Irnl'   ■vj\,   nnvc   iin";   ri.'a ■HL" !  'i', 

"c'  ','IIIIIK ncrirr'i I . v   re lu'e     lu'.l^av     Vi'm^'-h.     Kur  ii   .   '-lii'h- 

llumolcr lii'.e,   t.i.c  futlp^c    t.rcup.ih nt     °   '. »«llnp;  I/ nb nit   ;u t,.i  ." 

I cr •e:1'     '■  ,    Ihn::  lhi\l    if  ..'".   • 'del ma'.erl/i'. .     A'   'in^.es  t, i  the wirp, 

there   Ir s jtne   werl.'ipplng üf S-U   -urvci.   fir Linn it'hoJ an 1 :;'l'he i 

npecLmenn,   Inil.-ntlr.g a varying and  Lecner effe't   if r.tre:;,;   -(jncentratlon 

at angler, t)  the warp   (fig.   V).     Although the  omall  h.olc  generuliy 

affe-t:-.  fatigue  strength by only a  few percent,   recent data  (9) have 

shown  that a  shall iy   I.-.od cut at  the edge   if fi  specimen  reduced  the 

fatigue  strength  to about one-half that.   )f an unnotched  specimen. 

Further wirk needs to be  done t .   letermine the effects of different 

types,   if n itches ■•u the  fatigue properties. 

Type   if rer.ln affects  the  fatigue properties  (fig.  ■•).   u"^ 

lata from typical   laralnateü reinforced with  18;  glas.'-, fabric are 

preeented  In  reference   (3).    At  10 million   -y-les,   h iwever,   the 

fatigue strength   if all   but  the epoxy  laminate was. about one-fourth 

>f the c irrespondlng static tenr.ile  strength.    Reference  (3) alr.o 

presents,  data  on  the effect of temperature and on  tests, at mean 

stresses   ither  than zero. 

Ehta from fatigue  tents of epoxy  laminates reinforced with 

continuous, unwoven g.uas fibers, and with   lOi  glass,  fabric,   as well 

as,  from tests  of asbestos-mat phenolic   laminates,,   have recently 

been  completed and will   be prcsen'o!  in reference   (;Ji).     Large 
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,11   r       wen 

• ^-■•>•• .:zt' ' :<■ ;  , pir'i. 

. ivcr 

!'.•■   I'ti". l^u'     ■."••■.(.■■;.   vi . .' .      I'  ■;,>.■   ..ic:,t    r.ji'f.iu     ht'lnr 

■ ■    :   '.v: ,   '.. wfvcr,   ;. i ;  n  ■:..;,    :n'i..'T   i.; :•<• 11  ihnn   the 

■fri.^'J.   Ui'.n.      !'|.r  cj   ,■, ,    .'i;:. 1 :.M',c   re 1:.;',r'(.• 1  ull/i  para.le. 

■   ".'.IM.  U     .:.w   V>.M;  ^ •''    '   liber,   wn    ;n  rt-   ixinilLlvc   ',■ 

Rtres:.  rli.cr    '.'.ML-   '..'se     vr-.cr mnlcrld!   '.i.Vcl.    At.     ° mil   > 

,   ullnf.',   (Tig.   ';',   ''■■!• i'p.ixy   .nniliiaLf   rcli.f-r (.• 1 with   T ^ ..  pile:; 

1' uiiw vci,      inllv.i  L,    K.'I       flbtT.:  Ii»i;  futIguc-: t.rcngLh vn.ucr 

ina'. were ri1:.';:-',. ;;,' nl^jicr  luui)  '.L n.e ol' the   Uil-glanu-fabrl ' epoxy 

iumlnaLc;   /it ■•')°   ,  Hlln^,   the glar.r.-fabrl;1   .umlrmte wu,;  :;uperl.)r. 

Creep Pr 'per11 e:; 

Creep pr pert.les will   be mentl med   inly briefly  In  thli; 

paper,  ami  the  three' referenced reportn  (4,   S,  6) will   be useful   In 

obtaining further   ietalla.    Reference  (6) presents  tennile  lata 

for a  typleal  poiyenter and epoxy  iamlnate   Loaded at 0° and hcj' for 

periods up  to   1,000 hnurn.     Mathematical  reiatlon.shlpo are presented 

fur both strain-time and streRß rupture.    Similar mathematical 

relationships are presented  In reference   {')),   which  Includes  data 

on creep and stress-rupture characteristics of seven giaso-flber- 

reinforced  Laminates tested  In tension,   flexure,  and shear for 

periods up  to 4 years. 

As  Is well known,   tensile creep at  room temperature parallel 

or perpendicular to the warp of glass-fabrl:   laminates is  small. 

Strain at failure for polyester und epoxy laminates  is usually 
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about 10 to A)  percent higher than the Initial ntraii:, even after 

10,000 hourr..  Sln^e Initial de forma t lor, n arc generally In the range 

of 1 2 to 1-3 !' percent, the additional deformation due t ■ creep 

IB UUU/I] v r.o small ar. to be negligible.  For mat laminate;-., hiwever, 

ntraln at failure may be almofit twl^e the Initial r.traln, although 

Initial otraln at a comparable proportion of the static strength Is 

much lover than for glanc-fabrlc laminates.  In flexure, final 

utraln Iß a aooevhat larger percentage of the Initial strain than 

In tenalon. 

Although tensile creep parallel and perpendicular to the 

warp of glass-fabrlc laminates Is small, data (6^ show that creep 

at 1*5* to the warp may be substantial, (fig. 6). Even at 100 hours, 

the strain may be 2 or 3 times the initial strain. 

Load-carrying capacity, or creep rupture, is markedly 

affected by the load and period under load and must be considered 

In many designs. Curves relating stress to the logarlthim of 

time are approximately straight lines from 1 to 10,000 hours (fig. ?)• 

Some data are available to 30,000 hours, but they are not enough to 

establish a "knee," or endurance limit, in the stress-time relationship. 

Tests of seven laminates tested for periods up to 30,000 hoars (5) 

show that the tensile, flexural, and shear strength are not less than 

about 50 and 35 percent of the corresponding control strength for 

dry and wet conditions, respectively. 
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««•ir :.' :-;;.K 

K ■ :'. I'tV: !• ,'   ^..'i,.     !nl r! '■ t..i   i .uiclrnt 

M 

r. 

■ yep.r:;      LfimlnHtcn were 

i*.  A. i f.n,   I'nuutaii,   New Mexl •.,   F    r'.J.'i,   (iml  n!    ■  :: 

'i'.     we re  'i. '   :■>■ ;   I;.  ■!   r    x   ■  nil', i   i.e :  ■!'.    '•     F.   at. I   ■■     ;.(T •LT.
1

.. 

ru ./it, I v  ;.,;r.l ll;..     Af'.cr   ■  ;."; '•■M   ■      1   'hi;  L'X;   . urc  perl il,   U-r.-.lic, *"( i 

• imprc1:,:-! vc,   u:; i  llexural   htrcngM. [ r.ipertle;   and   'ertuln elejtrlcal 

properllr    were   ic'IMV;;Inc 1  fr m  Leütr, nui ie  at,  '.ho  Laborntfjry. 

A..     1'  the jatu'.s wert- pnrallel   Laminated   if  It',  glar,:.  fabric 

iitri were ab.iut,   ;   "  In-t. thl'k.    The  fabric  f'lnir-h used with ea-h 

re. I:, wa.   varlei   ;.i  that  1'nbrl '   flnlr.h and rcnln were  compatible. 

?..    panel:,   ab >ut   1   ."  Inch  thick an 1   ]6  Incher.  .'.quarc',   were  fabricated 

1'ir mo:;t   ,r  the   i ami nute".. 

Five general   typen of re:, las were u "Cd to make  the   iarafnated 

panel::.    Tyjici; an! name:; uf reslnn were:   (l) poiye;;ter--Selectnn  'XXjj, 

Select.r ,r:  ';C*03 with  room temperature  '.setting   ■Qtalyr.t  nyatem,   Plaskon 

yll-Ii,  anu Drypiy '■'.;   (?) epoxy--Epoii 8?8 with Caring Agent D and 

Euon  1001  with ••  percent of dlcyandlamlde;   (3) heat-resistant polyenter-- 

PDL-7-669 and Vlbrln X-lO'tY;   ('*)  i;lllcone--DC 2l0h;  and  (3) heat-resisUnt 

phenoilc--Bake;ite BV  LTOÖ^.    The details of the fabrication methodr, 

are  described  iri the baüi'  report    (l?).     Each laminated panel waö 

cut up  into 9- by  lO-lnch rmbpanelii,  and the subpanels were exposed 

to various condition;;.     Subpanels  subjected  to outdoor exposure were 

mounted on racks and  their face:; were tilted upward at an angle of 

^5° from the horizontal,   facing south. 
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Te'inloii,    ■ ü;; IV.. !, '.,   'i:. 1   f .(■■'.im . wer»'   I'-'i I'- 

miterlal after iicrm«;       ;:lttl V. t'xiir « i ■ ' ('    H , TJl  il1 

(il'ter Ihe m/itcrlal hii 1 locii ' i.llll >:IL'i f r i>l li.-unl ■• a  'iltu ut 

lO'j* F. and near '.OO pcr-t-Mil rc'.nMvc hWDlJlty.  A 1'ew Clexurn; 

:ipecLmenii of the heat-rcnlr.t(int aunltuitei. were Uv.'.c 1 nl •-.«' J F. 

after 1, . h JUT 'it that t,>;n[ LTnture. 

Three flf".rl'u. te'it r.pe • lme;.i., (_•(. ;. a lick . In ■!■ hi 

Jlameter and the thl-kiieci  !' the laminate, were jrejarel frus i;ub- 

paneln that had been expiüed for 1 year and 3 yean;.  The farei; if 

each disk were not marhlned or alterei In any way, and hence one 

face was generally rough because of the weathering effects.  Tests 

were made by the shorte 1 line waveguide method at a frequency of 

8,^30 megacycleb. The disks were tested In pairs, pressed together 

tightly with DO adhesive between them.  Average electrical propertieB 

from tests of three pairs of llsks were computed and averaged and 

are recorded as the test va'ues for that material (table i) ('.6). 

Data from tests of the laminates weathered for periods of up 

to 3 years Indicate substantial variations between properties depending 

upon factors such as exposure and materials.  Detailed comparisons 

of Btrength and electrical properties mu.j.t be made from data it. the 

report (16). Table 2 presents a sumrary of the apparent effe"ts of 

weathering on the strength properties of the different materials (l6). 

The appearance of the panels after 3 years' exposure varies 

greatly.  It was observed that the greatest erosion occurred at the 

Florida (salt air) site.  Laminates made with the hent-realstant 

polyester resins had the poorest resistance to erosion, while the 
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; . .'■   I'c i •.•,■• :,1 . !  ■,.■ . ;;: I:, ,',• .;. w : :.  t-vl !cti -v     I  ■"■ 'slon. 

i'(. ' ifc'i;.*! vro  ■:./. I'- C '■/.'rn   ■ ::)['V.::.\   t, ;;.(_•'• I.'rx'ri: 'U!. i'rm near 

thf ■!•!.•.••:■  i' . . ;. ; it j ,'i:..-. , nr: : '(ii'.o wtTr  !' .'k'.; 1;. v 1 ;;ua! 1;; I n^ 

'Jw   ■MII.'.K'' 1; i| j i.'iirn;i •(■ '.hn' '  K ; .n'c iurl.'.K vnrJ -ur. |/LTl I 1I; ).f 

.'I r I.'XJ :.ur'' M• : 1 rCcrrnt 1 t,c . 

I'. ■ ii ,., ; I.«' rufr,''::.!'■;■(• : L.'./I' ' ;ic j.firtl 'ular 'omblnatlon of 

fcrl:., 'lixlng ;igf.',. C.trl ■ Cltil;;)!, ifimlriutln^r ; rcclurc, anJ •jther 

n.'./iiei JH •!, •!•:■  Lhnt, wrre fi.j'i iye I wo.  n .t, IntenJed L- produce 

lamlnat.en with |!.lniuiii üLrength r electrlTnl ^r ipcrtlvs.    Neverthe- 

le;;R, t,hc lumlnftte:; were made with material:; /in 1 by jro^edures that 

were in use 'it that tune (l!/ji),   'ind In that recpect may be considered 

nr,  repreücntatlve la/niimteo.  In this prenentatlon it 1G not poBßible 

t.  Ilr-u:;;; letalled 'omporlciriG uf InilvMual strength nn.i electrical 

properties; such conparisons must be mn.ie fron a detailed study of 

'„he report (fig;;, w, >). 

A few general conclusions follow, but It r.hould be remembered 

that there are iften exceptious to these generuJ conclusions: 

i. The salt-air exposure at the Florida site was the most 

severe with respert to erosion of the surface resin and degradatloa 

in strength and electrical properties. 

2. Three months' and 1 year's exposure under Jungle conditions 

at Panama had less effect on strength properties than did similar 

periods of exposure at the other sites. Data after 3 years' exposure 

of laminates at Panama were not obtained, but j years' exposure at 

Alaska had less effect on strength properties than did similar 

periods of exposure at New Mexico, Florida, or Wisconsin. 
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reiili! ua:;     ruif 1  ur   TM-kr 1   lc Tt'H. c I   l:i   hnr 

w;.; :. l.'ic 

i.l Ir. ,c 

weatherlng. 

■t.  Expoaure T lnmlrmtc;; »' n 'rn."»L • nilM ;:;:, '.'  r perl i; 

.it \  HtLiO CITC-L in '„he I'.Lron^'.n r elr'trl ■'!. 

••(it,-r0:-.!Dtuiit, poLyester Laolnatc:; ha! poorer 

;r.  , •dr. • ■  -eat'ierlng than any 1' .ne .ther .amlnates tested. 

tj.     In ail lamlnatea, mtd jor exposure uüuaily had the 

leaut, dele ''-lou;'. effect on dry compreBr.lve strength and the 

grentent effect on weit flexural strength.  Wet flexural properties 

decreaaea more with weataerlng thr.n did the flexural properties 

after normal conditioning. 

?.  Electrical properties of dry-condltloned specimens were 

affected only slightly by weathering  Properties of wet-conditioned 

specimens were poorer after weathering, particularly when glass 

fibers were exposed by erosion of the surface resin. 

Resistance of Foams and Cores to Adverse Conditions 

Limited data on the effects of adverse cond.l.ticne on sandwich 

constructions and on certain types of cores used in sandwich 

construct .one ar*» presented in references {'(,   3,   10, 11, 12, and 13), 

The results of tests and behavior of structural sandwlcher having 

facings of plywood, liardboard, cement-asbestos board, and porcelaia- 

enameled, steel-faced hardbuard on cores of resin-treated paper 

are discussed in reference (iO).  Information on cores of 
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(iLk>l-luo.'yaniitf nn 1 yiiCf 1c-'.yjie glaau   fiber (iru1  . :. honeycomb 

•fjtiDLrui.'lloiio nui !e   )f pii|;.:jr,   :Ltoii  fabric,   glni;;;  rnlrl-,   and 

alumlQum is proHeated  In roferencet;   (7) av.i   (1. ).    i/ther pubilßhe, 

and unpubllsheJ   i/itu   ibt'iiaed at  Ihc Labornt ry uhuw lluit piiper 

honeycomb   -crei; can be male  that have  good  impact resietatice, 

giod   ■ )mpre8Blve  strength,   and god shear ntrength whether dry 

ur wet,   and excellent  reoletaace  to water migration. 
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IQ\ L_L 1 , .Jli_. _LJ 

I0£ 2   4    I03 2   4    I04 2   4    I05 2   4    I06 2   4    I07 

CYCLES   TO FAILURE 

Figure  3---S-N  curveE  for parallel laminate nmdp of 1Ö1 g.laes 
fabric Euid an epcxy resin.    Te^ts made at different, angles 
to the wui-p, under normal conditione,  and at zero mean Btress 
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HIGH Sl'KKD TESTING OF STHUCIUIl/VL !• .AMS 
AND HEINFOHCED LAMINATES 

HüBö  H.   Supnik   /, \ 
Melvln SUberberg 

[laa-Tech Equipment C'orporatlor 
Walthaa,  Maoc. 

INTRODUCTION 

[Xiring the fo.sl  lew years  in testing lahuratorles   Urcugh.out  ■.he 

country there har. been growing concevr over  the effecto of rule ol' 

loading on the mechanical properties of materinla.     [-ol,-merle  sub 

are particularly rate i.enslU'.e,  mid some pJastlc mater;al.3 >• 

GUir.tanttally different nm.mer when subjected to shock ,'. 

if, <.Tai  ti. 1usand incher per minute than when subJecU'd 
        onvent ! .,,n.i 

loadli.    rater, c:   ? r,r. .'';l Inches pe;- mlnu'.e.     Ip/orwi; 
/ $W .<:■   4D  to which 

materlalo are n-.te senslti.,.  "J"/ tv who;, def.-r«'; J'•^f 
Ix"i eneiy Important 

hi.-.'.Ä    Lc.xri'uiu   c;V!idit)ODt 

:u -.'^a-sure  tn».1 otrength 

th:J  rapid release of 

In dcDlgning etructures which rn/iy be-.'^bje-ctod 

In actuflj  use. 

TeGt equipment   ias recer ti ,   ^c.', J,-.'.MCW.I 

properties of mate:!«üt; r,oo/. luA«.-';! b    r^cuis c 

comprciiiod (jaE.     fui.lig'.''"! papers on t'.ls .•.■''',;•:;'; 
l|'   'lavf. already presented 

data (.-n the dynamic  '.er/^'i" pro; c-t te« ol  ■''-vÄ 
,■„, ^Ä.<-?n7iO) lactic oateiials 

(j -;). U" '     I c; „/j -.-.v..:.,   Dtxlulufl  ' .f elos f ic!, ■,,; "^m,, 
l-ensiif strength CJ-P 

greater while strain at !.'.•■.•(:   ic  ILOVP:   'ihn:   h:t\ 
i|   .beerved in f-'.ow 

speeCj   static  tests.    Yo ; ai-e ail  fanAx^/ü   -''Ji " '■44 
^.behavior of pvtty, 

.•/hr" .iOad  is ■; ,.        i slow!}.   It  liraws out  .'iicc taffy/', 
A when o truck. >/ltk i 

hanmer   It .jh'-'-' ::  .   like glajB.     1'.   tecomeG u^i-f,.-■ n;   ",U.\ 
Vi that if a radcane 

roenvic-i-    B de      ■ ■     :m    ..     Jaalr of .:v,ati.; data a.n-;   [!' 
^r.3mic stren^-th 

W 
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, fMjx?rt lor are  sigr Lflcantly  nwer  tl.an  thorn:  ur;t".   .;i-it,i •   lua.ll;.,.;, 

llflculr ies ma'   be  incurred urdess in a<i'.-;i.at.p safet;.   wi.-;>-:'   Is 

Incorporated   In  the design ol' tb.e stnaoture.     'n.f> 'A.'r-    ■!   Ihla  pajx?!' 

1c  to ror.parc  the nicchonicEd.  properties raeosurf"'. imler dynamic  ccndltlo!. 

with  tr.o;;e meacured under static conditions for polyfjter polyurethar.e 

foams and for structural lominatfG  in order to detc-mlne Üie validl'.;,' 

of the  safety  factors which are current.1}  being used  In the design of 

rigid radomes. 

TEST EQUIPMENT 

.(3) The Instron Tensile Tester       Model TT-C with X-Y recorder and 

strain {-ago pre-amplifier was used to obtain sta'clc data,  while   .he 

(k) 
Plastechon High Speed Tester       was used to meaeure dvnamio prop«rtle8. 

The Plastechon Is a universal  testing machine  in which  the load 

is applied to the test specimen by the action of an ai • cylinder.    Loading 

rates of 2000-10,000 In./min. are obtained depending on the gas pressure 

used amd the modulus of elasticity of the material being tested.    The 

stress-strain patterr. is me.-.iured electronically on cm oscilloscope,  and 

a permanent record is obtained wjfh a Polaroid Land Camera. 

A V-bar extenscceter of the strain gage type was used with both 

testing machines  to measure strain in tensile and comprecsion tests. 

(1) Plas-Tech Equipient Corporation,  Waltham,   Maas. 

(2) Numbers  in parentheses refer to References listed in the Bibliography. 

(3) Manufactured    by Instron Engineering Corporation,   Canton.   MBLSS. 

(4) Manufactured by Plas-Tech Equipment Corporation,  Waltham,  Ktias. 
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reaBOeiflmWIlllllWlillMll n i i --J^mc^^ar;tN^v^-^:^^<r.-'^'-T 

'<l ." oxt c;.:;ur.c'c un'od    !::■ ,.   i.-. 

jiv.:  re " i." If 1   u.   '.no   i  ny.. ■:■ i\.. .' 

Ihc ex'ctisomet.cr war;   •hccki.'U  !.. 'h   tKlorr   i-:. :    ^.-i r ,    l 

'.ho u:;i*. nn a  sperlrü   'ix'-re  a:,i     t :<•.■   .:w;   •;.!•   'i.a: ..  '     .vi.:.   !.. ; . . 

iifoducod Li-.-  t.ho mct-ion   ■;   a mi T .-n'-'<•;•  MVI.!. 

Kor ilraln raeai3urcraer.tr   n.  '.'iexure,   •.•;■•     i\,önhc>d '.ruvel   u;   ' • <• 

machine «fas uaed.     Cn '-no 1 l.'ir.lo'-ho:,   , . i.,   wnr.  cbialnel with a   'linear;; ; 

(•, ) 
I.tiicoj- Variable  Diri'oror.t lal   .'Yarir,K.r.-.-: .      ihir. unit   ■onclr.t.s  ui   H 

shielded ryMndrical  cell v'.'  wire  ai.d  a  • ^r-rjuier/ly nu^r.ct. i:'ed   ..-on  .-.•<!. 

As the rod mover,   throu^'.h  the  -'oil,   liner.   .*    I'liix arc  cu',   and   tne 

resultot.t signal   is cunpliried  and   t rai..;  n'cä   ' i  the  Oü'illuscopc ac  a c< 

deliection.    A calibration curve i f  tear. de!lcct.on  vt   plater,  travel   vv.. 

obtained prior to  testing and checked  irancdlately  thcri alter. 

TEST METHODS 

'Itests on the laminates we™  ran  In -i-^ordance  with FeJcal   Spocl- 

fication l-]-kOh,   'wtule these on  the  Joam  -rcre run  in accordai .:: with 

the TentctUe .'-tetnodo ci l^est   for Hl^id Ccxiular (■feiteriain  prupob^H  hj 

t;.». :,o..' 'tv        the PlBOt'.cfi   Industry.     Spcim^n size:, uere ndtered  in 

come caccs to allow  for load and weight  1 Iti t-ations   in the equipment, '   ' 

but in ea.h tect  tie same specimen size wa£  used  for boui  static  and 

(?)    Manufactured by The Sonborn ^omp-uv/,    ,'uJ.tham,   Marr,. 

(6)    Test speclraens \.:;od for compression  tents   in  room were  Y/Ox'/bx,'/"   'n. 
Insteari .!' 2x2x2  in.  because  of  the high  loadu   reoulcei by nlgl   ■Ic^-lty 
traterials. 
Test speclraens  lor compression tests  un  lominfl'^L; ve.-e   [-/l/'ixZk  ir 
instead of  VX1/8X31. in.   to minimize weight   re ,ul rem'" • ■,   : 
in dynamic tests. 

imM 



■.'V.T,1       Tidl'.ig ICJ:   a direct    -omiiarlKOii.     Floxu.-ni   lec'.f   ,;   i'caui were 

I'- •: in on iX_Ix-^   In.   spec1ir.»M   -'ilii a L'-lti.   spai'.   '•',: 'e ;.. 

..-iCi.-i   '.if-x Lest,  lor loan exlstts m the present  lime.    %Bts p'.'.'i'ormed 

'.^< r   ; U'   -..he results o'rtaln(.J  'Je demonstrated  in  the follrving  figures: 

'Ig^iri-  '   !s a photograph of the Plastechon High Speed Teyter. 

•or, - »e,   the stunple  Is placed In oultabie grips and 11   is mounted 

vie  t fi, plntpno.    "Rie top Is statiotuiry,  while the bottom Is 

* r. u^,,   a coupling to the shaft of an air cylinder,    'ihen  the 

\9ea    th ■ iicttan platen Is forced downward loading the sample 

■\ 

\ 

\ 

maxLes  ehe  tests on structural  foa//.8.    Tensile, 

.   Tpsoi.'n teutt) '/ere run on foamc ol' each of three 

o,   L'   .:jt.d 3i; ■    TenflUe and FJy.xural teste were run 

dlr.v' iin of foaming,  vhil'i compression tests were 

rui.        ■        .""erprir.ilcuih;- to and paxeJJ.el  to the direccion of 

foamii. vser.i  avt.-ogcs of }, k or 5 tests as indicated 

in paren '^ndt cr, i.** n^t-.-d from these averages, 

ficwevei-    a ^ ^rd)   l^uu. test specJ-mens varied within 

and betweer. & ^s c<.^p,.'at'en of averages could be 

somewhat m'olead 'r 1'1^lAq ^k):^träte these properties 

VJAI  teil ;if-:-, ■-■miB. 

lulus «u  iy'isity.    Little 

jnic  «S'IH^JJ for deriaKies up to 

,  1 <lt, e •'.•hange is ;voted in the 

aa a function o:  a. 

In Figure j Is p 

difference e-i ma bf 

10 lb/ft3,    fi, ^i; 



dynamic modaluGj   vl.lle the static modiuuE  continucG   to ciLrab and 

to a different order of magnitude. 

Tensile strength and elorigation at break are  plotted   VB foam 

density in Figure k.    Tensile strength  increaces  as  density   increones, 

with lower values observed in dynamic tests thoin  in static   tests for 

densities greater  Jian 10.     Elongation decreases mno-kecLly  as density 

Increases from 6 to 12 In static  t^sts,  vhile In dynamic   tests not much 

difference in elongation is  noted as density  incr.oses.     Above 12 lb/ft 

elongation in dynamic  tests  is greater them that  In  static   tests. 

Ccmpressive modulus vs density (see Figure 5) shows  the eame type 

of pattern as does  tensile modulus vs density.    Above a density of 15 lb/Tt 

dynamic modulus is lower than the static modulus.     The rate of change of 

dynamic modulus with density is small, while the Ptatic modulus Increases 

quite rapidly.    Ccmpressive stress at 2 percent strain plotted ve 

density in the next figure shows the same relationship,   (see Figure 6). 

Flexurol results indicate a reversal in this pattern.     Here the 

dynamic modulus is higher than the static modulus for all densiUoe, and 

rate of change of dynamic modulus increeiBes markedly above a density of 

23.    (See Figures 7 &nd 8)    This  is not observed in static   teats, 

although for densities greater than Jl,  this may occur. 

Flexurol strength and deflection at break are plotted  vt density 

in Figure 8.    No difference in flexural atrength  Is  noted between 

the two test speeds,  except at  the highest densities.     Deflection at 

fail in the dynamic range is only half that in the static  range for all 
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rlennl I Lon . 

'Hie   : ijvi.Tsai   nulcd  ir;  IlcxuruJ  mc/lulur.   IU ailrlba'.cd  tc ad, error 

incurred   Ln  t.lu.'  fxexural   leet applied to  roam materials.    Since the 

samples were loaded (ta a ulmplc benni ajid loaded In the center,  oil 

apeclmens  had n  noticeable   indentation of the I'oam at   the cupports and 

loading noee.    Thus,   the obberved strain is greater than the strain 

which would have been observed  in the absence a!" Indentation,  and the 

oKervcd   ncdulus  is lower  than the actual modulus.    'Oils  indentation 

mid thus  the error  Incurred is probably different  for each density,  and 

this difference  is  reflected to a greater extent in static tests than in 

dynanic  tests.     This error also accounts for the lack of agreement noted 

in modulus  values  in the static  range.    Flexural modulus was in a lower 

ord'ir of magnitude than the  tensile and compresclve modulus. 

The small  change of dynamic, tensile and comprosslve moduli with 

density as density  increases from ih  to 30 lb/ft    in contrast to the 

large change  in the static values may be attributed to one or both 

of the  following factors; 

1.    The mechanism of loading on the sample. 

P..    Temperature effects. 

Mecha*iism of Loading -  In static tests  in tension,  for example, 

both polymeric chains and cell structure orient along the direction of 

pull,   thus  increasing the stiffness and tensile strength in the process. 

In dynamic  tests,   since the pulling action is complete in a few 

milliseconds,   there  is  no time for such orientation to take place.    This 
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is  indicated to cane extent by  the  nature of  the break.     Sarapleo 

broken  Ln static  tents poBeesG a rou^h contour at the cross section. 

Tne cI'oss section cl" the name materlail broken in dynajnic  teats  is 

considerably smoother,  almost conchoidal  in appearance. 

Temperature Effects -  The time  for fracture of the tensile 

specimen varied from 3 milliseconds  for the 8 lb/ft    foam to h milli- 

seconds  for the  30 lb/ft    foam.    During this rapid load application 

enough heat may have been generated to contribute to the low modulue of 

elasticity observed for the higher density foams.     It is logical that this 

heat could be more readily dibsipated into the air spaces of the lov 

density foams so that this effect is not as noticeable below 1^ lb/ft 

density. 

Figure 9 summarizes the test results obtained on structural 

laminates.    Flexurol and compreselve tests were run on Paraplex U3, 

Hetron 92 and Epon 828 each made up into l/8-in. laminates with each 

of two glass cloths;  l8l and 184  (Volon Finish).    As you can see, 

flexural modulus was 10-20 percent lower in the dynamic range than in 

the static  range.    Ccmprcssive modulus and cuji^rebsive streagth were 

also generally lower  in the dynamic range than in the static range,  but 

by an amount triat was somewhat greater and leas consistent from material 

to material.    Flexural strength, however, was greater in the dynamic 

range than in the static range for all materials except Hetron 92 with 

iQk glass cloth.    Tnese values appear to correlate with the appearance 

of the broken specimen.    Samples broken on the ELastechon showed more 
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evidence ol' delominatlon Ihan t.hose oroken on the Instron. Ketron 92 

with ]8k  glaGG cloth, on the other hand, showed a completely different 

type of fracture on the Plactechon. Cne ply separated from the body of 

the cpecimen during the tent, and this may have resulted in the lower 

strength value. 

Ihe large variation noted in comparative corapressive properties is 

attributed to the small number of tests averaged. While five specimens 

were tested for each material, in some instances averages were based on 

less than five tests due to difficulties associated with testing 

technique. Refinements in technique arc desirable to prevent mis- 

alignment of the compression cage and to prevent slippage of the 

extensometer. 

CONCLUSIONS 

In conclusion,   tensile,  flexural and corapressive properties were 

measured on polyester polyurethane foams of 6 to 32 lb/ft    density, 

and flexural and corapressive properties were measured on a limited number 

of structural laminates.    Data was obtained at static loaning rates of 

0.05-0.1 in/rain with failure occurring in a matter of minutes and at 

shock loading rates in the order of magnitude of 2000 in/min with failure 

occurring in a matter of milliseconds.    The latter velocity corresponds 

to that of some wind gusts in stormy weather.    Modulus and strength valuer 

of some of these materials were significantly different when measured 

at shock loading rates than when measured under static loading rates. 
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