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~STRACT (continued)

demonstrate the feasibility of building a flightworthy resonant metal radome:
lightning and rain erosion resistance, precipitation static reduction, tempera—
tut’e/humidity/altitude cycling, corrosion and solvent resistance, and sunshine
exposure.

Flat nels were a ated and tested for microwave performance. Trans- —

mission efficiencies of 87% were achieved without a rain erosion coating and
84% with the rain erosion coating. Results indicate that optimization of the
wall design may yield better performance than achieved in this program. A
hybrid fabrication method utilizing two of the approaches developed was selec-
ted for fabricating two demonstration radomes. The overal l average transmis-
sion efficiency of the demonstration radomes was 77% at resonance (8.875 GHz).
There was a 2.8 dB increase i,n the sidelobe levels for the H—plane and a 5.3
dB increase for the E—plane over the free—space levels for the antenna alone.
Maximum boresight errors at resonance were 7 to 10 milliradians.

The electrical performance of the demonstration radomes agreed well with
the results of the flat—panel tests. Average transmission of the two radomes
was equal (to within approximately 3%) to that of the flat panel which incor-
porated the same slot pattern used on the radoines, at all three test frequen-
cies. This degree of conformance indicates that the compromises necessary to
adapt a periodic array to a double curved radome can be tolerated. Ninety
percent overall average transmission is seen as readily achievable with an
optimized design.

Additional work is recommended in the area of improved analytical methods
for the design of resonant metal radomes as well as continued effort in the
refinement of fabrication methods which are not constrained to the utilization
of existing radome substrates.

~~~~~~~~~~~ 
~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Unclassified
SECURITY CLASSIFICATION OF THIS PAOE(Whon Dma Ent*r.d)

- ~.

-— 

- 

.— -- 
—__________________

) —~ —-—~--—.‘—-—



- —.v.~- —- — 
~~~~~~~~~~~ 

—.,...- -—

- -

~~ PREFACE -

This final report summarizes the work performed under Contract F33615—76—
I C—5157 TMExploratory Development of Resonant Metal Radomes,” from 1 June 1976
1 through 31 March 1978.

- The program was conducted by the McDonnell Douglas Astronautics Company—
St. Louis, St. Louis, Missouri and th~~~ unswick Corporation, Mar ion, Virginia
(under subcontract) and was initiated under Project Number 7371. The work was
administered under the technical direction of Mr. Robert M. Van Vllet Anti
LPO, Electromagnetic Material s Division , Air Force Materials Laboratory, Air
Force Systems Command, Wright Patterson Air Force Base, Ohio, 45433. The

• program at the McDonnell Douglas Astronautics Company—St. Louis (MDAC—St. çI Louis) was under the supervision of Mr. William R. Bushelle, Program Manager.

The authors wish to acknowledge the efforts of the following personnel who
contributed to the successful completion of this program: Mr. C. F. Schmitt
of the Air Force Materials Laboratory for conducting the rain erosion testing;

- 
Prof. B. A. Munk of the Ohio State University ElectroScience Laboratory for
consultation and guidance in the area of electrical design; Messrs. C. R.

- Scott , 3. Z. Catron and the laboratory personnel of the Brunswick Corporation
I for laboratory support; Messrs. J. M. Bennett, D. 1. Boaz, D. Favignano,

• W. D.Fortenberry and R. B. Thomas of the McDonnell Douglas Electronics Company
• for preparing phototransparencies and for photofabrication of specimens;

Messrs. H. M. Kesser, E. Malakells, M. B. Munsel l and E. H. Shulte of the
McDonnell Aircraft Company for laboratory support.

I The authors al so wish to acknowledge the efforts of the following MDAC-

I St. Louis personnel: Messrs. J. 0. Lee, W. E. Mathews, 0. B. Pickett, and

1 1. R. Berkel for laboratory support; Ms. D. Y. Wilson and Mrs. S. A. Schoen for

•~ I administration; Messrs. A. R. Brown and D. L. Xunvner for functional manage—
I ment and technical consultation, Mr. 0. C. Ruhmann for critically reviewing

1 the text, and Mr. B. H. Eninons for coordinating preparation of this report.

-

~~~~~~~

iii

;1~- . -
~r B

_________ —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~



~ 
- --—-- --

*

TABLE OF CONTENTS
SECTION PAGE
I INTRODUCTION AND SII4MARY I

II IDENTIFICATION OF APPROACHES 4
2.1 DESCRIPTION OF EACH APPROACH. . .  . .  4
2.2 PRELIMINARY EVALUATION 

~~0

2.3 MATERIALSELECTION 12

III COATING SYSTEM DEVELOPMENT • • 15
3.1 ELECTROFORM APPROACH 15
3.2 PLATE AND ETCH APPROACH  20
3.3 WALLPAPER APPROACH 21
3.4 CONCLUSIONS 23

IV ENVIRONMENTAL TESTING 25
4.1 LIGHTNING TESTS 25
4.2 RAIN EROSION TESTS 39
4.3 PRECIPITATION STATIC TESTS 53
4.4 OTHER ENVIRONMENTAL TESTS 62

V ELECTRICAL TESTING 72
5.1 OUT OF BAND ATTENTUATION MEASUREMENTS 72
5.2 FLAT PANEL TESTS 82

VI DEMONSTRATION ARTICLES 116
6.1 SUBSTRATE FABRICATION 116
6.2 RESONANT METAL COATING FABRICATION 118
6.3 ASSE~~LY 121
6.4 TESTING 125
6.5 COST ANALYSIS 143

: 6.6 ENVIRONMENTAL IMPACT STATEMENT 143

VII CONCLUSIONS 144

VIII RECOMMENDATIONS 146

APPENDIX A 149

APPENDIX B 152

APPENDIX C 188

REFERENCES 206

GLOSSARY 208

V

-

- 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~

L -. —~~ .—--n~_. ______ - - _________



F— ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— —  -

- -

LIST OF ILLUSTRATIONS

Figure Page
1 Electroform A p p r o a c h . . . . . . . . . . . .. . . . . . . .  5
2 Plate & Etch Approach . . . . . . . •. . . . . . . . . . . . 7
3 Wallpaper Approach . . . . . . . . . . . . . . . . . . . . . 8
4 Raised Slot Approach . . . . . . . . . . . . . . . . . . . . 10
5 Raised Slots Sl ipcast on a Doubly Curved Fused Silica

Radome Section . . . . . . . . . . . . . . . . . . . . . . . 12
6 Planographic Mandrel After Forming . . . . . . . . . . . . . 16
7 Nickel Coated Radome Section, Made Using the ElectroformApproach . . . . . . . . . . . . . . . . . . . . . . . . . . 19
8 RF—4C After Direct Natural Lightning Strike to Radome . . . 26

9 Current Test Waveform Components for Eval uation of
Direct Effects . . . . . . . . . . . . . . . . . . . . . . • 27

10 Intermediate and Continuing Current Damage to Copper
Coated Fiberglass Panels . . . . . . . . . . . . . . . . . . 29

11 Slot Configurations Used for Lightning Tests . . . . . • . • 32

12 SImplified Block Diagram of Lightning Test Setup . . . . . . 33
• 13 Lightning Test Setup . . . . . . . . . . . . . . . . . . . . 34

14 Post Test Photograph of Lightning Strike Specimen 12 Nil
Copper,No Polyurethane . . . . . . . . . . . . . . . . . .  36

15 Post Test Photograph of Lightning Strike Specimen 12 Mil
Copper, 15 Mil Polyurethane . . . . . . . . . . . . . . . . 36

16 Comparison of Metal Thickness vs Lightning Damage . . . . . 37

17 Damage vs Slotted Metal Thickness for Polyurethane Coated
Copper Specimens...................... 38

18 Mandrel for Rain Erosion Specimens . . . . . . . . . . • • • 42
19 Electroformed Nickel , Bonded to Fiberglass Epoxy

Substrate . . . . . . . . . . . . . . . . . . . . . . . . . 43

20 Bonded Copper Specimen with Filled Slots . . . . . . . . . . 44 ¶
21 Electroplated Copper Specimen (#7563) After 5 M m .

• 
- Exposure to 1 Inch per Hour Rain at 500 mph . . . . . • • . 48

22 Bonded Copper Specimen (#7566) After 5 M m .  Exposure to
• 1 Inch per Hour Rain at 500 mph . . . . . . . . . . . • • . 48

23 Rain Erosion Specimen (#7564) After 5 M m .  Exposure to
1 Inch per Hour Rain at 500 mps (1.5X ) . . . . . . . . . . . 49 - •

24 Rain Eroslon Specimen (#7767)............... 50

25 Electroplated Copper Specimen (#7563) After 5 M m .
Exposure to 1 Inch per Hour Rain at 500 mph (5X) . . . . • . 52

_ _ _ _ _ _ _

• - - - 
~~.l•._ • 

t% t ’~- ~ , 
- ,~ • -. _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —--~.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— ~--~~~_~_~~—

LIST OF ILLUSTRATIONS (Continued)

Figure • . Page
26 Polyurethane Coated Specimen, Failure Initiation Occurred 52on Center Loading Element (#7558) . . . . . . . . . . . .
27 Blown Dust P—Static Simulator . . . . . . . . . . . . . . .
28 P-Static Test Panel with Blact Polyurethane Erosion 56Coating and Slotted Metal Coating . . . . . . . . . . . .
29 P-StatIc Test Panel with White Polyurethane Erosion

Coat ing, But No Slotted Metal Coating . . . . . . . . . . . 57
30 P—Static Test Panel with White Polyurethane Erosion

Coating and Slotted Metal Coating . . . . . . . . . . . . . 57
31 Panel Installed in Blown Dust Test Setup . . . . . . . . . . 58
32 Typical Environmental Test Specimens Before Exposure . . . . 65
33 Environmental Test Specimens After 100 Hours of Simul atedSunshine Exposure . . . . . . . . . . . . . . . . . . . . 66
34 Environmental Test Specimens After Exposure to Temperature/

Humidity/Attitude Cycling . . . . . . . . . . . . . . . . . 67
35 EnvIronmental Test Specimens After 4 Hours Immersion inJP—4 Fuel . . . . . . . . . . . . . . . . . , . . . . . . . 68
36 Environmental Test Specimens After 4 Hours Immersion in

• MIL—H—5606 Hydraulic Fluid . . . . . . . . . . . . . . . . . 69
37 Environmental Test Specimens After 240 Hours of 5% Salt

Spray Exposure . . . . . . . . . . . . . . . . . . . . . . . 70
38 MIL—STD—285 Type Test Setup . . . . . . . . . . . . . . . . 74
39 MIL—STD—l377 Test Setup.................. 75
40 RNR Specimen Mounted in MIL—STD-1377 Test Setup . . . . . . 76
41 Attentuation of a Singly Coated Specimen (0.1 MHz—

1000 MHz) . . . . e e . . a a a e a • • a • a . • a a a S 71
42 Atte nuatIon of a Singly Coated Specimen (1 GHz—12 GHz) . . . 78
43 Bi—Planar Slot Array . . . . . . . . . . . . . . . . . . . . 79
44 Attenuation of a Bi—Pl-anar Slot Array (1 GHz—12 GHz) . . . . 80

45 AttenuatIon of a Singly Coated Specimen Centerloaded
• Design (1 GHz—15 GHz) . . . . . . . . . . . . . . . . . . . 81

46 Flat Pattern, Single Curvature Approximation, of the
Jetstar Radome . . . . . . . . . . . . . . . . . . . . . . . 84

47 The Two Slot Element Designs Used for the Flat Panels and
on the Radomes . . . . . . . . . . . . . . . . . . . . . . . 84

48 Slot Patterns with 50° and 56° GrId Ang les as Used on
the 50 and 56° Triangles . . . . . . . . . . . . . . a . • 85

•1

- 

~~~~~~~~~~ ~- . 
J

— —~~~~ ~~ - —  — -~ - -~~ -‘~~ L & ~~~~~~~ _........ — -~~~~~ — _______ ~~ —~~~~~~~~~~~ ~~~~ ~~~~ 
—



-_•--,--- — c_ _ ._ —----.-—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~-_ 
_ 
- -—

LIST OF ILLUSTRATIONS (Cont inued)

Figure Page
49 Slot Patterns wIth 60° and 700 GrId Angles as Used on the

600 and 70° TrIangl es . . . . . . . . . . . . . . . . . . . 85
50 Typical 600 TrIangle Like that Used on Test Panel No. 3 . . 86
51 Detail of Interfaces Between Various Combinations of

• Copper Triangles, Like those Used on the Flat Panels and 87the Radome . . . . . . . . . . . . . . . . . . . . . . . .
52 Construction Detail of Flat Panel s Used for Electrical 89Testing . . . . . . . . . . . . . . . . . . . . . . . . .
53 Measured vs Theoretical Results for Reference Plexiglas

ane . . . . . . . . . . . . . . . . . . . . . . . . . .
54 Effects of Rain Erosion Coating on Resonant Frequency . . . 91
55 Test Arrangement, Flat Panel Tests . . . . . . . . . . . . . 92
56 Test Panel No. 2, 50° Pattern, Before Eros ion Coating . . . 94

• 57 Test Panel No. 3, Before Appl ication of the Erosion
Coating . . . . . . . . . . . . . . . . . . . . . . . . . . 94

58 Measured Transmission, RMR Panel No. 2, 9.9 GHz, Four
Polarization/Slot Orientation Conditions . . . . . . . . . . 96

59 L1 (Leg Length, Center to Tip) Versus Frequency . . . . . . 106
60 Definition of and L2 . . . . . . . . . . . . . . . . . . 106
61 L2 (Leg Length, Near Edge to Tip) Versus Frequency . . . . . 107
62 Flat Panel Number 11 Face Sheet . . . . . . . . . . . . . . 107
63 C—l40 Nose Radome . . . . . . . . . . . . . . . . . . . . .  117
64 Doubly Curved Transparency Used to Image the Resist for

the Nosecap Mandrel . . . . . . . . . . . . . . . . . . . . 119
65 Mandrel for Electroformlng the Radome Nosecap . . . . . . . 120
66 Electroformed Copper Nosecap for the Demonstration

Radome . . . . . . . . . . . . . . . . . . . . a . . . . . . 121
67 DemonstratIon Radome, Coated with AF 147 Film Adhesive

and Some Triangles In Place . . . . . . . . . . . . . . . . 122
• 68A Demonstration Radome Completely Metallized . . . . . . . . . 123

688 Nose on View of Metallized Jetstar Radome . . . . . . . . . 123
69 The Completed Resonant Metal Radome with Rain Erosion

Coating . . . . . . . . . . . . . . . . . . . . . . . . . . 124
70 ANT—1G (X—Band ) Sector Scanning Antenna . . . . . . . . . . 125
71 BrunswIck Radome Test Range . . . . . . . . . . . . . . . . 127
72 Test Arrangement, Transmission and Directional Accuracy . . 128

VII)

__________ ______ 

:i~-~- ~~~
_______ • - • ._ - 

~~~~~~~
_______________________ __________ a-



‘~~~~~~~~~~~~~~.~~ ‘.‘—-~—-- -- -4 “~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LIST OF ILLUSTRATIONS (Cont inued)

Figure Page
73 Block Diagram of Instrumentation for Radar/Antenna/Radome

Pattern Measurements . . . . . . . . . . . . , . .  . . . ..  129
74 Transmission vs Frequency, RMR S/H 2, Three AzimuthAngl es . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
75 Resonant Metal Radome S/N, Performance for Azimuth Scans

at 0° ElevatIon, Three Frequencies . . . . . . . . . . . . . 133
76 Slotted Radome Test Panel Before Lightning Tests . . . . . 138
77 Final Configuration Lightning Test Waveform . . . . . . . . 139
78 Slotted Metal Radoine Test Panel No. 1 After LightnIng

Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 140
79 Slotted Metal Radome Test Panel No. 2 After Lightning

Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 140
80 Backside of Radome Test Panel After Exposure to 200,000

Amp Simulated Lightning Strike . . . . . . . . . . .  . . . .  141
81 X—Ray of Slotted Metal Radome LIghtnIng Test PanelNo. 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
82 X—Ray of Slotted Metal Radome Lightning Test PanelNo. 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

ix

~~~~~~~~ ~~~~~~~~

-~~ — -—- —~---~-—- rn-~~~- ~~~~~~~~~~~~~~~~~~~~~~~ — -- ~~~~~~---- -~~



LIST OF TABLES 

-

~~~~~~~~

__ _ _ _ _

Table Page

1 Results of Series 1, 200 kA Lightning Tests . . . . . . . . . 30
2 Results of Series II, 200 kA Lightning Tests . . . . . . . . 31
3 Results of Series I, 50 kA Lightning Tests . . . . . . . . . 31
4 Rain Eros ion Data from the First Test Ser ies 500 mph,

1 Inch/Hour Simulated Rainfall (1.8 mm Dia. Drops) . . . .  45
5 Rain Eros ion Data from the Second Test Series 500 mph,

1 Inch/Hour Simul ated Rainfall (1.8 mm Dia. Drops) . . . . a 46
6 Ra in Erosion Data from the Th ird , Fourth, and Fifth Test

Series 500 mph , 1 Inch/Hour Simulated Rainfal l (1.8 mm
Dia. Drops) . . . . . . . . . . . . . . . . .  47

7 Description of Test Panels . . . . . . . . . . . . . . . .  56
8 EMl Test Equipment  58
9 RF Noise Measurement Resul ts . . . . . . . . . . . . . . .  59
10 Charging Current Results . . . . . . . . . . . . . . . . .  60
11 Description of the Five Groups of Slotted Metal Radome Test

Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

12 Environmental Exposures and Test Results . . . . . . . . . . 64
13 Transmission Response (Resonant Metal Radome Panel No. 2) . . 97

14 Transmission Response (Resonant Metal Radome Panel No. 3) . . 99

15 Transmission Response (Resonant Metal Radome Panel No. 4) . . 100
16 Transmission Response (Resonant Metal Radome Panel No. 5) . . 101

17 Transmission Response (Resonant Metal Radome Panel No. 6) . . 103
• 18 Transmission Response (Resonant Metal Radome Panel No. 7) . . 104

19 TransmIssion Response (Resonant Metal Radome Panel No. 8) . . 105
• 20 Transmission Response (Resonant Metal Radome Panel No. 9) . . 109

21 Transmission Response (Resonant Metal Radome Panel No. 10) . 110

22 Transmission Response (Resonant Metal Radome Panel No. 11) . 111
23 TransmissIon Response (Summary for RMS and A-Sandwich

Panels) . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
24 Insertion Phase Response — Resonant Metal Radome Panels . . . 113

25 Transmission Response (Biplanar Array) . . . . . . . . . . . 115
26 System Antenna SpecIfications . . . . . . . . . . . . . . . . 126

27 Measured Transmission Results Sumary for Resonant Metal
Radomes . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

28 Worst-Case Stdelobes , Test Antenna and Two RMR Domes . . . . 136
29 Performance Summary for Resonant Metal Radomes . . . . . . . 137

_ _ _  
_ _ _ _ _ _ _ _ _ _ _ _  

• ::-

~~~~ - --
• —.----—~~ — - — •--- --- 

_ -~-‘-~~~ ~~~~~~~~~~~~~~ - -~~~--- -~~~~— ----~ ~~~~~~~~~~~~~~



-- .-~• - ~ - . —--,---- • _ .- _--~~ — ~~—---- ---- •-— --—----~ - - --- -
~~ ~~~~~.__

• 

¶

•

~~

_____ __ -- - --— _ - . _ - - — — _---- — - • —.

~~~~
-------——-- • .—•

~~~

SECTION I

INTRODUCTION AND SUMMARY

Al though the concept of resonant metal radomes is not new, there has been
renewed Interest in their study because of their potential for overcoming dis-
advantages inherent in conventional radomes, such as susceptibility to light-
nIng damage and static charge bui ld—up. Al so, a resonant metal radome offers
electromagnetic pul se (EMP)/electromagnetic interference (EM!) attenuation.

• Finally, the resonant metal radome concept affords the radome designer a new
set of design options not available with conventional radomes. For example,
the potential exists that metallic radome designs may be a solution to the
radome problems associated with hypersonic flight , such as ra in eros ion and
thermal shock , or the solution to future design requirements such as laser
hardenIng and IR signature reduction. All of this translates to improved
survivability and penetration capability for military aircraft and missiles,
and improved safety for all aircraft.

The resonant metal radome concept was most successfully demonstrated by
E. 1. Pelton of Ohio State University (OSU), in a study funded by the Air
Force Av ionics Laboratory (Reference 1). This study showed that excellent
electrical performance was achievable from resonant metal surfaces in a coni-
cal shape. Pelton employed a periodic slotted metallic surface of novel
design, developed by extending the work of Munk and Mentzer (References 2
through 5). The OSU radome was constructed of thin copper cl ad circuit board
material and did not address the difficulties associated with building a
fi lghtworthy radome. Fabrication of a slotted metal surface on a compound
curvature or the problems of obtaining adequate adhesion of the metal coating

• to a substrate of sufficient strength to resist the rigorous environments
encountered in flight were not addressed in the OSU study.

The solution of these problems was the logical next step in the develop—
ment of a resonant metal radome and was the objectIve of this program.

- -~~ - ~~~~~~~~~~~~~~~~~~~~~~~ - •
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The program consisted of three major phases:
Phase I — Material s and Processes Selection and Evaluation , wh i ch

included a study of material s, processes , and approaches for
fabrication of the radomes in addition to process development
and specimen level evaluation.

Phase II - Coating System Development, in which the selected system was
further developed, ref ined, and electrically tested.

Phase III — Scale—Up and Demonstration, which included process scale—up
and fabrication of two demonstration radomes. Additionally,
the electrical performance of the demonstration radomes was
characterized in this phase.

Four distinct approaches for fabrication of a flightworthy resonant metal
radome were identified. Prel iminary devel opment work revealed that three of
the approaches had potential for meeting the program requirements. These
three approaches were further developed , refined, and evaluated. Testing,
which simulated flight environments , was conducted to characterize the perfor-
mance of metallic radomes. In addition , these tests were used to determine
material parameters, i .e., metal and erosion coating thicknesses for this pro-
gram specifically. The testing conducted included : lightning and rain
erosion resistance tests, precipitation static susceptibility tests, tempera-
ture/humidity/altitude cycling , and corros ion, solvent and sunshi ne exposure
tests. At the completion of the development work and testing program an
approach was selected for fabrication of the demonstration radomes. Flat
panel specimens were made by the selected fabrication method and microwave
performance measurements conducted to characterize electrical performance of
the panels. This information was used in the design of the demonstration
radomes.

A radome used on a modern jet aircraft which has both military and com-
mercial applications , was sel ected to be covered wi th the slotted metall ic
coating developed in Phases I and II. The radome selected, the Lockheed •

Jetstar (C—14O ) nose radome, utilizes an A—sandwich type wal l construction and
has a rounded shape that was a chal lenge to metallize. Two of these demons-
tration radomes were fabricated and tested. Power transmissIon efficIency,
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antenna pattern distortion, and boresight error were measured. The results of
this work Indicate that metallic radomes exhibit good near-term potentIal for
aircraft appl icatIons, although additional development work is required to
optimize performance.

• Average one—way ~ wer transmission (all incIdence angles) was nearly
• 78%, and while this is not optimum performance, the radomes do work (radar

range is 95% of the range of the unmetallized radome), and the potential for
improvement was demonstrated in other tests accomplished in this program.
Performance of 85% overall average transmission is probably achievable wIth
only minor redesign of the coating. The potential for 90% overal l average
transmission is seen as readily achievable, with redesign of the radoine to
account for the metal coating.

In addition , the radomes demonstrated precipitation static reduction,
l ightning resistance, and significant out—of-band attenuation for EMP/EMI
protection, while meeting requirements for environmental and rain erosion
resistance.
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• SECTION II

IDENTIFICATION OF APPROACHES

This section descrIbes each of four approaches identified for fabricating
a resonant metal radome. In addition , prel iminary evalua ti on of these
approaches and selection of coating material s are discussed.

2.1 DESCRIPTION OF EACH APPROACH
For this study , four methods for providing an adherent and uniform

slotted metal coating for a representative aircraft radome were identifi ed and
eval uated.
These methods were: - - 

-~

o Electroform Approach -

o Plate and Etch Approach
o Wall paper Approach
o Raised Slot Approach 

- 

~ 
- . 

•

Each of these approaches is described in the followi ng paragraphs. -- •

ELECTROFORM APPROACH
This approach, illustrated in Figure 1, i nvol ves electroformi ng a metal

shell in a female planographic mandrel. The mandrel Is made of metal which
has been etched with the requi red slot pattern to some depth short of etch
through, and is in the required radome shape. The etched pattern is filled
with a diel ectric material such as a silicone or Teflon to prevent pl ating in
those areas. The metal mandrel is made of a metal dissimilar to the metal
which is to be electroformed, in order to achieve easy release of the electro-
form from the mandrel. For Instance, nickel or copper electroformed on a

• stainless steel mandrel can be easily separated from the mandrel . The coin-
pleted female mandrel Is then placed in the plating bath and the InterIor sur—
face plated, using a conformal anode to assure even current distribution.
When the correct thIckness Is attaIned , the mandrel and electroform are

• removed from the bath. Metal will not deposIt on the areas whIch are fIlled
with dielectric, therefore the completed electroform has the slots formed In
it. The radome substrate is now laid up inside the electroformed slotted dome
while the dome Is still in the mandrel . The epoxy or other binder fl ows in

V
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and fills the slots in the metal dome providing a mechanical interlock as well
as an adhesive bond between the metal dome and the radome substrate. After
curing the lam inated substrate, the metal coated dome is removed by differen-
tial thermal contraction of the assembly and the radome is withdrawn from the
mandrel. The outer finish of the metal coated dome exactly matches the inner
surface of the planographic mandrel , so that any degree of smoothness Is
obtained up to a mirror quality finish by careful polishing of the mandrel.

PLATE AND ETCH APPROACH
This approach is pictorial ly illustrated in Figure 2. After metal coat-

ing a radome by electroplating, a photographic transparency is made having the
required slot pattern printed on a pl astic film which conforms to the radome
shape. The metallic radome is then coated with a photosensitive resist
(photomaskant) and the transparency placed over the radome and pulled down
tightly by vacuum. This procedure is followed by exposure of the assembly to
ultraviolet light (UV) which polymerizes the resist in the areas struck by the
UV. The transparency is removed and the image formed by the clear areas of
the transparency Is insoluble in the developing bath. The slots, which are
opaque areas on the transparency, recei ve no UV exposure and are dissolved In
the developer. After developing the photomasked radome, it is spray—etched to
remove the metal not protected by the photoresist, thus creating the slots.

WALLPAPER APPROACH
Another approach Is to photomask and etch the required slot pattern into

flat sheets of ductile metal foil and then form the sheets to conform to the
radome surface (Figure 3). The formed sheets are bonded to the radome sub-
strate using an adhesive, then the assembly is vacuum bagged and cured. These
premasked and etched sheets eliminate having to make a doubly curved photomask
transparency or a full sized radome mandrel , and allow use of readily avail-
able printed circuit board equipment and techniques to mas k and etch the
slots.

If the sheets are smal l, rel ative to the curvature of the radome, distor—
tion of the slots by forming will be minimal , and in fact, it was demonstrated
that forming was not required for sheets which are applied to the areas away
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from the nose of the radome, since these areas are very nearly singly curved
(therefore developable) surfaces.

• Because the slots are etched before bonding , the slots are filled by the
epoxy adhesive when it flows during the bonding process, yielding a smooth
outer surface.

RAISED SLOT APPROACH -

The fourth approach, depicted in Figure 4, invol ves casting raised slots
on the radøme’s outer surface. This is accompl ished by l aying up the radome
in a - female master mandrel which has the slots as recesses in the mandrel sur-
f8ce. - Excess resin will fill the recesses during the layup and form raised
slots. The mandrel is made to come apart In sections to release the laid—up
part. • The tops of the raised slots are coated with a uistop_offe material
which resists being plated. The entire radome surface can then be plated,
first by an electroless method, then by electroplating to build thickness.

When the metal deposit becomes flush with the raised slots, the radome is
removed from the plating bath. This yields a metal coated radome with slots
which are filled with diel ectric and are flush with the metal surface. -

2.2 PRELIMINARY EVALUATION
Specimens were prepared of each of these four approaches in order to

• evaluate their worth and identify potential difficulties. In this preliminary
evaluat ion, the processes that would be Involved in fabricating a metal radome
by each of the approaches were further defined, and as many of the fabrication
steps as possible Identified. As a result of this Initial evaluation , it was
decided to pursue three of the approaches further.

To prove the concepts, small (typically 6 x 6 inch) specimens were fabri-

• cated In the laboratory. To examine the electroform approach, a sheet of J
thin, flat, stainless steel was photoetched with the slot, pattern. The slots I j
were filled with silicone rubber which was then cured. This simpl e mandrel . j
was plated with nickel , and a fiberglass—epoxy layup was made on the exposed

• surface of the nickel. The epoxy was cured and the nickel electroform was
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separated from the stainless steel mandrel. The resulting part demonstrated
that this approach was worth pursuing.

Since the problems of plating and etching were addressed in the next two
approaches discussed here, preliminary evaluation of the plate and etch
approach by itself was not made. DemonstratIon of the wallpaper approach was
made by photomasking thin copper sheets with the slot pattern. At the time of
this evaluation it was not clear whether the centerloading element would be
used, so the copper foil was masked and not etched, which allowed retention of
the center element. The phot’~asked copper was formed over a typical section
of double curved radome surface by hand, and with the aid of a vacuum bag. A
fi un adhesive was used to bond the masked and formed copper sheet to the
fiberglass epoxy substrate. After curing the adhesive the part was spray
etched to produce the slots. The centerloading elements were now held tn
place by the adhesive. It was judged that this approach also had potential.

The raised slot approach was demonstrated in these preliminary evalua-
tions using a ceramic substrate. A pl aster mold of a smal l radame section was
made, with the slots as depressions In the surface of the plaster. Silica was
slip cast into this mold, and after the part “set up,” It was removed from the
mold and fired. The fired part Is shown in Figure 5 where the raised slots,
which were cast into the surface can be seen. The part was electroless copper
plated and then electroplated with copper to a thickness equal to the height
of the raised slots. No stopoff, to prevent plating on the slots, was used In
this evaluation , so the copper which plated on the slots had to be sanded off.
This technique was also tried on plastic parts. Some problems arose with the
mold release agents, which were used to allow removal of the pl astic part from
the mold, Interfering with the pl ating process. It was felt that this problem
could be overcome, but because this approach was not a coati ng technique as
called for In the contract, but would require fabrication of a new radome

• design, It was decided not to pursue this fabrication technique further in
this program.

Three approaches were sel ected for further development and the develop—
• 

•~~ • ment work accomplished is described In Section 3.0, following the discussion 
-

•

on material selection.
‘ I 
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Figure 5 Raised slots slipcast on a doubly curved fused silica radome section

2.3 MATERIAL SELECTION
A number of materials were considered for use in the resonant metal

radome. Radome substrates are typically epoxy, polyester, or polyimide with

L 

E—glass fibers. The metallic coating can be any conductive material , mak ing
metals the prime candidates.

- - 0-f the metals, copper and nickel were the prime candidate materials for
the metallic coating. Nickel is easily applied , using either electroless or

- - 
electrolytic or both pl ating methods. Electroforming nickel is possible and
the electrofonned parts have good mechanical properties. Nickel Is easily
etched, and as Weav er demonstrated, Is highly rain erosion resistant (Refer-
ence 6). It is also re~1stant to corrosion, and from an electrical standpoint

_______ 
nickel Is a viable coating candidate, although Inferior to copper. However,

~~~ 
for thin coatings, less than 50 mIls, the surface conductivity of the slot
well does not significantly affect microwave transmission.

______________________  
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Copper like nickel Is easily etched and pl ated by several processes. It
is possible to etch copper to closer tolerances than nickel (Reference 7).
Like nickel it can be electroformed, and it Is an excellent choice from an
electrical performance point of view. Copper is easily formed, and while It
does not have the rain erosion resistance of nickel , it is more erosion resis-
tant than most currently used radome materials.

Compatibility between the radome substrate material and the proposed
metal coating was considered. Principally, the difference in coefficient of
thermal expansion between coating and substrate was of concern. It was
thought, and later demonstrated, that by keeping the coati ng thin relative to
the substrate and by achieving a good bond between coating and substrate, the
metal coating will expand and contract with the radosne substrate without
delamination of the coating.

The rain erosion coating used in this program is a polyurethane system
developed by the Air Force and Olin Chemical . It is a two part system sold
under the trade name Astrocoat and conforms to MIL—C—83231, Types I and II.
The Type I system consists of primer and rain erosion resistant basecoat. The
Type II system Is the same except the Type II system receives an antistatic
topcoat. Throughout this program, only the Type I coating (no antistatic top-
coat) was used, since the metallic coating acts to el iminate static charge
buildup.

Polyurethane represents an advancement in the state—of-the—art in elasto—
meric coatings for rain erosion resistance. Like the standard neoprene, poly—
urethanes will provide rain erosion protection to reinforced pl astic sub-
strates at Mach 1.5. They have been utilized on radoines simi lar to the C—140
(selected as the demonstration r’adcme), and have shown good service life, as
well as allowing good electrical performance. The material can be used at
steady state conditions up to 175°F with allowable short term temperature
exposure to 350°F. This polyurethane system affords protection far above the
previously standard rain erosion coating, neoprene. For example, the specifi—
cation requIrements for polyurethane coatings is a resistance to damage -for • -

120 minutes when exposed to a 1 Inch per hour rain-field at 500 miles per hour.
The requirement for neoprenes is a resistance to damage of 8 to 10 minutes

- 
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under the same conditions. Polyurethane rain erosion coatings are success-

fully being utilized on the F—14, F—4, and F— 5 nose radomes and are applied in

the field to replace neoprene coatings on the F-ill and earl ier model F—4

radomes.
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SECTION III

COATING SYSTEM DEVELOPMENT

Four methods for providing an adherent and uniform slotted metal coating
-for a representative aircraft radome were identi fied and described in the pre-
ceding section. Preliminary work to evaluate the processes and materials
invol ved In each approach indicated that the first three approaches: electro-

• form, plate and etch, and wallpaper, had the greatest potential for meeting
the program requirements and major emphasis was placed upon their development.
The following paragraphs describe the development work accomplished on these
three approaches.

3.1 ELECTROFORM APPROACH
Manufac ture of a metal radome spec im en by the el ectroform app roac h

requires that a mandrel be made, upon which to form the part. Since we were
principally considering using nickel or copper as the material for the metal-
lic coating, the mandrel had to be made of a material upon wh ich nickel or
copper could be electro deposited but would not adhere. Stainless steel was
selected as the mandrel material. Initially one scheme involved etching the
slot pattern on flat plates and fonni ng these etched flat p1 ates to the radome
shape In sections. These sections would then be seamed together to form a
complete radome mandrel . One concern was whether the slots would be distorted
enough -In the forming process to adversly affect electrical performance. To
address this concern, two sheets of 0.090 inch thick stainl ess s~;eel (13 x 16

• inches ) were photoetched with the slot pattern. One sheet was 321 S.S. and the
other was 304 S.S., since we were also interested in comparing etch character-
istics of two alloys. The sheets were cleaned , passivated , maske d w ith
Kodak’ s KMER photoresist, exposed, devel oped, and spray etched with ferric
chloride. There were no noticeable differences in etch characteristics
between the 304 and the 321 staInless.

In order to form the panels into a contour representative of a radome, a
• section was cut -from an F-4 radome. The section was taken from the region of

greatest compound curvature and was used as the pattern from which a klrksite •
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stretch form block was made. The etched stainless sheets were then stretch
formed to that radome section contour. Figure 6 shows the mandrel after
forming.
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Figure 6 Planographic mandrel after forming
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Be-fore forming, dimensions of a diagonal row of slots were taken, using
• an optical comparator. After forming, these dimensions were again measured

and then compared with the original element dimensions and it was found that
“growth” of the individual elements due to stretching of the metal was found
to be within the tolerances given in the statement of work (+0.02 cm). Based
on these results, patching together a slotted metal surface Is feasible, pro-
vided that the inter-face between panels can be handled satisfactorily.

The slots were etched 0.008 inch deep Into the 0.090 inch thick stain-
less. To complete the mandrel the slots had to be filled with a dielectric
material. The -filler material requirements were: (1) that It be easily
applied and have good adherence to stainless, (2) that it have chemical resis-
tance, (3) that it be an electrical insulator, and (4) that epoxy adhesives
not bond to it. After trying several different materials, a spray applied
fluorocarbon, Dupont ’s 958—207 Telfon—S, was selected as the filler material.
The mandrel surface was vapor degreased and baked. The Tefl on was spray
applied to the preheated mandrel and partially cured between coats. After
approximately five mils of coating thickness was built up, the Teflon was
final cured. The slotted surface of the mandrel was sanded to remove the
Teflon everywhere except in the slots. The surface was polished and the edges
and back of the mandrel masked with Turco 525 chem mill maskant so that
pl ating would not deposit there. The mandrel was cleaned in detergent and
water until a waterbreak free surface was attained. To Insure release of the
electroform from the stainl ess steel mandrel , the mandrel was passivated.
Passivation was accomplished by limnersion of the mandrel In a 50% nitric acid
solution for one hour. The mandrel was then rinsed In deionized water and
placed Inuiediately In the pl ating bath.

To obtain uniform thickness of the electroform and minimize pitting , a
conformal anode, aplexig las -frame about the perimeter of the mandrel , and a
relatively low current density while pl ating were used. After electroforming
was complete, fiberglass-epoxy layups were made and cured Inside the electro-
form while still in the mandrel. The mandrel provides stiffness and shape to
the assembly until the layup is made and cured. In addition, the mandrel
locates the c nterlo dlng •l~~ents, when that design Is used. Problems were

encountered In separat ing the elec t roform from the mandrel • For examp le , the
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fiberglass-epoxy would separate from the electroform, instead of the electro-
form from the mandrel. It was determined that It would be necessary to use an
adhesive between the fiberglass—epoxy prepreg and the electroform in order to
achieve a good bond. Several adhesives and cleaning procedures were eva]u-
ated. At first , a matrix of four metal preparation techniques and three
adhesives were evaluated . Electrofonned nickel was the metal used in the

tests. The resulting bonds were good but an accurate determination of the
best combination of adhesive and metal surface preparation method was not
made. A ~mre careful test was required to make a valid judgement, therefore a
matrix of six metal surface preparation techniques, three adhesives, and two

metals (Cu and Ni) was drawn up for a second test. These specimens were made
in a la p shear configuration and were tested on an Instron tensile test
machine. The best combination of peel strength and shear strength was
obtained with an AF 147 supported film adhesive manufactured by the 3M Company
in conjunction with a cleaning procedure which involves pickling the surface
of the metal to be bonded In a nit r ic hydrofluor ic ac id soluti on for 20
seconds. This technique was used In the successful fabrication of a large (9
x 13 inch) doubly—curved process development specimen (shown in Figure 7) and

provided a good bond between the fiberglass-epoxy and the electroform.

Specimens like the one just described were fabricated with equal success

using both nickel and copper electroforms. A prepreg fiberglass—epoxy system
was used for the substrate and the system was cured In an autoclave at 350°F
and 50 psig for two hours.

There was a problem with small bubbles occuring in the adhesive. The

amount of bubbling was reduced when the vacuum pump was left on throughout the
cure cycle rather than venting the vacuum bag as is normally done when pres-
sure is appl ied to the autoclave. Additional ly, it was thought that slower
warmup of the autoclave would allow more complete flow of the adhesive before
a cure was achieved, thus reducing the amount of bubbling. This too was

tried, with some improvement In evidence, but the problem was not el iminated.
It was thought that unsupported AF 147 fIlm adhesive might solve the problem
since -It was suspected that voids might be introduced when the scrim cloth Is
put In the film adhesive. In addition a scrim cloth was used between the
adhesive and the electroform to allow any entrapped air to bleed out during
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the cure cycle. This method worked well , in that bubbl i ng In the adhesive of
the finished part was el iminated.

12—1271

‘4

c~~~c4~~~ 4u(’4~~ 
-

4 44c~~~ r~~~~.~~ . - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
€ 44 4

444

(

c~~~4 c 4 4. ? ”  ?~44 -

“4444 44’(

- 

L

FIgure 7 NIckel coated radom. asction, made using the electroform approach
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The Teflon dielectric used to fill the slots In the mandrel was showing
signs of wear, and required refurbishment , after several uses. Some experl—
mentatlon was conducted with cure cycles but little improvement was noticed.
It was discovered however, that if the Teflon were allowed to age for a couple
of months, its resistance to deterioration was greatly enhanced.

3.2 PLATE AND ETCH APPROACH
The method Investigated here for coating the radome with metal was by

plating. Plating of plastics is normal ly accomplished by one of two methods.
The most coimnon method -In use today is electroless plating using a paladium
based catalyst. However, economic methods for vapor deposition of metals on
plastics have recently been developed for high volume production (Reference
8). We investigated both techniques and encountered problems which made the
plate and etch approach unattractive for our appl ication. For most conmiercial -

applications the plastic plated Is ABS (Acrylonitrile-Butadiene—Styrene) and
the plating techniques are well developed. However for the substrates of
interest here, principally fiberglass-epoxy, most metallizing experience is In
pl ating through the holes of multilayer circuit boards. In trying to plate
large smooth surfaces on fiberglass-epoxy, it was difficult to achieve good
peel strength although appearance of the pl ating was good. It was found
necessary to mechanically roughen the surface of substrate materials In order
to achieve good adhesion no matter which pl ating method was used. light grit

blasting with glass beads at about 15 psig gave good results. In addition to
vacuum metallizing, a Shipley electroless pl ati ng system was used with good
results. A modification of the Shipl ey process involved chemically swelling
the substrate in Shipl ey conditioner 1200 ininedlately prior to starting the

• electroless plating sequence. This process is described in detail in
Appendix A.

The electroless deposit was In every case very thin, i.e., less than
half a nih thick, because it is impractical to deposit thick coatings by these
techniques. Electroplating was used therefore to build up the metal thick-
ness. Specimens were always prepared using electroless copper and then elec-
troplated with either nickel or copper. Since the surface of the substrate
was roughened, and electroplating tends to enhance roughness, sanding of the
surface was required. This sanding was done after sufficient metal thickness
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had been attained so that the sanding could be done without exposing the sub-
strate. To obtain a surface smooth enough for photomasking, several itera-
tions of plating and sanding were necessary. The resulting specimens were

• good In appearance but were expensive to prepare because of the labor involved
in the sanding/plating operation.

Because of these difficulties, another plating method was Identified
which did not have these drawbacks. A method was found which worked extremely
well and involves dippi ng the part to be plated In Plybond brand adhesive and
then electroless plating onto the adhesive using the Enthone electroless pro-
cess. After 25 to 50 millIonths of an inch of copper Is built up, enough to
make the surface conductive, the surface was electroplated with nickel or
copper to the desired thickness. Specimens prepared for this program by
Ethone, using this method, exhibited peel strengths In excess of 30 pounds per
inch width, which Is 2 to 3 tImes better than other pl ating methods tried.

Specimens prepared by the methods described were photoinasked and etched.
Three coninercially available systems were used to photomask the various sped-

• mens, Dupont Riston 218R dry film resist, Waycoat, and Kodak (PR. Each of
these photomaskants worked satisfactorily, although the Waycoat could not be
seen on the copper specimens, making it Impossibl e to inspect and touchup, and
the Riston does not lend itself to appl ication on a compound curvature. In
all cases , etching of specimens was accomplished in a spray etcher with
ferric chloride as an etchant. Results were consistently satisfactory.

3.3 WALLPAPER APPROACH
Much of what was learned about cleaning and bonding in work performed

while developing the electroform approach, Is directly applicable to the wall-
paper approach and therefore will not be discussed In detail in this section.
The copper selected was a fully annealed copper (alloy 110) whIch is available
In foil and Is easily formed by hand. Since, in this approach, the metal Is
etched while flat , etching of the copper panels was accomplished using routine
circuit board methods and equipment. The Dupont Riston 218R dry film photo—
resist was found to be well suited for this application , principal ly because -

~~ 
-

It Is easily appl ied, requires no drying or curing, and needs little If any
touchup. If some touchup is required, there is plenty of color contrast
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between the part and the resist so that the areas requiring touchup are easy
to spot.

In order to process the thin (5 mil) copper foil it was found necessary
to tape the foil to backup boards. Once securely taped down, the resist was
appl ied using a dry film laminator. It was exposed to high Intensity ultra-
violet l ight with the phototransparency held tightly against the part by
vacuum. After exposing , the resist was developed and the part was spray
etched until etched through. The resist was stripped in a solvent, the etched
copper removed from the backup boards and cleaned for bonding. The cleaning
procedure consists of the following steps:

1. hot tricloroethelyne vapor degreasing
2. alkalIne bath, using Turco proprietary alkaline rust remover
3. tap water rinse
4. amonlum persulfate bath
5. tap water rinse
6. deionized water rinse
7. alcohol bath
8. blow dry

The fiberglass epoxy substrates were prepared for bonding by the follow-
ing procedure:

1. glass bead peening
2. hot tricloroethelyne vapor degreas-ing
3. alkaline bath , us ing Turco 4215S proprietary alkaline solution
4. tap water rinse
5. deionized water rinse
6. blow dry
7. oven dry (120°F)

The film adhesive (3M’s AF147) Is positioned on the substrate and rolled
out with a Teflon roller. The etched copper sheet is positioned on the film
adhesive and rolled down tightly. A silicone rubber sheet is placed over the
copper to seal off the slots against adhesive flowing out of the slots, whi le
allowing the slots to fill with adhesive for a smooth finish. The other func-
tion of the silicone is to act as a release ply. The part is then vacuum

• 
- bagged and cured in an autoclave at 350°F, 50 psia for 1 hour.
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Inherent in the wal lpaper approach is the necessity of having joints
between the copper foil panels. In order to make the joints electrically
conductive a number of methods were identified and evaluated, Including:
solder tapes, conductive epoxies, silk screened solder creams, and conductive
paints. Al though several of these methods could be satisfactorily applied to
the radome, it was discovered that if the joints were butted tightly, they
were electrically conductive without the aid of solder. Resistance measure-
ments made with a Wheatstone bridge were no different across a butt joint on a
bonded panel versus measurements from one point to another, the same distance
apart within the same piece of copper.

3.4 CONCLUSIONS
Of the three approaches devel oped, the wallpaper approach was selected

for fabrication of the demonstration radomes. The primary advantage of the H

wallpaper approach -Is that it allows utilization of existing printed circuit
board facilities for the manufacture of the slotted copper sheets. In addi-
tion the slots are resin filled after bonding which proved to enhance rain

erosion resistance. One of the difficulties involved was making joints
between panels without losing elements. How this problem was overcome is
discussed in Section 5.0.

The pl ate and etch approach requires a number of conditioning and pl ating
baths of sufficient size to acconmrndate a full sized radome. For instance the

• process described in Appendix A requires 9 tanks. This process also required
fabrication of a ful l sized doubly curved photomask, fabrication of a
specially designed spray etcher and hand filling of the slots to achieve a
smooth surface, after the metal coating is etched.

The electroform approach probably lends itself to conmiercial production
• of resonant metal radomes more than either of the other approaches, but does

require fabrication of a full sized planographic mandrel. The cost of such a

• tool could easily be absorbed in a production run, but was too expensive to
make for the manufacture of the two parts required in this program.
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Specimens made by the techniques discussed here were fabricated and
tested to determine the suitability of a slotted metallic radome for flight.
These environmental tests helped in the selection of materials, metal thick-
ness, erosion coating thickness, and fabrication method used on the demonstra-
tion radomes. The following section discusses In detail the tests and the
results.

I —
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SECTION IV

ENVIRONMENTAL TESTING

In order to demonstrate the advantages of a resonant metal radome and to
qualify the radomes for flight , a series of tests were conducted. In addi-
tion, these tests were used to evaluate fabrication methods and determine
metal and erosion coating thickness. The tests covered in this section are:
l ightning, ra in erosion , precipitation static, temperature/humidity/altitude
cycling, corrosion, sunsh ine, and solvent resistance. Electrical evaluation
of metallic radome specimens is discussed in Section 5.0.

4.1 LIGHTNING TESTS

OBJECTIVE AND BACKGROUND
Objective - A dramatic example of radome damage as a result of lightning

strikes to an unprotected radome is shown in Figure 8 and graphically demon-
strates the need for radome lightning protection. Lightning tests were con-
ducted during this program to determi ne the thickness of slotted metal
required to provide lightning protection for the radome. This test series was
also designed to determine the effect of polyurethane rain erosion coating on
the damage mechanisms. The first test sequence was to determine the range of
metal coating thicknesses in which we should be interested, as we l l as the
effect of the erosion coating on the damage mechanism. The second sequence of
tests further refined the coating parameters required for lightning protec-
tion. Since plating, electroform ing, and etch i ng costs increase as the metal
coating gets thicker, this effort was directed at minimizi ng the coating
thickness while still providing the required protection. The third and final
l ightning test sequence consisted of lightning strikes on a witness specimen
of the final configuration demonstration radome. The resul ts of the third
sequence are discussed in the section on the demonstration articles. -

Background — The testing for this program was conducted In conformance
with MIL—B—5087B; however, we would be remiss not to point out that a new MIL
spec is in preparation which obsoletes the present MIL-B-5087B. It is antici—
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The RF-4C in the photo was being flown by Capt. Robin Lake. Pilot, and Lt. Denny

Watkins. Navigator of the 86th TFW on a routine mission when they sustained substantial
damage due to a dual lightning strike. All primary flight instruments were lost after the

• second stri ke and the attitude and vertical velocity indicators were fluctuating wildly.
After declaring an emergency and taking the necessary precautionary measures, the crew,
aided by another RF-4C. made a successful landing. This incident occurred in Europe
during Apri l 1970 and the weather conditions at the time of the incident were ceiling
1200 foot overcast, visibility 2 miles. and temperature 6°C. Through the superb airmanship
of the crew , a total aircraft loss was averted. (U.S. AIR FORCE PHOTO) Ref.

QP?S4~U7-IS

Figure 8 RF.4C after direct natural lightning strike to radome

publ ished SAE Aerospace Reconinended Practice (ARP). The purpose of this
revision is to reflect a more realistic simulation of the natural lightning
environment. The principl e difference in the specifications, as far as a
metall ized radome Is concerned, is the inclusion in the revision of an inter—
mediate current component and a continuing current component. These coinpo—
nents pose a more severe threat because of the high charge transfer over a
relatively long period of time. A simpl ified combination waveform from the
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new specification is shown in Figure 9. The first high peak current component
by Itsel f is similar to the present MIL-B—50878 specification , except that the
new waveform specifies a higher energy content (I2dt) than the old specifica-
tion. MIL—B-508 1B does not provide for the intermediate , continuing or
restrike components.

It Is well known from the extensive work on the development of protective
coatings for advanced composites (Reference 9), that the initial high peak
current component is easily accoirmiodated on a large area surface by a few mils
thickness of high conductivity coating. However, the high charge content com-
ponents in the new specification can burn holes through even thick metal
plates if all the waveform is concc’ntrated at one spot. Whereas the initial
peak current pulse carries no more than 3—5 coulombs of charge, the intermedi-
ate and continuing components may transfer up to 200 coulombs or more. The
damage produced by the high peak current pulse is typical ly associated with
intense magnetIc fields and explosive vaporization where inadequate conduc—

12—12e0
Component A (init ial stroke)
Peek amplitude - 200 ka ± 10%
Actio’I Integral - I x 106 A2 — iec ±20%

component 0 (restrike)
P..k amplitude - 100 ka ± 20%

• Action integral - 0.25 x 106 *2 — s.c ± 20%

-i
Component B (intsrmsdiats current)

3 
— Maximum citerge trar~f r  = 10 coulombe

Average curr ent 2 ka ± 10%

Ccn~ on.nt C
(continuing current)

I Charge transfer - 
-200 couloinbs ±20%

I Amp litude • 200—40 0*

I

I I I
I I I

~~~~~~~~~~~ —~~~ 0.2S e s cc T~~~1esc~~~~~

Figure 9 Current test waveform components for evaluation of direct effects
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tivity exists. These mechanisms are almost insignificant on exposed large
area metal coatings when compared to the high charge transfer components whose
principl e damage mechanism is thermal burning and erosion.

To demonstrate the relative severity of the high peak current and inter-
mediate current components, preliminary evaluation tests were conducted at the
McDonnell Douglas Lightning Simulation Laboratory on copper coated fiberglass
panels. These tests showed that a 145 kA pul se twice as wide as the MIL—B—
5087B pulse failed to burn through a 67 mu copper coating , while an interme-
diate current pul se of 3 kA for about 5 milliseconds burned a 1.5 cm diameter
hole in the same thickness metal coating.

Although the total charge transfer specified for the intermediate and
continuing current components is enough to burn through even thick pl ates, the
dynamic interaction of the aircraft with the lightning arc channel should act
to limit the damage at any particular attach point . For a nose mounted
radome, the arc channel can be expected to attach to the nose of the radome
and then move back across the radoine to the metallic structure of the aircraft
frame as the aircraft flies through the stationary arc channel. The aircraft
velocity will determine the length of time the lightning channel remains
attached to the radome, and therefore, how much charge can actual ly be trans-
ferred from an intermediate and continuing current flash. At a landing speed
of 160 feet per second, the aircraft would move about 10 inches in 5 milli-
seconds. If the metallized radome has a rain erosion overcoat, the dielectric
coating would likely restrain the arc at Its original attach point for that
length of time. Therefore, at least the entire 5 millisecond intermediate
component would be dissipated along with the initial high peak current
pulse at the initial attachment point.

According to the new specification, swept stroke tests can be run to
demonstrate the minimum length of time which the arc channel will remain
attached at any one point (arc dwell time). Alternatively, a worst case con-
dition of 50 milliseconds can be assumed If no test Is run. With these con— ~~~~~~~

slderations from the new specification in mi nd, a second series of prel iminary
tests was conducted on different thicknesses of copper foil bonded to fiber-
glass—epoxy using 3 different current waveforms. The waveforms included a) a

~~~~~~~
~ —~~- -~~~~ _--~~--— — -----_- —_ 

—----
~ 
—
~~~~~ _—— — — —,- ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ______ ~~~~~~~ A



_______________________________________________________________________________ ~~~ -~
-- -r

~
t’ ~ 2’

high peak current pulse, b) a ful l 5 millisecond intermediate current pulse,
and c) a 5 mIl lisecond Intermediate current pulse plus 50 millIseconds of
continuing current transfer at a rate of about 400 amps. The results of these
tests are suninarized in Figure 10 and illustrated in Figures B—i through B—4
of Appendix B. The data demonstrate conclusively that the new specification
poses the more severe threat, requiring thicknesses up to 18 mils for uncoated
metals , and even thicker coatings for overcoated systems, in order to achieve
the zero damage level. These tests do demonstrate however, that the extra
damage done by the intermediate and conti nuing current waveform only adds to
the metal damage; i.e., the substrate is still protected.

Lightning damage vs foil thickness 12—125~7
2.0 5 4 I

294 coulomb curve
(int *rm.d iate plus 50 miec continuing current) 

•

5 0 12.6 coulomb curve - ________ —
~~~~~~~~~~

• - 
(int*rm diate component only)

N H

• 

0.5 _ 
_  _  _

0 - 0  -0 2 4 6 8 10 12 14 16 18 20
Copper foil thickness — miii

Figure 10 Intermediate and continuing current damage to copper coated ‘.berglass panels

As a result of these prel iminary evaluations , It was clear that the
obj ective here should not be to el iminate the possibility of damage from a
worst case lightning strike, but to find that thickness of metal, which gives
maximum protection to the radome substrate, radar antenna, and the aircraft
Itself , while meeting the requirements of fabrIcability, weight, and reason—
able cost.

TEST METHOD -~ 
:1

In evaluation tests such as required in this program, it is important
that the lightning current waveshape be accurately repeatable from test to
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test or the resulting data may be erroneous or misleading. At the McDonnell
• Douglas Lightning Simulation Laboratory, the peak current, pulse width and 12t

are accurately controlled, thus minimizi ng data scatter from test to test
(Reference 10). The actual testing was done in two phases. The first series,
to identify specifi c areas of interest, tested various metal thicknesses,
metal types and rain erosion coating thicknesses with two waveforms. The
second series allowed further -Investigation of variations in metal thickness
and type while holding the other parameters constant.

Test Panels — Lightning test specimens were made on epoxy—fiberglass cir—
cult board material 0.060 inch thick with 1/4 ounce copper (0.35 m u )  lami-
nated to one or both sides. Either copper or nickel was electroplated onto
the laminated copper to the thicknesses shown in the test matrix (Tables 1, 2
and 3). The specimens were 12 inches on a side to allow enough room for the
lightning discharge to spread out without encountering the edge of the panel.

TABLE 1
• RESULTS OF SERIES I. 200 kA LIGHTNING TESTS 12.1450

Erosion Damage to Dama9e to Metal
Metal Coating Erosion die (in)

Pane l Thickness Test Th ickness Current Coating Metai Metal
N~~ er Mets) (mlls) Number (mils) Leve l • — dia (in) Removed Delam inated Remarks

I Cu 4 I 10 198 kA 3.0 1.6 1.6
2 tO 198 kA 3.) P.5 1.5

2 Cu 4 
- 

2) 5 195 kA 2.9 1 .1 1.)
22 5 195 kA 2.8 1.3 1.3

3 Cu 4 3 0 200 kA 1.4 2.0
4 0 200 kA 1.0 1.6

4 Cu 8 9 15 205 kA 2.8 1.0 1.0
10 15 200 kA 2.6 1.0 1.0

5 Cu 8 7 7 205 kA 2 .4 0.5 0.7
8 7 205 kA 2.3 0.5 0.7

6 Cu 8 17 0 $90 kA * 1.0 Localized Erosion
of Surface Meto)

18 0 195 kA * 0.9 *Center Pieces
Were Remove d

7 Cu 12 Ii 15 200 kA 2.7 0.7 0.7
$2 1 5 200 kA 2.5 0.6 0.6

8 Cu 12 $3 6 205 kA 2.6 0.6 0.6
14 6 200 kA 2.3 0.5 0.5

9 Cu 12 19 0 195 kA * 1.2
20 0 l9O kA * 0.9

10 Ni 4 5 0 200 kA 0.0 2.0
6 0 205 kA 0.7 2.2

II Mi 8 15 0 205 kA 0.0 1.0 -

16 0 205 kA 0.0 0.7
12 Ni 12 23 0 190 kA 0.0 0.0 Minor Surface

Eros i on
24 0 195 kA 0.0 0.0

13 Cu 4 ISO kA PreIl.in.e~ ’ Tist
200 kA Punctured Sub

- - strata. (Po ly—
ure t hane Foai.

- - ~~
- Sacked )

— —-
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TABLE 2
RESULTS OF SERIES II, 200 kA LIGHTNING TESTS

12—1449

Eros ion Damage to Dama9e to Metil
Metal Coating Eros ion — dia (In)

Panel Th l ckn.ss rhickness Current Coating Metal Me tal
Numbe r Metal (m iP s )  (mils) Level - di. ( I n)  Removed De)aminated Remarks

14 Cu 0.35 12 200 kA Edge Effec ts
Predominant

15 Cu 0.35 12 200 kA “ II

16 Cu 0.35 12 205 kA 7.50 7.50 9.00 Slig ht Edge
Effe cts

17 Cu 0.7 12 200 kA Edge Effec ts
Predominant

18 Cu 0.7 12 205 kA 4.50 4.75 6.00
19 Cu 0.7 12 200 kA 4.50 4.50 6.00
20 Cu 1.4 12 200 kA 2.50 2.50 3.50
21 Cu 1.4 12 200 kA 2.75 2.75 3.25
23 Cu 2.8 12 200 kA 1.75 1.75 2.00
24 Cu 2.8 12 200 kA 1.50 1.50 2.00
26 Ni 0.7 12 200 kA 7.00 6.50 8.00
27 N I 0.7 12 200 kA 8.00 7.00 8.50
29 Ni 1.4 12 200 kA 7.00 6.00 7.50
31 N I 1.4 12 200 kA 6.25 5.25 7.50
32 N I 2.8 12 200 kA 5.00 5.00 7.00
33 Ni 2.8 12 200 kA 5.00 5.00 7.00

- 

TABL E 3
RESULTS OF SERIES I 50 kA LIGHTNING TESTS 12-1446

Erosion Damage to Damage to Metal
Me tal Coating Erosion — dla (in)

Panel Thickness Test Thickness Current Coating Me tal Metal
Number Metal (mIls) Numbe r (mils) Leve l - d l a (in) Removed Delaminated

3 Cu 4 E 0 52 kA 0 Very Slight
Cu 4 F 0 5l kA 0

5 Cu 8 C 7 52 kA 0.5 0 Minor Erosion
Cu 8 D 7 51 kA 0.5 0 “

Cu 4 A 10 50 kA 0.6 0.25 0.25
Cu 4 B 10 50 kA 0.9 0.25 0.25

The panels were photoetched with a periodic array of tripolar slot elements
which were loaded (centerpiece) for the Series I testing and were unloaded (no
centerpiece) for the Series II test ing. The two slot designs are pictured in
Figure 11. To evaluate the effects of a rain erosion coating on the degree of
lightning protection afforded by this type of radome, some of the specimens
were overcoated with polyurethane conforming to MIL—C—83231, Type I coat ing.
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Example of Loaded Slots Used for Phase I Tests Exampl , of Unloaded Slots Used for Phase ii Tests

Figure 11 Slot Configurations Used for Lightning Tests

Edges of the panels were masked to provide an area of bare metal for electri-
cal grounding of the panels. The Type I coating consists of 1 to 2 mi ls of
Olin Astrocoat 8200 primer and 10 to 13 mils of Olin Astrocoat 8000 rain
erosion resistant polyurethane. For the Series I tests the thickness of the
polyurethane was varied from 5 to 15 mils , as shown in Table 3, to evalua te
the effect on lightning resistance of various thicknesses of the coating.
Some of the coatings differ in appearance because the polyurethane was not
fully pigmented. It is not believed that this affected the results of these
tests.

Test Setup — The basic test setup is schematically illustrated in Figure
12 and Is pictured in Figure 13. This setup was the same throughout the test-
ing except for the test panel holding fixture which was modified to provide a
ground on two opposite sides of the paneh This was necessary for the thinner
metal coat ings used In the second test series, in order to center the damage
and reduce edge effects noted on panels 14, 15 and 17. Additionally, it was
found that the 0.060 inch panel thickness was not sufficient to contain the
explosive forces generated at the strike point, so al l test panel s were backed
by 1/4 inch phenolic sheet to simul ate the strength of a radome.

Test Procedure - The test specimen was clamped into the appropriate test
fixture and the discharge probe was positioned one Inch above the desired
strike location on the test panel. The lightning generator was then charged
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Figur. 12 SimplifIed block diagram of lightning test setup

to the predetermined voltage level , and discharged into the test sample. The
lightning current waveform was recorded during each test . After each test ,
the panel was visually inspected for damage and photographed. Prior to
photographing the panels tested in Series I, the carbon residue left on the
panels fr om the lightning strikes was removed with an alcohol swab. On Series
I panels, after it was ascertained that the damage was confined to a small
area, another location on each panel was struck to obtain additional dat a
points. The tests were run on the 600 kilojoul e lightning generator. Most of
the lightning strikes were a 200,000 amp peak, 23 mIcrosecond w ide wav eform
conforming to MIL—C—5087B. This Intensity strike Is in the upper 1% of natu-
ral ly occurring lightning strikes. Most strikes are below this level and
therefore would produce less severe damage. Some selected panels were struck
with a 50,000 amp lightning strike to determine the metal thickness required
for no damag. with thi s level strike, one of the requirements of the statement
of work. 

. 

-

TEST RESJLTS
Tables 1, 2, and 3 are a compilation of the test results. As expected,

the thicker metal coatings provided more protection, i.e., less damage to the
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• metal coating occurred. Not surprisingly, the polyurethane erosion coating
• cau sed more metal to be removed due to its charge concentrating effect . The

thick nickel coated specimens were slightly more resistant to delamination
than were the copper. The 200,000 amp strike, 1 cm damage criteria mentioned
in the statement of work is met by the 12 mIl nickel coated panel without
erosion coating (thick nickel plated specimens were not tested with erosion
coatings). The 12 mU copper plated panel with 6 mU erosion coating very
nearly met this criteria (1.2 cm damage).

Damage from a 200 kA strike on a 12 mu copper pl ated panel (no polyure-
thane) Is shown In Figure 14. The dark area around the strike is a carbon
deposit which is easily wi ped away with a rag and alcohol. The bright spot is
the area over which the charge spread, producing minor surface erosion and
delam inati ng a few of the slot centerloading pieces. Figure 15 shows damage
to a copper panel of the same thicknes s by the same intensity lightning
strike, however, in this case the panel was overcoated with 15 mils of poly-
urethane rain erosion coating. The energy of the strike was confined to a
smaller area, evaporating the metal there, but producing no damage to the
adjacent metal . The rain erosion coating, which can be seen peeled back from
the strike area, was separated in that region but is easily repairable. (The
carbon deposited on this specimen has been wiped away.) Also, per the con—

• tract statement of work , some panel s were struck with a 50,000 amp lightning
strike to determi ne the metal thickness required for no damage with this level
strike. The 8 mil thick copper with a 7 mu erosion coating meets the 50,000
amp stri ke, no damage criteria mentioned in the statement of work .

The significant result of all this test ing Is that In none of the cases
where the substrate had strength approximating that of a real radome, did dam-
age to the substrate occur. This means that after tak i ng a severe l ightn ing
strike to the radome, an aircraft equipped with even a thinly metal coated
radome would remain fl lghtworthy. Some degradation in radar capability can be
expected, even if only the polyurethane coating is removed or charred, as is
true of any radome.

CONCLUSIONS

The following conclusions were drawn from the test data obtained during
these tests.
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Figure 14 Post test photograph of lightning strike specimen
12 mu copper, no polyurethane 
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Figure 15 Post test photograph of lightning strike specimen
12 mu copper, 15 mU polyurethane

o Increasing the thickness of the metal coating beyond 4 mils does not
significantly reduce the amount of damage to the metal as shown in

• 
FIgure 16. It does, however, significantly increase the weight of the
radome as wel l as the difficulty and expense of fabrication.
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Figure 16 Damage vs slotted metal thickness for polyurethane coated copper specimens

• o Uncoated copper performs better than uncoated nickel unti l the metal
gets about 8 mils thick, where the superior strength and higher melt-
ing temperature of the nickel begins to overcome the conductivity
advantage of the copper as can be seen in Figure 17.

o Polyurethane coated copper performs significantly better than polyure-
thane coated nickel (al l data is for metal less than 3 mils thick).
Figure 17 also illustrates this point.

o Although damage to the metal does increase as polyurethane coating
thickness Increases, the effect is not dramatic. It can be extrapo-
lated from the data that 12 ml) copper with a 20 mi l erosion coating
will meet the requirements (1 cm damage with 200 kA strike and no
damage with 50 kA strike).

However, it was decided by the Air Force project officer and this contractor
that a 12 ml) thick metal coating would be unnecessarily difficult and costly
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Figure 17 Comparison of metal thickness vs lightning damage

to fabricate, and might be unacceptably heavy. Therefore, a decision was made
to baseline a 5 mu copper coating with a 20 mu polyurethane overcoating for
rain erosion protection. Thickness of the polyurethane coating was determined
by the rain erosion tests which were conducted as a part of this program. The
5 mil metal thickness was decided upon after analysis of the data revealed it

to be a near optimum thickness when balancing fabricability , cost, weight,
electrical performance, and lightning protection. A look at Figure 16, which

is a sunsnary of the test data for copper clad panels, and compares damage spot
size with copper thickness for panels with varying erosion coating thick—
nesses, discloses that the zero damage level is approached nearly asyinptoti—
cally for panels with thIck (10 m u ) erosion coatings. There Is a knee in the

-~ 

• 

curve near 4 or 5 mIls which Indicates that this point provides a maximum of • 
-

protection with a minimum of metal , which is equivalent to minimum fabrication -

difficul ty, cost and weight. Copper was chosen over nickel because for thick—
-~ 

~~~
-
~~

‘ nesses under 8 mIls it suffered less damage than the nickel (Figure 17).
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4.2 RAIN EROSION TESTS

BACKGROUND
Radomes, because of their forward location on the aircraft and because of

their high Incidence angles to the airstream, are particularly susceptible to
damage from rain. Exposure to rain in high speed flight results In failure of
the radcsne material by one or more mechanisms.

One of the failure mechanisms Is an erosion action which acts on the sur-
face, and is caused by the rain drop breaking up on impact and flowing later-
ally across the surface at velocities many times greater than the velocity of
impact. As these lateral water jets move across the surface, they strike
minor surface Irregularities, cracking them at their bases. Successive drop

impacts deepen and widen these cracks until they start to run together and the
material between the cracks is lost.

The mechanism of rain erosion may be different for different materials,
finishes, and constructions. For instance, from the preceding discussion, it
could be concluded that a perfectly smooth surface would be ideal to prevent
erosion damage by the mechanism mentioned above. However, tests run on the
AFML whirling arm by J. H. Weaver and reported in Reference 11 indicate that a
roughened nickel surface offered superior rain erosion resistance. His expla—
nation is that the very rough surface tends to break up the drop before

• impact, reducing radial flow and its resulting damaging effects.

Tests (Reference 12), have also shown that void content in laminated
substrates affects the erosion resistance of the radome. Low void content
composite materials withstand -longer exposure times before failure than com-
posites with higher void content. High quality substrates are therefore
important to good r a in  eros ion res is ta nce probably because t he i r  h igher

strength makes them resistant to the direct effects of droplet impact.

One of the failure mechanisms of greatest interest for a metal coated
rado me Involves the difference In sonic impedance between the substrate

- • material and the metal coating. The impact of the rain drop impinging on the
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radome surface sends a shock -pulse through the coating into the substrate.
When the shock pulse reaches the coating/substrate interface, a part of the
shock is transmi tted into the substrate and part is refl ected due to the
imperfect energy transfer resulting from the impedance mi smatch between mate—
rials. The transmitted pulse creates a compression stress as it moves through
the coating, while at the coating substrate interface, the reflected portion
of the pulse creates a tensile stress. Therefore, a material which is very
strong In compression may fail in tension at this i nterface.

The thickness and impedance of the metal coating can i nfluence its
erosion performance because they control the period and amplitude of the
stress—wave oscillations. From the stress wave point of view, one would want
a coating which has (1) impedance close to that of the substrate because that
minimi zes the ampl i tude of the oscillations , and (2) significant thickness,
becduse that minimizes the number of oscillations.

The fatigue resistance of the coating is a prime determinant of its
erosion resistance. Ductile metals such as nickel or copper, or tough poly—
mers such as polyurethane , have better fatigue resistance than fiberglass—
epoxy and i ncrease the erosion resistance of fiberglass radomes.

OBJECTIVE

It has been demonstrated that thin metal coatings ( 20 mils) can greatly
enhance the erosion resistance of plastic laminates (Reference 11). However,
on a metal radome the metal coating must have the required slots for RF trans—
mi ssion. The slot s expose the substrate directly to droplet impact and it was
anticipated that the substrate would fail at this point. Another concern was
that stress concentration might occur in the region of the slots which coul.d
result in failure initiation in that region at lower load levels than in other
regions. Potentially, the most serious concern was the initiation of delami-
nation or debonding at the edge of the cutout, since the modulus of- the metal
coating Is considerably higher than that of the substructure. -This difference 

-•

in modulus results in in—plane strain i ncompatibility dausing a high shear
stress at the bond interface.
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The objective of this testing was to help produce a resonant metal radome
which Is sufficiently resistant to rain erosion damage so that a slgnlflcant
niaèer of flight hours can be f low n before refurbishment of the radome i s
required.

TEST ME THOD
The tests were conducted at Wright Patterson AFB under the di rection of

George Schmitt of the Ant. The Air Force Material s Laboratory Mach 1.2 Rain
Erosion Test Apparatus was used for the testing. This apparatus is a whirling
ann rig consisting of an eight foot diameter rotor, rotating in a horizontal
plane under an eight foot diameter pipe-ring, which has hypodermic needles
positioned to spray water droplets on the specimens mounted at the rotor tips.
The hypodermic needles are sized to give a 1.8 mm (diameter) drop size . The
rain field simulates a 1 inch/hour rainfall and the tip speed of the rotor was
500 mph for all of the tests. A closed circuit television camera with strobo-
scopic lighting of the rotor tips allows observation of the specimens while
they are being tested.

The specimens were exposed , i n  mos t cases un ti l fa i lure  i nit iati on
occurred. A specimen was considered to have failed when the polyurethane
coating was penetrated or lost adhesion. In some cases , when the specimens
failed quickly, they were allowed to run beyond failure initiation. These
cases occurred only In the first test series. Three seri es of tests were per-
formed, with a total of 42 specimens bei ng evaluated.

Specimen Preparation — Slotted metal radome specimens were prepared for
testing on the Ant Whirl ing Ann Rain Erosion Test Facility using techniques
like those being evaluated for use in fabricating the full scal e radomes.

Electroform Approach — To prepare specimens representative of the elec—
trofonn and bond fabrication technique required that a planographic mandrel be
prepared in the airfoil shape used on the Ant Whir ling Ann. To accompl ish
this, a tool was made whose outside contour is the same as the outside contour
of the required leading edge airfoil. An 0.090 inch thick 321 staInless steel
panel was etched with the tripolar center loaded slot element to a depth of
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0.008 inch. This panel was then formed around the tool just described, yield-
ing a female mandrel whose inside contour Is the same as the outside contour
desired on the test specimen. The depressions previously etched were then
filled with Teflon, creating the planographic mandrel needed to make a slotted
elect roform. The completed mandrel is pictured in Figure 18. The mandrel was
then processed using the electroform approach as described in Section 3.1. A
conforma l anode, also pictured In F igure 18, was used while depositing the
electroform to insure a uniform deposit. Prefabricated fiberglass-epoxy sub-
strates were bonded into the electroform lined mandrel with AF 147 film adhe-
sive, vacuum bagged and cured in an autoclave. The resulting parts, Figure
19, were overcoated with MI1—C-83231, Type I polyurethane by Brunswick. The
Type I coating consists of 1 to 2 mils of Olin Astrocoat 8200 primer and 10 to
13 mils of Olin Astrocoat 8000 rain erosion resistant polyurethane. For this
investIgation, the thickness of the polyurethane was vari ed from 12 to 20
mils.

12—1273

-

Figure 18 Mandrel for rain erosion specimens
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Figure 19 Electroformed nickel, bonded to epoxy
fiberglass substrate

Plate and Etch — Specimens of this approach were prepared as described in
the previous discussion on the plate and etch approach. Fiberglass epoxy air-
foil leading edge blanks, manufactured by Brunswick to AFt& specifications
were pl ated using methods described in Section 3.2, i.e., electroless pla ted,
electroplated, sanded smooth and so on until the desired thickness and smooth—
ness were attained. The pl ated specimens were photomasked, exposed, developed
and then etched. In order to etch the airfoil shaped specimens uniformly, a
fixture was designed and built to adapt a Chemcut circuit board spray—etch
machine to the task. The fixture held several airfoils stationary on the con—
veyor while rotating them between the sipper and lower spray nozzles. Speci-
mens requi ring the rain erosion coating were then sent to Brunswick where the
polyurethane coating was applied.

Wallpaper Approach — The two film adhesives used for fabricating rain
erosion specimens using this approach were 3M company’s AF126—2 and AF147.
The adhesive was cut to size, laid over the airfoil , and the metal fo i l formed
over the top. In some instances, the metal foil was photomasked with the
centerloaded slot pattern and then vacuum bagged and cured. After curi ng, the

specimens were spray etched. =

To make the airfoils with the unloaded slot pattern, the metal fo i l was
• photomasked and etched before bonding. This allowed the film adhesive to flow

and fill the slot s while curing-, as shown In Figure 20, providing a smooth
surface over wh ich to apply the rain erosion coat ing.

43
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Figure 20 Bonded copper specimen with filled slots.

TEST RESULTS
The test data is shown in Appendix C and is summarized in Tables 4, 5 and

6. In the first test series the loaded slot pattern was utilized (Figure 11).
These specimens, in general , did not fare well. In this series, some of the
specimens were run without a polyurethane coating and loss of the center load
ing elements occurred in less than two mi nutes. Erosion of the substrate
occurred in the region of the slots as the test continued (Figure 21) and
del amination and peening of the metal coating occurred in the bonded copper
specimens (Figure 22). The electroforined nickel specimens performed the best,
the electroformed copper second best, and the bonded copper the poorest,
probably due to the softness of the copper foil used. The specimens which
were coated with 12 mils of polyurethane received significantly less damage
than did the uncoated specimens , although in the 5 mi nute exposure, wh ich all
specimens received, failure of the coati ng had been initiated (Figure 23).

The second series of tests was more successful. Since loss of the center
loading elements was a primary failure mode, and since we expected to be able
to use a slot design which has no center loading element on the demonstration
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Figure 21 Electroplated copper specimen (#7563) after 5 mm exposure to 1 inch per hour
rain at 500 mph

12—1291

Figure 22 Bonded copper specimen (#7566) after 5 mm exposure to 1 inch per hour rain
at 500 mph

radomes, new specimens were fabricated without these loading elements. These
specimens were of nickel and copper electroplate, and of nickel and copper
bonded construction. It was thought that the edges of the slots and the
center loading elements, because they protrude, are preferential ly attacked by
the raindrops. Therefore the wallpaper approach was modified so that the 

-

slots in the bonded metal would be filled with excess adhesive during the
bonding process (Figure 20). This gave the ai rfoil specimens a smooth surface
I.e., no protrusions. This smooth surface also takes a uniform coat of poly—
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Figure 23 Rain erosion specimen (#7564) after 5 m m .  exposure to 1 In. per hr.
rain at 500 mph (1.5X)

urethane, unl ike the recessed slotted surface where the polyurethane tends to
thin out at the slot edges and on the tops of the loadi ng elements. Addi-
tional rain erosion test specimens we re also fabricated using the electroform
and bond approach (Figure 19). These specimens had the center loading element
mechanical ly Interlocked with excess adhesive as wel l as adhesively bonded to
the substrate. All specimens were polyurethane coated. The smoother surfaced
specimens with the unloaded elements performed reasonably wel l and specimens
prepared by the wal lpaper approach using 5 mil bonded copper and 12 mIl poly-
urethane lasted for over 90 minutes before the polyurethane started to fall
(Figure 24). One specimen was tested which had a metal coating with no slots
and a polyurethane overcoat . It lasted 170 minutes with just an indication of
an erosion pit , verifying that early failure of specimens was a result of the
presence of the slots. Table 5 suninarizes the results of the second test
series.

For the third test series nine specimens were prepared, one using an
unsupported film adhesive (AF147U), four using a supported film adhesive
(AF147) which were cured well beyond the optimum cure time and four others
which al so used a supported film adhesive but were cured at the optimum time
and temperature. All specimens used an unloaded (no centerpiece) slot design
In 5 mu thick copper. A sunu~ary of the results of this third test series is
presented In Table 6.
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Figure 24 Rain erosion specimen (#7767) after 95 m m . exposure to 1 in. per hr.
rain at 500 mph (1.5X)

The first specimen with unsupported film adhesive (#21) failed in 82
minutes. The second group of specimens which were over cured (#22 through 25),
failed in 60, 80, 82 and 75.5 minutes, respectively. The next group (#26
through 29), which were optimal ly cured , lasted 146.5, 121.5, 130 and 78
minutes, respectively. It Is not known why #29 failed prematurely, since
there were no noticeable differences between the last four specimens. One
possible explanation is that the polyurethane erosion coating may have had a
bubble in it. Our goal in this program was to achieve erosion resistance
equivalent to current conventional radomes which is specified to be 120 min-
utes exposure without damage. It is believed that this last group of speci-
mens meets that goal. Four other specimens were prepared and tested. The
resul ts (summarized in Table 6) were not good , and are attributlble to
problems with the polyurethane coating. The failure was between layers of the
polyurethane coating. These same specimens were stripped and recoated. This
second coating did not have a good appearance, therefore, it was stripped, and
a third coating appl ication made. The specimens were retested and failed.

Upon closer examination it was discovered that the sol vent used to strip the
coating had attacked the epoxy of the airfoil substrate leaving It wi th a
white resin starved appearance. We bel ieve that the substrate and the bond to •

the metal was probably weakened by repeated exposure to the solvent thus
contributing to the early failure of the specimens. Additional ly, in this and
the previous test , the failures all occurred at the edges of the specimens
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I
where the clamps hold the specimen to the whirling arm. This may be because
the coating system (adheslve/metal/20 mu polyurethane) was so thick that It
was pinched under the clamp, introducing a strain in the coating adjacent
to the clamp. This region, alreadj weakened, failed rapidly when exposed to
droplet impact. Specimens 8609 thru 8612 are simply specimens 8305 thru 8308
recoated and renumbered. Time did not permit these last tests to be repeated.

C0N~LUSI0IIS

Several conclusions can be reached from exami nation of the data:
o The slotted metal coating alone is not sufficient to protect the sub—

strate from damage. The rain attacks the substrate where it is
exposed; at the slots, as seen in Figure 25. The rain also takes
advantage of the edge exposure of the metal/substrate interface at the
slot to separate the metal from the substrate.

o The center loading element of the V slot is particularly susceptible
to separation. It was also the focal point for the failure of the
polyurethane coating (Figure 26) probably because the spray applied
coating tends to runoff high spots (like the centerpiece) before the
polyurethane sets up.

o The smoothness of the outer surface of the polyurethane seems to be a
primary determinant in the time to failure. The fewer bumps in the
surface, caused by unevenness in the specimen underneath, the longer
the time to failure of the coating. This might be, at least in part,
the result of thinner polyurethane on high spots and edges, because
the polyurethane, while wet tends to runoff, as mentioned above.

o The thickness and type of metal have l i t t le  effect on the time to
failure as long as there are slot s in the surface, because the rain
attacks the slot.

o A thicker polyurethane coating, offers more protection based on a
comparison between 12 and 20 mi) coatings on otherwise identical
specimens, e.g., specimens 7755 through 7758. These tests show that a
20 mil polyurethane coating coupled wi th epoxy filled slots (to obtain 

• 
- .

a smooth surface) provides the rain erosion protection necessary for
our demonstration radomes.
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Figure 25 Electroplated copper specimen after 5 mm exposure to A 1 inch per hour
rain at 500 mph (5X)
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Figure 26 Polyurethane coated specimen. Failure initiation occured
on center loading element. (# 7558)
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4.3 PRECIPITATION STATIC TESTS

BACKGROUND & OBJECTIVE
Precipitation static (P—static) has plagued aircraft since the introduc—

• tion of radio coimnunication and navigation systems. P—static is generated
when the electrostatic potential acquired by an aircraft surface, through
triboelectric charging by particulate matter in the atmosphere (rain, ice
crystals, dust, sand or nuclear debris), becomes high enough that sparking,
streanerlng, or corona occurs, thereby producing broadband radio frequency
(RF) noise. This vehicle generated noise, although principal ly viewed as a
low frequency phenomena, has a continuous spectrum that can extend into the
gigahertz range. Because P—static noise can i nterfere with the operation of
onboard electronics equipment, it is desirable to elimi nate this noise, if
possible. Since the radome is a primary contri butor to the P—static problem
and there is always electronic equipment in and around a radome, a reduction
or elimi nation of radome associated P—static is especially desirable. In
addition, the severi ty of the problem is often a function of the distance
between the P—static source and the equipment or antenna being interfered
with. Again, radome associated P—static can be the most troublesome. Since
the surface of a metal coated radome is highly conductive and since the metal
coating is grounded to the airframe, accumulated charge is drained from the
radome before the electromotive potential necessary to generate P-static
builds up.

The grounded metal radome will not be a source of P—static interference
because stat ic charge is conducted away as rapidly as it accumulates. How-
ever, the presence of a thick (10-20 m u )  dielectric (polyurethane) rain
erosion coating raised the question of whether sufficient charge could build
up on the surface of the coating to cause P-static. The objective then, of
these tests was to evaluate the effectiveness of a polyurethane coated meia1
radome in reducing P—static. It was expected that at some polyurethane
thickness, the coating would have sufficient resistance so that all of the
charge building up on the panel surface could not bleed through to the copper
coating where it could be conducted away, therefore there would be RF noise • - . 

-•

assoc iated with v~ery thick rain erosion coatings. This in fact , proved to be - -

the case. However, the coating thickness at which that occurred was well
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beyond the thickness used for rain erosion protection, i.e., greater than 20
ml Is.

TEST METHO D

The P—static blown—dust simulator was employed to statical ly charge the
specimens under test. The P—static simulator generates a stream of high
vel oc ity (to 400 knots) dust particles that impact the test article causing
triboelectric charging of its surface. The flux, vel ocity, angle 0f impinge-
ment and diameter of particle stream are adjusted to obtain the desired charg-
ing rate. Dry high pressure nitrogen gas,- generated from a 15,000 gal lon LN2 - •

tank, was used as the accelerating medium. This results in very uniform
charging and RF noise generation. The simulator is equipped with a filtered
exhaust system to minimize the possibility of the formation of a cloud of
charged particles while operating. The field intensities of the radiated 

-.

emissions were determined by a full compliment of calibrated EM! measuring
equipment.

TEST DESCRIPTION
The charging rate was adjusted to 20 amps per ft2 on an aluminum Panel

which is about one—half the worst case charging rate observed on conventional
aircraft -In flight. The impact area of the particle stream was 5 square
inches. These parameters were used for all radiated noise measurements con—
ducted during this test. The test setup is shown in Figure 27.

The test articles were 12 X 12 X 16 inch panels. The two substrate mate-
rials used were fiberglass—epoxy and fiberglass-polyimide. Most panels had a
slotted metal coating and all panels had a MIL-C—83231, Type I polyurethane
rain erosion coating which is available in either bl ack or white. The coating
was applied in various thicknesses (and colors becau se of availability), per
Table 7. The Type I coating used here does not have an anti-static topcoat.
In all , ten panels were tested. The erosion coati~g thickness specified is
the thickness at the center of the panel as determined by micrometer measure-
ments. The thickness of the heavy coatings (Panels A through E) on a particu—
lar panel varied over the surface of the panel by as much as 15%, general ly
being thicker at the center. The thinner coatings (Panels I through V) were
more uniform in thickness. Typical panels are shown in Figure 28 through 30.
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Figure 27 Blown dust p-static simulator

A conductive border was placed around the edges of the panel s which did
not have a slotted metal coating. A microammeter was used to monitor the
charging currents by grounding this conductive border through the microammeter

and recording Its output on a strip chart recorder. On the panels havi ng a
slotted metal coating the microammeter probe was connected directly to the
metal coating. A conductive border was also placed around these panel s and
was grounded. Figure 31 show s a panel , w i t h  the slotted metal coati ng,
Installed In the Blown Dust Simulator.

Field intensity measurements of the radiated—emi ssions were conducted at
three frequencies per decade from 100 kHz to 10 GHz. Peak values, rather than
average values were measured in accordance with MIL—STD—461A , and the distance

from the test article to the antenna was standardized at one meter. The EM!
measuring equipment that was used is listed in Table 8.
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TABLE 7
DESCRIPTION OF TEST PANELS 12-1478

Tripolar R&n Erosion Coating
Panel Subst ra te Slo tted Me tal Th ickness ‘

~~~T

Designat ion Material coating Type Pigmentation Center (mils)

Fiberglass/Epoxy Un l oaded White 5

II Fiberglass/Epoxy Unloaded White 11

I ll Fiberglass/Epoxy Un l oaded White 15

IV Fiberglass/Epoxy Unloaded White 22

V Fiberglass/Epoxy None White 17

A Fiberglass/Epoxy Loaded* Black 27

B F i berg lass/Epoxy Loaded Black 53

c F berglass/Epoxy Loaded Black 67

D Fiberglass/Epoxy None Black 29

E Fiberglass/
Polyimide None Black 34

*capecitively loaded (conductive propeller within each tripolar slot)

12— 1350

Figure 28 P-stalk test panel with black polyurethane erosion costing and
slotted motel costing
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Figure 29 P-static test panel with white polyurethane erosion coating, but
no slotted metal coating

12—1352

Figure 30 P-static test panel with white polyurethane erosion coating and
slotted metal costing

TEST RESULTS

The RF noise and chargi ng currents measured are given in Tables 9 and 10,
respectively. For slotted metal coated panels with polyurethane erosion
coatings up to a thickness of 22 mils (Panels I through V), no noise above
ambient was detected at any frequencies except 200 and 500 kHz. However,
noise considerably above ambient was measured from 100 kHz emanating from
Panel V , the panel without a slotted metal coating. The noise l evel from
Panel V at 200 to 500 kH z was at lea st 19 dB greater than the slotted metal
coated panels I through IV. 
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Figure 31 Panel installed in blown dust test setup

TABLE S
EMI TEST EQUIPMENT 

12-1441

Instrumen t Manufacturer Model Test Frequency

In terference Analyzer Fa irchild EMC—25 100kHz to 1GHz

Radio Interference Stoddart NM-62B 2GHz to 10GHz
Field Intensity

Meter

Remote Vertica l Singe r VR 105 100kHz
Antenna

Vertica l Antenna Empire VA- 105 200kHz to 20MHz

Bi-Con i cal Fa i rchild B1A-25 50MHz to 200 MHz
Antenna

Spira l Cone Fai rchild LCA-25 500MHz to 1 GHz
Antenna

Broadband Horn Sylvania AN- b 2GHz to 10GHz
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TABLE 9 RF NOISE MEASUREMENT RESULTS 12-1393

Field Intensity (dhVLm/NHz)
Frequency Panel I Panel II Panel III Panel IV Panel V

(Hz) P~~int Test Ael isnt Test Pablent Test ~~ ient 
~~~ 

?b lent I! ~~
lOOK 121 * 135 * 132 * 129 * 133 140
200K 101.5 112.5 115.5 * 110.5 115.5 109.5 115.5 109.5 136.5
500K 103 * 101 * 102 106 103 * 99 125
1N 101.5 * 101.5 * 102.5 * 105.5 * 100.5 124.5
2M 87.5 a 86.5 * 84.5 * 83.5 * 84.5 105.5

SM * 83.5 * 82.5 * 86.5 * 82.5 106.5
iON 76 * 79 * 77 * 82 * 76 99
2CM 60 * 66 * 57 * 63 * 58 74
5CM 525 * 575 * 595 * 61.5 * 52.5 65.5
l OOM 45 * 55 * 46 * 50 * 47 55
20CM 57 * 54 * 50 a 56 * 55 a

50CM 52 * 52 * 57 * 62 a 67
16 55.5 * 50.5 * 49~5 * 49~5 * 51.5 *
26 21 * 27 * 25 * 25 * 27 a

56 41 a 4Q * 41 41 * 40 a

lOG 43 * 43 * 46 a 40 * 41 *

U-.

Field Intensity (d8iiV/m/MHz)
Frequency Panel A Panel B Panel C Panel D Panel E(Hz) A~~1ent I!i1 ~~~ient 

~~~~ 
Pablent Test Ai~Tent Test Mblent Test

lOOK 123 * 125 135 123 139 108 163 121 173 
—

200K 97.5 117.5 91.5 134.5 97.5 135.5 88.5 162.5 97.5 164.5
500K 117 * 106 123 114 129 104 152 119 153
iN 104.5 * 106.5 117.5 102.5 122.5 112.5 137.5 104.5 129.5

100.5 * 92.5 111.5 97.5 116.5 97.5 122.5 95.5 121.5
SM 72.5 82.5 68.5 105.5 70.5 110.5 68.5 105.5 70.5 102.5
iON 77 96 75 110 77 120 72 106 77 lii
2CM 59 72 59 84 59 85 60 70 58 71
5CM 47.5 61.5 37.5 111.5 46.5 101.5 435 * 29.5 *
lOOM 45 66 47 104 46 100 52 * 40 *
20CM 50 72 60 108 49 94 53 * 43 a

49 74 56 111 49 103 48 * 55 *
16 52.5 77.5 60.5 91.5 52.5 82.5 50.5 * 60.5 *
26 - - - - - - - - - -
56 - - - - - - - -
106 - - - - - - - - - -

*140 RF noise above en~1ent level detected.
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TABLE 10
CHARGING CURRENT RESU LTS

Panel 2Designation iamps ianps/f t

-11.1 -320
II — 10.1 —291

III -12.2 -351

IV -11.0 -317

V -1.6

A - 9 . le -271
8 -10.6 -306

C - 9.3 -268
D -1.0 -29

E - 1 .3  -37

Al uminum - 0.7 - 20
(Reference
Material) 

___________ ____________

For polyurethane coatings of 27 mil s and greater, noise was measured

• above the ambient levels in proportion to the polyurethane thickness, i.e.,
the thicker the polyurethane the more noise generated. Panels A, B, C, with
slotted metal coatings, had erosion coating thickness of 27, 53, and 67 mils ,
respectively. Panels D and E, which did not have slotted metal coatings, had
erosion coating thickness of 29 and 34 mils , respectively. Panel A showed
some noise reduction below 5 Iilz while Panels B and C exhibited noise above
ambient over the frequency range of 100 kHz to 1 GHz. The noise levels were
below those of Panels D and E until a frequency of about 5 MHz, where they
unexplainably became higher than the urunetallized panels (O&E). It would
appear that when the polyurethane coating gets very thick, like that on Panels
B and C, the nature of the substrate becomes less important than that of the
coating. The pigmentation of the erosion coat ing on Panels A through E
and the slot pattern In the metal coating on Panels A through C were not the
same as that used on Panels I through V , however it Is not believed that these
variables expla in  the increase in noi se measured on these heavily coated
panels.

60



The fiberglass—polyimide panel (E) exhibited noise characteristics simi—
lar to the fiberglass—epoxy panel (D). The scale—up in panel size from the
6 X 6 inch panels used in earlier tests (Reference 13) to the 12 X 12 Inch
panels used in these tests did not increase the RF noise level. The charging
currents measured on all of the panels were negative, indicating a negative
polarity charge buildup on the panels. It was found that the measured charg-
ing current on the panels with slotted metal coat i ngs was several times
greater than that on the panels without metal coatings. It was determi ned
that the current path on the metal coated panels was down through the erosion
coating to the metal coating rather than across the surface of the erosion
coating to the grounded border, as was true in the case of the panels with no
metal coating. The relative voltage levels required for current to leak
through the coating, versus flashing across the surface, can be approximated
by assuming a dielectric strength of 700 volts/mu for polyurethane coatings
and a flashover level of 23 kV/ inc h (Reference 14). On this basis the surface
voltage would be limited to 15.4 kV for a 22 mil coating over grounded metal ,

whereas the voltage required to flashover about 4 inches of surface to the
conductive border would be on the order of 112 kV. Since the charging mecha-
nism is basically a surface phenomenon and the surfaces are essentially the
same, it is felt that a similar amount of triboelectric chargi ng is occuring
in both cases. The higher surface voltage of the nonmetallized panels
undoubtedly plays a role in the lower chargi ng current measured on tham. The
surplus of negative charge on the surface could be reattaching to imp i ngi ng
particles at a much higher rate than at the lower voltages. Another possible

explanation is that a significant amount of the charge on the norunetallized
panels Is bleeding off as corona and not being measured by the probe.

CONcLUSIONS
A slotted metallic coating on a dielectric radome elimi nates the genera-

tion of precipitation static. It was al so shown that a metallic coating con-
tinues to inhibit generation of P—static even when over coated with a polyure-
thane rain erosion coating, up to a thickness of about 22 mlls. Beyond that
thickness, charge which has accumulated on the surface of the polyurethane
-finds it increasingly difficult to bleed through the polyurethane to the
metallic coating underneath. These tests indicate that the upper limi t of
coating thickness from the P—static standpoint Is in the 25 mu range. Since
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the polyurethane erosion coating used on the demonstration articles for this
program, or any radome will be less than that, there should be no P—static
problem with a resonant metal radoine. By comparison the P-static noise levels
were high for the polyimide and epoxy fiberglass panels which had no metal
coatings.

4.4 OTHER ENVIRONMENTAL TESTS
Envirorunental tests to determi ne the extent to which radomes of the reso-

nant metal concept will withstand more conventional envirormiental hazards
common to aircraft components were conducted. These tests were conducted in
conformance with MIL—STD-810 and consisted of those tests commonly found in
aircraft radome specifications, i.e., sunshine, temperature/humidity/altitude,
and fluid immersion. In addition, an accelerated corrosion test was performed
to determine If the polyurethane rain erosion coating will protect the metal
from corrosion.

TEST METHO D

A total of 25 slotted metal specimens, described in Table 11, were evalu-
ated per the matrix shown in Table 12. The “plate and etch,” uwalipaperN and
Nelectroformas approaches were tested. Nickel and copper slotted metal coated
specimens were prepared of each approach, except for the wal lpaper approach,
where copper specimens only, were tested. All specimens were coated with 12
mils of MIL—C—83231 (black) polyurethane rain erosion coating, since that
coating will be required for rain erosion protection. Figure 32 shows a typi-
cal group of specimens before testing. At the end of each exposure, the coat-
ings were examined for detrimental effects such as blistering , peeling, crack-
Ing, crazing, and softening. Then they were adhesion tested by the dry tape
method, which Is the standard coating adhesion test used to determine the
adhesion of -finish systems used on aircraft. The specimens, after exposure
are pictured in Figures 33—37. The metallic coating and substrates were exam—

• -t ned, after removal of a patch of polyurethane coating, to determine environ-
mental effects on them, If any. The tests were as follows:

Sunshine — Specimens representing each approach (fi ve total ) were exposed
for 100 hours to high I ntensity ultraviolet light as described In MIL—STD—810,
Method 505, Procedure I, using a Schoeffel 26 kW Xenon arc lamp as the source
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TABLE 11

DESCRIPTION OF THE FIVE GROUPS OF
SLOTTED METAL RADOME TEST SAMPLES

12—1439

Group

A Curved pieces , 4.5” x 5”, copper coated on convex sides by elect roform
approach.

B Curved pieces , 411 x 5”, nicke l coated on convex sides by electrofo rm
approach.

C Curved pieces, 6” x 7”, coppe r coated on convex sides by plate and etch
approach.

D Curved pIeces, 6” x 7”, nicke l coated on convex sides by plate and etch
approach.

E Curved pieces, 8” x 8”, copper coated on con vex sides by wallpaper
approach.

of radiation. The surface temperature of the coating during the sunshine
exposure was 200—220°F, as measured with a thermocouple. Only the convex side
of each specimen was irradiated with the lamp. The polyurethane coating on
all of the spec imens was crazed, softened, and blistered as a result of the
exposure. The tape adhesion test resulted in coating failure in the area of
the blisters, and the adhesion failure was between the primer and the polyure-
thane coating, not between the metal and the primer (Figure 33).

Temperature/Humidity/Altitude — Specimens representing each approach
(fIve total) were cycled per method 518.1, MIL—STD—810. Method 518.1 requires
cycling from standard ambient conditions to an altitude of 50,000 feet and a
temperature of —54°C, return to ambient with 95 percent relative humidity,
increasing temperature to +65°C maintaining 95 percent relative humidity , and
a slow decrease in temperature back to ambient with 95 percent rel ative

humidity. The specimens were cycled 4 times. During the humidity segment of
the second cycle there was an equipment failure resulting in a 16 hour delay
In completing that cycle. However, the problem was corrected and the test
completed. The polyurethane coating on two of the specimens had blistered 
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slightly. This is not unusual for the MIL—C—83231 polyurethane coating; It
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Figure 32 Typical environmental test specimens before exposure
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Figure 33 Environmental test specimens after 100 hours of simulated sunshine exposure
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Figure 34 Environmental test specimens after exposure to temperature/humidity/altitude cycling
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Figure 35 Environmental test specimens after 4 hours immersion in JP.4 fuel
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Figure 36 Environmental test specimens after 4 hours immersion in MIL-H.5606 hydraulic fluid
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Figure 37 Environmental test specimens after 240 hours of 5% salt spray exposure

70

+1

—- — — 
—
~~ 

- —- ____________________________

• - - - • - • - ~ — • - • — • _ _ .  -~ --~----~-.~~~



-- - -
~~~ -

has been observed during testing of full sized radomes by Brunswick on many
occas ions, and is believed to be caused by mi nute pin holes introduced during
appl ication of the coating. Like the sunshine test results, the blistering is
a characteristic of the polyurethane coating, not the slotted metal coating or
radome substrate. The blisters disappeared after a short period of ambient
storage and the coating passed the adhesion test (Figure 34).

Flu id Immersion — These tests were conducted in accordance with MIL—R—
7705B which requIres four hours immers ion in fluids common to the operation
and maintenance of the aircraft. Five -specimens representing each configura-
tion were tested at room temperature in jet fuel (JP—4 ) and hydraulic fluid
(MIL—H—5606C) for the required four hours. Immersion of the specimens in the
two fluids resulted only in slight softening of the polyurethane coating
(Figures 35 and 36). The coating passed the adhesion test.

Corros ion — Because of the unique construction of the resonant metal
radome when compared with conventional radomes, an accelerated corros ion test
was conducted on specimens of each approach. Salt fog tests were performed in
accordance with method 509.1, Procedure I, of MIL—STD—81O which calls for 240
hours of exposure to 5 percent salt fog spray. No adverse effects to the
coatings or the specimens were noted and the coatings passed the adhesion test
(Figure 37).

CONCLUSIONS
The above enviroranental tests show that a metallized radome made by any

of the methods being considered will resist exposure to adverse enviroments

encountered by aircraft. In all of the tests, the fiberglass—epoxy substrate,
the slotted metal coating, and the bond between the two were all unaffected by
the exposure. The polyurethane rain erosion coating, the only thing affected
by the tests, is easily repaired or replaced and would only have required
replacement after the sunshine exposure. Our testing was obviously severe
since this coating has been in service for years and the effects noted in this
test have not occurred in the field. There was no difference in the results
between the copper and the nickel specimens.
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SECTION V

ELECTRICAL TESTING

Since the ultimate success of the resonant metal radome will depend to a
great extent on the RF performance of the concept, a major part of the program
addressed the characterization of the electrical performance of metallized
specimens and demonstration radomes. The results of tests conducted with
slotted metall ic specimens are reported in detail in this section and the
results obtained with the full scale demonstration radomes are discussed in
the next section (Section 6.0).

The electrical design of the demonstration articles for this program was
performed by the Ohio State University ElectroScience Laboratory (OSU) under a
separate contract with the Air Force Avionics Laboratory. The specifics of
the design are detailed in Reference 15 and discussed briefly in this section
(paragraph 5.2).

5.1 OUT OF BAND ATTENUATION MEASUREMENTS

BACKGROUND AND OBJECTIVE
An important part of the interest in resonant metal radomes is their

potential for providing protection against electromagnetic pul se, and for
filtering out other electromagnetic interference such as precipitation static.
These advantages are in large part a function of out of band attenuation.
Tests were conducted therefore to measure the amount of attenuation provided
by slotted metallic specimens, at frequencies apart from the resonant fre-
quency of the specimen.

Electromagnetic Pulse (EMP) is the large burst of electromagnetic energy
associated with a nuclear explosion -In or near the atmosphere. EMP can cause
severe disruption of, and sometimes damage to, electrical and electronic
equipment at distances where other weapon effects such as nuclear radiation,
blast, thermal effects, dust, debris, and biological effects are all absent.
This .n.-,-gy has characteristic frequencies which are for the most part below
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10 megahertz. Since virtually all airborne radars operate above 1000 mega-
hertz, a narrow band radoine which only transmits energy at or near the oper-
ating frequency of the radar could reasonably be expected to filter out much
of the energy associated with EMP. The response of a system, an aircraft for
instance, to EMP is dependent upon not only the response of the individual
component parts of the system, but upon the response of the complete aircraft
configuration. It is reasonable, however, to assume that a system whose Indi-
vidual component parts are not EMP hardened wiU not itself be hard. There-
fore, we were interested in evaluating resonant metal radome material -In a
component level test setup since it is not within the scope of this program to
evaluate the entire radoine/ aircraft assembly.

L i ke EMP , radio frequency (RF) noise associated with precipitation
static,* although extending into the gigahertz range, is principally a low
frequency phenomena. Therefore, it is possible to filter out this type of
noise with a bandpass filter. The following tests demonstrate that the reso-
nant metal radome configuration acts very much like a bandpass filter, and
that it is an effective method for shielding the avionics bay located aft of
the radome.

TEST METHOD
The attenuation of out of band frequencies was measured on one s ingly

coated specimen and one doubly coated specimen (biplanar array). The attenua—
tion measurements were performed over the frequency range of 100 klIz to 12
GHz. This frequency range was selected to provide the necessary attenuation
Information to both EMP frequencies and the frequencies associated with
P—static. The attenuation measurements from 100 kHz to 1 GHz were performed
using MIL—STD.-285 techniques. Measurements above 1 (3Hz were performed using
MIL—STD—1377 techniques.

MhL—STD—285 Is a requirements and verification specification for shielded
enclosures. Testing per MIL—STD—285 utilizes a shield room In which one wall
of the room is modified to incorporate the article being tested. By transmit-
ting energy from inside the room and measuring the energy penetrating the
article under test, the art icle ’s shielding effectiveness can be determined.

*Refer to Sect-Ion 4.3 for further discussion of precipitation static.
73
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The MIL—S1D—285 type proc.dure used In these tests is Illustrated in
Figure 38. The power transfer between the two antennas Is measured In two
configurations, first In free space and then with the slotted metal radome
specime n being tested , placed between the antennas . The difference in
received ower, expressed in dB, for the two measurements (keeping the trans-
mitted power constant ) is the shielding effectiveness of the test specimen.
At each test frequency the receiving antenna is physically ori ented for
maximum receiver indication.

12—1253

RF shieldid enclosure

Transmitting
antenna

Assonant metal
radoms sp.cimen

R.crnving
antenna

~~~ RF generator

RF receivsr

Figure 38 MIL.STD-285 type test setup

The MIL—STD—1337 procedure is not used at low frequencies because of the
size l imitations of the test cabinet; however, it is the n~i and preferred
method of testing and, therefore, was used in these tests for the frequencies

above 1 GHz. In this procedure, Illustrated schematically in Figure 39 and

pictured in Figure 40, the metal radome specimen was mounted on one wall of a

small enclosure. This enclosure was then placed in a larger test cabinet.

The shieldi ng effectiveness is determined by Injecting RF power into the test
cabinet and measuring the received power on an antenna internal to the small 
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enclosure. The transmitting antenna Is placed around three walls of the test
cabinet and electrically isolated from the walls. The receiving antenna runs
the length of the smaller enclosure and is electrically bonded to the device
at each end, with a center tap connected to the receiver. The power received
by the internal antenna is measured with and without a reference di scontinuity
placed In the small enclosure. The reference di scontinuity is a two—foot
length of wire that penetrates the device (one foot internal and one foot
external). The discontinuity couples energy into the device, and is used as
the zero shielding reference. Wi th a constant input power, the difference
in received powers (with and without the reference discontinuity) expressed in
dB, is the shielding effectiveness of the device.

12—1252

i—Reference
T.st Unit 

~~ 
discontinuity

Resonantlnt •rna l meta l

~~~~ 
_ __ _ _

f Long wire
transmitting

1 1  

antenn a~~~~~

Double stub Double stub
tuner tuner

~~~~~ ~~isl
tun ics J RF receiver J J R F source

Figure 39 MIL-STD-1377 test setup

When making the two measurements, several tuning procedures are utilized
to give a maximum receiver indication. Double stub tuners located on the
i nput and output cables are used to obtain an impedance match at the particu-
lar test frequency. Paddl ewheel tuners, which can be rotated and moved l ongi—
tudinally, are used to orient the fields inside both the test cabinet and the 

- 

-
~

enclosur e under test for maximum receiver Indication.
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Figure 40 RMR specimen mounted in MIL-STD-1377 test setup

Experi ence has shown that MIL—STD—1377 testing typical ly indicates a
lower shielding effectiveness than MIL—STD—285 type testing. Because of this,
there is a step In the test data at 1 GHz, where the test method switches from
MIL—STD—285 to MIL—STD—1377.

TEST RESULTS
Two configurations were tested. The first, a singly coated (8 x 8 inch)

specimen with an 0.080 inch fiberglass—epoxy substrate, was tested using both
the 285 and 1377 Military Standard methods to cover the entire range of fre—
quencles, 100 kHz to 12 GHz. Attenuation measurements were made at 4 frequen-
des  per decade from 100 kHz to 1 GHz and then every 0.5 GHz from 1 to 12 GHz. 

- 

-The results are plotted in Figures 41 and 42. The performance of the singly
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coated specimen at resonance is the result of a design fault in the substrate
and should not be interpreted as the optimum performance achievable.
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Figure 41 Attenuation of a singly coated specimen. (0.1 MHz — 1000 MHz)

The other configuration tested was the biplanar array pictured In Figure
43. This specimen consists of a foam core (dielectric constant of approxi-
mately 1.1) sandwiched between two 5 rn-Il thick slotted copper panels. The
blplanar array Is of Interest because of its potential to further reduce band—
width over the singly coated specimens (Reference 16). Only the MIL-STD—1377
test was performed on the bipl anar array because it was anticipated that the
most signi ficant changes in transmission would occur in the frequency range
covered by this test. The results of this test are plotted in FIgure 44.
Addit ional data points were taken near the resonant frequency of the biplanar
array to Illustrate the sharp cutoff near the resonant frequency. Incidently,
It Is not necessary for the slot elements to be Indexed one over the other,
for the biplanar array to work, thereby facilitating the fabrication process.
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Figure 42 Attsnuation of a singly coated specimen (1 GIk —12 GHz)

A third configuration had been tested earlier and is Included here for
completeness. It was a 5 x 5 inch double curved specimen, made by the wall-
paper technique and utilized the centerl oaded slot element. The MIL—STD—1377
test was performed and the results are shown in Figure 45.
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Figure 43 Biplane. slot array
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Figure44 Attsnuatlonof a bi-pIanar slot array (1GHz — 12GHz~

The out of band attenuation measurements were made using preliminary
electrical designs since the final design was not available until after the
attenuatIon measurements were completed. The results of these measurements
are therefore representative of what can be expected from a typical X-band
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design. In addition , this type of radome construction can be refined by
design, to broaden or reduce bandwidth within certain limits. Reference 5
discusses this further.
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Figure 45 Attenuation of a singly coated specimen centerloaded design (1 GHz — 15 GHz)

CONCLUSIONS
These tests confirm the results of work done by others and de-

mons trate that the resonant metal radome does indeed act as a band-

pass filter and that significant out—of—band attenuation can be achieved with
a metal radonie. This attenuation is especially pronounced at the lower fre— . -

- - quencies where energy due to EMP and P—static is concentrated. A resonant
metal radome would provide several orders of magnitude of protection (each 10 ;

dB attenuation is an order of magnitude reduction in power or energy) to sen—
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sitive electronic components located under the radome. With a standard non-
metallic radome the total RF environment would impi nge on the electronics, and
appropriate protection would have to be incorporated into the housing and
cable shielding. In addition , sharper cutoff is possible through use of the
biplanar array. Work accomplished by Munk and others at Ohio State University
(Reference 5) indicates that bandwidth can be altered significantly by varying
slot geometry and/or diel ectric layers adjacent to the slots. This narrow
bandwidth acts to reduce the threat from EMP as well as other electromagnetic
interference.

5.2 FLAT PANEL TESTS

BACKGROUND
Flat panel s are commonly used in the radome industry as a means for

eval uating new radome wall designs or construction methods without taking the
time, or going to the expense of building full size radome shapes. Electrical
performance data, such as RF transmission and insertion phase delay (IPD), can
be taken at each incidence angle, and polarization of interest by rotating the
panel In the test fixture. This data may then be used to directly compare
performance of a variety of wal l designs or to hel p predict the performance of
a three dimensional radome. Although performance parameters for radomes are
difficul t to accurately predict, the flat panel data prevides the best basis
for eval uation, short of fabrication and measurement of a radome.

SLOT DESIGN
As al ready mentioned , the slot designs for this program were furnished by

OSU under a paral lel Air Force Avionics Laboratory project. The slot pattern
was designed especially for appli cation to the Lockheed Jetstar (C—140 )
radome chosen as the demonstration radome. Several patterns were cons idered
early in the program, including the center loaded design shown in Figure 11.
However, the loaded design was rejected because of the susceptibility of the
center loading element to delamination during rain erosion and lightning test— . 

-

Ing. The advantage of the centerl oaded element is that it is less sensitive - -

to frequency shift at hIgher incidence angles. Since the Jetstar radome has a
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low fi neness ratio, the Incidence angles In the Jetstar radome were not par-
ticularly high; therefore It was decIded that an unloaded slot design could
be used. It should be pointed out for future applications which have higher
fineness rat ios, that there are other methods for loading the slots which do
not involve the somewhat troublesome center loading element. References 8 and
19 discuss these other methods.

The slot geometry and layout designed by OSU for the Jetstar radome is
described in Reference 15 and discussed briefly in this paragraph. Since a
double curved surface, like our radome, cannot be unfolded and laid out flat ,
I.e., Is not a devel opable surface, It is impossible to arrange a perfectly
periodic slotted array on its surface. However, a high degree of periodicity
is desired for good electrical performance. It was neéessary, therefore, to
approximate the radoine as a developable surface in order to lay out the slots
in a near periodic arrangement. Since in this program the slots were arranged
on a triangular grid, It was natural to approximate the radome shape with an
arrangement of isosceles triangles. This approximation scheme is depicted in
Figure 46. It was arrived at through several iterations of trial fittings,
the object of which was to reduce the number of different types of triangles
required. The triangles (al l isoscel es ) are of four basic types, where the
angle between the equal sides are 50, 56, 60 or 70 degrees. The lengths of
the sides vary from two or three inches near the tip of the radome, to 8 or 10

inches near the back edge where the degree of double curvature is smaller.
The grid angl e (the slot elements were arranged on a triangul ar grid and the
angle between the intersecting lines of that grid is referred to as the grid
angle) of the slotted array is the same as the angle between the equal sides
of the tr iangles, i.e., 50, 56, 60 or 70 degrees so that the triangles could
be cut out along a row of slot elements.

Work accomplished at OSU and reported in Reference 1 demonstrated that
the 120° trlpolar slot element has good frequency stability with changes in
angle of Incidence, and has low cross polarization when the elements are
arrayed in an equilateral grid. However, when the grid angle is skewed to the
500, 56° or 70° grId angle just discussed, cross polarization and subsequent 

r

loss of transmission occurs. It is possible to compensate for this effect by
altering the angle between the legs of the tripolar slot elements (Reference
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15). The slot element used with the equilateral grid (60°) trIangle is shown
In Figure 47a, and the element which compensates for the skewed grid (50°,
56°, and 700) trIangles is shown in FIgure 47b. The four slot patterns used
on the four types 0f triangles are Il lustrated in Figures 48 and 49.
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Figure 46 Flat pattern, single curvature approximation, of the Jetatar radome

12—1437

I.) Element used an the 80° trlenØes (bI Element used on the 500.580,
and 700 triangle. ‘C

Figurs 47 The two slot eIsm.nt designs used for the fiat panels and on the radomes
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Figure 48 Slot patterns with 50° and 560 grid angles as used on the 50° and 56° triangles

,~~~ ~,60° 12—1429

70°

-<

—

Figure 49 Slot patterns with 60° and 700 grid angles as used on the 60° and 70° triangles

Because of the slot density and resulting overlap of slot element legs it
was necessary to cut the edges of the triangles in a zigzag or serrated
fashion to avoid cutting across elements when cutting out the triangles.
Since the wallpaper fabrication method was selected, it was natural to choose
the slotted copper panels to be the same size and shape as the triangles
described In the OSU report and shown in Figure 46. FIgure 50 is a photograph
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of one of those copper triangles and Figure 51 shows how the various triangles
interface with each other in the combinations actually found on the radome.

12— 1289

-<

_ H

_ _

Figure 50 Typical 600 triangle like that used on test panel No. 3.

Phototransparencies of the slot patterns were obtained from Ohio State.
These transparencies were prepared by drawing a single element very accu-
rately, many times l arger than the desired finished size. This element was
then reduced and duplicated. A number of elements were arranged to form an
array, and this array of elements was further reduced and duplicated , and then
joined to make a l arger array and so on until an array of the desired size was
complete. Transparencies made by this technique were used throughout the
early part of the program for fabrication development work and for the first
two flat panels.

Starting with the third flat panel the metallic coati ng was appl ied using
interl ocking triangl es like the one pictured In Figure 50. In attempting to
make the Interlocking triangl es It was determined that the accuracy of the
Interelement spacing of the hand assembled artwork was Inadequate for proper
mating , although completely satisfactory from an electrical performance stand—
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point. Minor errors In assembly tended to be additive, and on a triangle with
a long side It was Impossible to make a uniform serrated edge without the cut
line crossing an element. It was necessary, therefore, to generate all of the
required artwork using a computer control led pl otter to obtain the required
tolerances. The system used, generated artwork with element size and inter-
element spacing tolerances within ~9.OO1 inch.

PANEL CONSTRUCTION

In order to expedite panel fabrication and minimize the number 0f vari-
abl es in evaluating the various metal coatings, a common substrate was used
throughout the flat panel tests. Pictured in Figure 52 is a cross section
of the test panel construction. It can be compared with the A-sandwich wal l
of the metallized Jetstar radome which uses two 33 mil epoxy E—glass skins and
a honeycomb core pl us the metal and rain erosion coating (Figure 63). The
only difference between the wall of the demonstration radomes and the wal l Of
the flat test panel is that the outer skin of the flat panel can be removed
and replaced by another of a different design. During the electrical tests, a
thin vacuum bag and a vacuum pump were used to hold the copper coated 21 mU
pl ies of E—gl ass epoxy onto the substrate panel. Tests without a copper
coating were made using one uncoated 21 mu ply of E—glass epoxy. Thus, all
slot designs were tested with a substrate sandwich which could only possibly
be different in 21 mils of the outer skin thickness, the adhesive which bonds
the copper, or the rain erosion coat ing applied over the copper. By careful
processing, these potential variables were held constant.

Test panel size was determined by prel iminary electrical measurements on
Plexigl as panels, which are stable and have well known electrical properties.
It was found that a sample as smal l as 24” x 24” would support data accuracies
of 2% in transmission and 30 In Insertion phase delay at X—band frequencies
for incidence angles up to 600. Since the incidence angles “seen’ In the
Jetstar radome are no greater than 600, this panel size was adopted. Larger
panels would be required to evaluate higher incidence angl es as are experi-
enced in radomes with high fineness ratIos. FIgure 53 compares theoretical
and measured results for the 24 x 24 Inch Plexiglas panel.
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Figure 52 Construction detail of flat panels used for electrical testing

TEST METHOD

In addition to the usual factors important in flat panel electrical
tests, the orientation of the tripolar slot required attention for the RMR
panels because of the possibility of slot polarization sensitivity. There-
fore, tests were made with the E—vector aligned with , and then perpendicular
to, one reference slot leg. In all panels except one, the slots were aligned
with each other over the entire test surface. In the one exception, Panel 11,
an arbitrary panel reference direction was established and measurements made
with the E—vector aligned with, and normal to, this chosen direction. In this
way, the random pattern effects for the one panel could be compared with the
other panels. The tests also Included , In most instances, measurements both
prior to and following the application of the protective rain erosion coating.
This layer did effectively shift the panel’s resonant frequency, and knowing
the amount of this shift was of value in sizing slot elements for subsequent
panels. Figure 54 Is a plot of the transmission curves for Panels 3 and 4,
with and without the rain erosion coating. It can be seen that resonance
(darkened data points) was shifted nearly a gigahertz by application of the
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Figure 53 Meswmd vs theoretical results for reference plexiglas panel
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rain erosion coating. Additional testing demonstrated that this is a non—
linear relat ionship, where 10 mils of rain erosion coating results in a
frequency shift nearly as great as 20 mils of rain erosion coating provides.

12—1126
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Figure 54 Effects of rain erosion coating on resonant frequency

Flat panel electrical measurements were made in an anechoic chamber using
the equipment arrangement block diagrammed in Figure 55. The test panels were
mounted on an az imuth fixture, and al l  incidence angles from 00 (or normal
incidence) through 600 were measured In the azimuth plane. With the test
horns horizontally polarized, e 

~ 
components (where 0 is the angl e of m ci-

dence) were measured. The Oj  components were recorded with vertical polariza-
tion of the horns. Transmission data was measured for continuous scans of
~~~~~~~~~ to +60°. Insertion phase delays (IPD ’s) were taken at fixed Incidence
angles every 100.

Data was taken at al l incidence angles from +60° to —60° for both paral-
lel and perpendicular polarization of the horns, and for the E—vector aligned
with and perpendicular to a reference leg of the tripol ar slots. To change
the E—vector al Igrmient relative to the slot reference leg, the panel was
simply rotated 90° (in the plane of the panel). Both normal and quarter—wave
panel posltions* were used for the above four parameter pairs. Data averaging

The normal position is centered between the two test horns and the quarter wave
position is displaced a quarter wave from the normal position.
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was accomplished for positive and negative angles, for the two slot orienta-
tions relative to the E—vector, and for the normal and quarter—wave panel
positions, to obtain transmission performance versus incidence angle curves.
The parallel (°,i) and perpendicular (8j) polarization cases are shown in these
curves. Average difference over the range of incidence angles was calculated
for the two cases of E—vector/slot reference leg alignment .

Senpls anu 12—1420
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Direction.I Frequency
recorder j  coupler counter

I
Signal
Source

Figure 55 Test arrangement, fiat panel tests

For simplicity In data evaluation , average performance over the entire
incidence angle range and for both polarizations was calcul ated. This average
is a reasonable first estimate of what could be expected from the demonstra-.
tion radomes. Al so, the resonant frequency determined for each panel was
based on the highest transmission value attained by this averaging.

IPD s were taken by measuring the difference in signal phase, with the
panel, and without the panel In place; this difference Is the insertion phase
delay. Measurement of the phase delay was accomplished by nulling the TMrefer-
ence arm of the bridge (the lower set of components in Figure 55) using the
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precision attenuator and precision phase shifter. The transmission reference
is the power level without the panel , and is represented by the 100% transmis-
sion line on the graph paper used in recording. The attenuator in the “sample
am of the bridge” (the upper set of waveguide components shown in Figure 55)
was used to calibrate the graph paper and verify linearity of the transmission
readings.

TRANSMISSION TEST RESULTS

A total of 11 RMR panels were tested during the program. The panels were
fabricated and tested In five groups and therefore are presented here by group
and in sequence. Panel 1 was fabricated with a wide joint at its mid—height
position which extended the full panel width. This joint, in effect, deleted
one or more rows of slots from the array. In addition , a large number of the
slots were distorted. The panel was found to be sensitive to positioning ,
thus creating Inaccuracies in the measured transmission and IPD. Measured
data was discarded and new specimens were fabricated without these deficien-
cies.

RMR Panel s 2 and 3 — Panel 2 was fabr icated, using the OSU furnished
transparencies, as a single uninterrupted sheet (Figure 56). Panel 3 used the
computer generated artwork and consists of 8— inch copper triangles with ser—
rated edges Interlocked over the enti re surface to form a nearly perfectly
periodic array. A singl e triangle was pictured previously in Figure 50 and
the facesheet for Panel 3 is shown in Figure 57. Slot dimensions were mea-
sured with the following results:

Panel No. Leg Length Slot Width Grid Angle
2 0.195” 0.038” 50°
3 0.186k 0.042” 60°

In addition to slot size, physical measurements of panel thicknesses were
made. It was found that for these two panels, and in fact for all eleven of
the flat panels tested, the physical dimensions never varied more than +1 mll
from the dimensions shown in Figure 52, except as noted below.

One exception was Panel 2 which had an adhesive layer that was approxi—
mately 12 mlls thick. Some RMR panels were intentional ly sprayed with 16 mIls

H
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Figure 56 Test panel No. 2, 500 pattern, before erosion coating.
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Figure 57 Test panel No. 3 before appllcatwn of the erosion costing.
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I
of rain erosion coating and will be noted as appropria~.e under discussions of
the particular panel sets.

Transmission measurements for Panels 2 and 3 were conducted both with and
without rain erosion coating. Transmission at resonance, with the rain

S 
erosion coating, for Panels 2 and 3 is as follows:

Panel No. Resonant Frequency Transmission at Resonance
2 9.9 GHz 80.9%
3 9.9 GHz 86.4%

Additionally, the facesheet portion of Panels 2 and 3 were initial ly
stacked on the wrong side of the A—sandwich substrate so that the total stack
was unbalanced, i.e., an 11 mu skin on the back and a 55 mil skin next to the
metal layer. The resonant frequency of the unbalanced panels was shifted
downward significantly, which is not surprising in light of the effect on
resona’ce of the rain erosion coating (Figure 54).

Figure 58 shows typical measured transmission curves for the four polari—
zation/ slot orientation conditions (labeled a, b, c and d). The dual curves
in this figure represent the normal and quarter—wave panel positions. The
initial averaging of quarter—wave/normal panel position and left/right panel
orientations (+ and - incidence angles) was accomplished by folding each
recorded sheet and drawi ng through the apparent average transmission versus
incidence angle plot. The specific data shown is for Panel 2 at 9.9 GHz, with
rain erosion coating and proper layer stacking.

Table 13 summarizes transmission performance for each measured panel!
condition. The perpendicular polarization results are average for two condi-
tions, such as cases (a) and (c) shown in Figure 58. Paral lel polarization
results are averages such as Figure 58, cases (b) and (d). This averaging of
the two slot orientations relative to the E—vector provides the two customary
components used in the usual radome analysis, and would suffice for predicting
radome/antenna transmission scans which are the average for two antenna polar—
izations If a given slot orientation was maintained over the entire radome
surface. They shoul d also provide a good first estimate for a radome surface
with many different slot orientations and array sizing such that the antenna
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TABLE 13
TRANSM ISSION RESPONSE

RESONANT METAL RADOM E PANEL NO. 2
150° SLOTS) WITH RAIN EROSION COATING

12—14-44

______________ _______ ______ 
Transmissio~~ % , For Inc i dence Angle (Deg.) 

______

Freq.
Polarizat ion GHz 0 10 20 30 40 50 60 Avg.

Perpendicular 9.3 77.8 77.8 77.8 77.3 76 .1 71.8 63.6 74.6

9.5 80.3 79.6 78.6 77.6 75.3 71.8 63 .3 75.2

9.7 80.1 80.3 79.8 78.3 76.1 72.3 66.3 76.2

9.9 61.5 81.0 80.0 78.5 76.3 71.3 65.0 76.2

10.1 77.0 76.3 75.0 72.8 70.5 65 .5 57.8 70.7

10.3 74.6 73.9 72.9 70.6 67.4 61.9 54.1 67.9

Parallel 9.3 77.8 78.1 78.3 79.6 81.6 83.1 84.6 80.4

9.5 80.3 80.8 81.8 83.2 85.2 87.2 89.0 83.9

9.7 80.1 80.6 81.9 83.6 84.9 88.1 90.) 84.2

9.9 ~~~ 81.8 82.5 84.5 86.8 90.0 92.3 85.6

10.1 77.0 78.5 80.5 83.8 86.0 88.3 91.0 83.6

10. 3 74.6 75.8 78.1 81.8 84.6 87.3 89.6 81.7

Frequency : 9.3 9.5 9.7 9.9 10.1 10.3

Avg . Transmission (%)
2 Polar izat Ions:  77.5 79.6 80.2 80.9 77.2 74.8

Avg.. Polar-
zat ion/Slot

Sensit ivity: 6 .3 3.9 1.9 LI 2.5 1.7

always TMsees” a mix of slot orientations. This is representative of the case
where the antenna look s near a radome nose and sees a great deal of the total
radome surface. High antenna offsets tend to local ize the antenna field of 

S

view, and hence minimum transmission in a radome might not be predicted accur-
ately by the average perpendicular and parallel polarization cases. As a means

97

- ~~~~~~~~~~~~ 
i ... ’ - - •

—-5— — S _ - S  -~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~ -— — —  ~~~~~~~~~--p-— — -~~~~~



— S~~ S ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S
~~~

___••__._ , 
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~-5~ ’ —__s_

to es timate thi s effect , an “average polarization/slot sensitivity” was deter-
mined for each frequency. This information Is given at the bottom of Table 13
for Panel 2, and specifically i s the avera ge of differences in Figure 58, NaH
versus “c~ conditions for seven angles pl us the Figure 58 “b” versus “d” con-
ditions for seven angles. In view of the measurement accuracy (±2% in trans—
mission), average polarization/slot sensitivity less than 2% can reasonably be
disregarded, thus Panel 2 exhibited virtua1ly no sensitivity to slot orienta—
tion at 9.7 and 9.9 GHz.

Al so shown at the bottom of Table 13 is the average transmission for each
frequency. This average includes both the perpendicular and paral lel polari—

S 
zation data at the seven indicated angles. This single number is a reasonable
f irst approx imation of the avera ge transm i ss ion ex pected in the Jetstar radome
shape. This single value versus frequency provides a means to define “reso—
nant” frequency for each panel , in this case 9.9 GHz ‘

~: indicated. Table 14
provides the final sumary data for Panel 3, which was also resonant at 9.9
GHz.

The earlier data for Panels 2 and 3, as previously indicated , was m a d—
vertently taken with the E—glass epoxy skins stacked incorrectly. Under that

S condition , the resonant frequencies of Panel s 2 and 3 were 9.7 and 9.9 GHz,
respectively, without rain erosion coating , and 8.7 and 8.9 GHz with rain
erosion coating. This data and the fact that the stacking error was not dis-
covere d unti l later, led to the assumption that the slot design needed to be

S scaled down to raise the frequency. This was accomplished and Panels 3 and 4
were made with newly generated artwork having smal ler elements.

RMR Panels 4 and 5 — Artwork for Panels 4 and 5 was generated by a com-
puter controlled plotter. The interelement spacing was held constant while
the element leg length and width were reduced. The rain erosion coating
thicknesses were again 20 mils. The slot dimensions were as follows:

Panel No. Leg Length Slot Width Grid Angle
4 0.174” 0.030” 60°
5 0.174” 0.028” 50° 
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TABLE 14
TRANSMISSION RESPONSE

(50° SLOTS) WITH RAIN EROSION COATING s... ~~

Freq. _____ 

Transmission , %, For Incidence_Angle_ (Deg. ’
____________

Pol er izatl on GHz 0 10 20 30 liD 50 60 Avg.
Perpendicular 8.7 74.8 73.3 71.5 70.3 67.8 65.0 6i.O - 69.1.

8.9 77.6 77.3 75.8 74.1 71.8 67.6 61.8 72.3
9.1 79.1 79.1 78.6 77.4 75.9 72.1 66.1 75.5
9.3 81.1. 81.9 82.4 82.7 81.2 76.9 67.7 79.2
9.5 81.9 82.2 82.1. 82.3 81.2 77.’o 68.7 79.1.

9.7 84.0 84.8 85.0 84.8 83.8 80.0 71 .0 81.9
9.9 86.8 86.8 86.5 86.5 86.0 82.5 73.3 84.1
10.1 85.1 85.3 85.1 84.6 84.; 80.6 72.3 82.4
10.3 87.0 86.7 85.7 84.2 83.2 80.5 71.5 82.7
10.5 86.3 85.8 84.3 83.1 81.3 78.1 71.8 81.5
10.7 82.9 82.7 81.7 80.2 78.7 74.4 67.4 78.3

Parallel 8.7 74.8 75.3 75.5 77.0 79.5 83.3 85.0 78.6
8.9 77.6 78.6 79.4 80.4 81.9 85.1 87.6 81.5
9.1 79.1 79.6 80.3 81.3 82.6 84.6 86.6 82.0
9.3 81.4 81.6 81.6 82.6 84.6 86.1 86.9 83.5
9.5 81.9 82.4 82.9 84.6 86.1 88.1 89.1 85.0

9.7 84.0 84.5 84.8 85.8 87.5 89.8 90.5 86.7
9.9 86.8 86.8 87.0 87.8 89.3 91.0 92.5 88.7
10.1 85.1 85.4 85.6 85.6 86.6 89.4 91.6 87.0

10.3 87.0 87.0 87.2 87.5 88.7 90.0 91.0 88.3
10.5 86.3 86.3 86.1 87.3 88.6 89.8 90.3 87.8
10.7 82.9 83.1. 85.1 86.6 87.9 89.6 90.1 86.5

requency: 8.7 8.9 9.1 9.3 9.5 9.7 9.9 10.1 10.3 10.5 10.7
Avg . Transmission
(%),2 Pol : 73.9 76.9 78.8 81.4 82.2 84 .3 86.4 84.7 85.5 84.7 82.~
Pol ./Slot
SensitivI ty 2.0 2.0 3.0 1.6 3.0 4 .9 3.8 2.8 2.8 2.4 J .8

As with the other panel measurement cases, a single polarization/slot
alignment condition was used for an initial panel frequency survey to deter-
mine logical test frequencies. Due to time lapse, measurement accuracy with
reference to Plexiglas was reverified prior to RMR panel testing. Tables 15
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TAB LE 15
TRANSMISSION RESPONSE

RESONANT META L RADOME PANEL NO. 4
12—1462(60° SLOTS) WITH RAIN EROSION COATING

Freq. 
_____ 

TransmIssion , ~~, For Incidence Angle (Deg.)
Polarization GHz 0 10 20 30 

- 40 50 60 Avg.

Perpendicular 9.7 77.1 76.6 76.1 75.1 73.5 69.1 62.1 72.8

9.9 80.8 80.1 78.6 77.8 75.6 71.8 64.3 75.6

10.1 82.8 82.3 81.1 79.8 78.1 75.3 67.6 78.1

10.3 82.5 82.0 81.3 79.5 77.5 75.0 68.5 78.0

10.5 80.4 80.4 79.9 77.7 74.9 71.9 66.4 75.9

10.7 77.4 76.9 75.9 73.7 70.7 67.4 61.9 72.0

Parallel 9.7 77.1 77.4 78.1 79.1 81.1 83.1 84.4 80.0

9.9 80.8 80.6 80.6 81.0 82.8 84.8 86.1 82.4

10.1 82.8 82.8 83.1 83.8 84.8 86.1 87.2 84.4

10.3 82.5 82.3 82.8 84.5 85.8 87.3 88.0 84.7

10.5 80.4 80.6 81.6 83.9 86.1 86.9 86.9 83.8

10.7 77.4 78.1. 79.6 81.9 84.6 85.4 85.9 
- 

81.9

Frequency 9.7 9.9 10.1 10.3 13.5 10.7
Avg. Transmission (%)
2 Polarizations: 76.4 79.0 81.3 81.1. 79.9 77.0

Polarization/Slot
Sensitivity : 1.7 1.8 1.1~ 0.8 0.8 1.4

and 16 suninarlze transmission data. For the final tests with rain erosion
coating the results were as follows:

Panel No. Resonant Frequency Transmission at Resonance
4 10.3 GHz 81.4%
5 - 10.5 GHz 74.0%

~~~ *-y
S
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TABLE 16
TRANSMISSION RESPONSE

R ESONANT METAL RADOME PAN EL NO. 5
12—1483

(50° SLOTS) WITH RAIN EROSION COATING

F req. _____ 

rransmission , ,~~ For Incidence_Angle_ (Deg.)
Polarization GHz 0 10 20 30 40 50 60 Avg.

Perpendicular 9.9 65. 3 65.1 64.1 62.3 60.1 57.6 53.6 61.2
10.1 69.3 69.0 68.8 67.3 65.3 62.5 56.5 65.5
10.3 71.9 72.1 72.1 70.9 69.1 66.6 60.9 69.1

10.5 73.5 73.2 72.7 71.7 70.0 68.0 62.7 70.3
10.7 73.9 73.4 72.4 70.7 68.4 64.9 59.7 69.

10.9 72.3 71.5 69.8 67.8 64.5 60.8 55.8 66.1
11.1 66.5 65.5 64.0 60.5 56.8 52.5 47.5 59.0

Parallel 9.9 65.3 68.5 69.5 70.2 72.5 76.7 81.2 72.0
10.1 69.3 69.5 70.5 72.0 73.8 76.5 79.8 73.1
10.3 71.9 72.2 72.4 73.9 75.4 77.9 80.7 74.9
10.5 73.5 74.0 75.2 77.0 79.0 81.0 83.2 77.6
10.7 73.9 74.6 75.9 77.4 79.6 81.9 84.1 78.2
10.9 72.3 74.0 76.3 79.0 82.0 85.0 87.3 79.14
11. 1 66.5 69.0 72.8 77.3 81.8 85.3 87.8 77.2

Frequency: 9.9 10.1 10.3 10.5 10.7 10.9 11 .1

Avg . Transm iss-
S ion (%) , 2 Pol : 66.6 69. 3 72.0 74.0 73.7 72.8 68.1 -

5

Pc’larizatlon/Slot
Sensit Iv ity : 11.6 8.8 6.3 li.6 1.6 2.1 1.9

Panels 4 and 5 performed 5 to 7% poorer than Panel s 2 and 3. This was
S attributed to stagger tuning of the radome wall , which occurs when the sub-

strate is tuned at one frequency (9.375 GHz) and the slot pattern at another,
in this case much higher, frequency.

• RMR Panels 6, 7 and 8 — Following the measurement of Panel s 4 and 5, the
error in assemblying Panel s 2 and 3 was discovered and verifi ed by reassem—
bling and reineasuring those panels. Al so, at this time, the small difference
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In resonant frequency for Panels 4 and 5 was tentatively attributed to the
slight difference in slot leg width. The new panel set was therefore selected
to Investigate the effects of slot leg width on frequency. Towards this end,
Panels 7 and 8 were made identically, except for slot leg width. The rain
erosion coatings were 16 mils in lieu of 20 for this panel set because a 16
mU thick erosion coating was being considered for the demonstration radomes
at the time of these tests. Slot parameters were:

Panel No. Leg Length Slot Width Grid Angle
6 0.191” 0.033” 60°
7 0.192” 0.034” 500

8 0.192” 0.047” 500

Final measured transmission data are shown in Tables 17, 18 and 19.
Summary results were:

Panel No. Resonant Freqency Transmission at Resonance
6 9.9 GHz 84.0%
7 9.9 GHz 80.3%
8 10.1 GHz 83.9%

— Again, the greater slot leg width on Panel 8 caused an upward shift in
resonant frequency. All data was reviewed at this point in the program and
based on that review , a projection was made to predict the el ement size
required for resonance at 9.375 GHz, the design frequency of our demonstration
radomes. Figure 59 shows resonant frequency plotted against element leg
length (center to tip distance) for Panel s 4, 5, 6, 7 and 8. Only the last
five panels were considered because these panels were prepared from the same
artwork ; i.e., the artwork for Panels 6 and 7 are merel y a photogra ph ic
enlargement of the artwork for Panels 4 and 5. Artwork for the earlier panels
was generated separately and leg length, slot leg width, and interelement

spacing vary independently. The artwork for Panel 8 is a photographic S

enlargement of the Panel 5 artwork except that the element leg widths were
increased from .030 to .040 inch wide to examine the effect of leg width on
frequency.

In an attempt to account for this difference in leg wi dth, another plot
was made. This time element leg length, from near edge to tip, was computed.
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TABLE 17
TRANSMISSION RESPONSE

RISONANT MITAL SADOME PANEL NO.6
(58° SLOTS) WITH RAIN EROSION COATING

13—1134

Freq. Transmission * For Incidence An 1. CD. .)
Polarization GHz 0 10 20 30 1.0 ,J,~_,,,, 60
Perpendicular 9.3 78.3 78.5 78.5 77.7 76.0 72.5 63.8 75.0

9.5 80.9 81.2 81.9 80.9 78.4 74.7 65.9 77.7
9.7 83.4 83.4 84.1 84.1 81.6 76.6 68.1. 80.2
9.9 83.9 83.9 83.4 82.9 80.6 75.6 66.6 79.6
10.1 81.6 81.1 80.3 79.1 77.8 73.1 64.8 76.8
10.3 80.0 79.5 79.0 77.2 74.4 69.0 61.7 74.1~
10.5 74.9 74.4 72.7 70,2 66.9 61.4 55.1~ 68.0

Parallel 9.3 78.3 79.0 80.3 81.8 03.5 85.3 86.0 82.0
9.5 80.9 81.6 82.9 84.4 86.4 88.4 90.1 85.0
9.7 83.4 83.7 84.4 86.4 88.2 89.7 89.9 86.5
9.9 83.9 84.7 864 88.4 90.4 91.7 93.2 88.4
10.1 81.6 82.9 85.1 88.1 90.1 92.1 93.4 87.6
10.3 80.0 81.2 83.2 87.0 89.5 92.2 93.0 86.6
10.5 74.9 76.4 80.1 84.4 89.4 92.1 93.1 84.3

Frequency: 9.3 9.5 9.7 9.9 10.1 10.3 10.5

Avg. Transmission (*),
2 Polarizations: 78.5 81.4 83.4 84.0 82.2 80.5 76.2

5 

Avg., Polarizatlon/
Slot Sensitivity: 1.8 1.5 1.4 1.9 1.6 1.8 1.5

This distance, shown as 12 In Figure 60, is a function of leg width as well
as length, and when plotted, as in Figure 61, against frequency puts the Panel

8 data point on the curve. The projection of this curve to 9.375 GHz occurs

at .2075 inch, the required 12• This is the near edge to tip distance which
corresponds to a center to tip distance (L1) of .214 i nch , which is the same
as the extrapolation of Figure 59.
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TABLE 18
TRANSMISSION RESPONSE

RESONANT META L RADOME PANEL NO.7
(50° SLOTS) WITH RAIN EROSION COATING

12— 1533

Freq. Transmission , %, For incIdence_Ang le_ (Deg.)
Polarization GHz 0 10 _20 30 40 50 60 

- 

Avg.

Perpendlculai 9.3 71.0 71.5 72.5 71.5 69.5 65.5 58.5 68.6
9,5 74.4 74.9 75.1 74.6 73.1 69.4 61.9 71.9
9.7 77.6 77.9 77.6 77.1 75.6 70.9 63.1 74.3
9.9 80.6 80.6 79.9 78.6 76.1 71.4 63.9 75.9
10.1 79.1 79.1 78.1 76.4 73.6 68.4 60.1 73.5
10.3 77.3 76.8 75.3 73.1 69.3 64.1 56.8 70.4

Parallel 9.3 71.0 72.5 74.0 75.5 77.3 79.8 77.5 75.4
9~5 74.4 74.9 75.7 77.2 79.2 81.2 83.7 78.0
9.7 77.6 77.8 78.6 78.8 81.8 85.1 88.1 81.1
9.9 80.6 81.3 82.6 84.1 86.1 88.1 

- 90.3 84.7
10.1 79.1 79.6 81.3 83.6 85.6 87.8 90.8 84.0
10.3 77.3 78.6 79.8 81.8 84.3 86.8 90.! 82.7

Frequency: 9.3 9.5 9.7 9.9 10.1 10.3

Avg. Transmission (%) ,
2 Polarizat ions: 72.0 75.0 77.7 80.3 78.8 76.6

Avg. Poiarlzation/
Slot Sensitivity: 9.1 7.3 4.9 2.0 0.9 2.2

The original computer generated artwork was enlarged photographically to —

achieve this leg length and fabrication of parts for the demonstration arti—
des using the new artwork was initiated. Additionally , the 56° and 70° art- -

~~

work was generated and enlarged In the same fashion.
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TABLE 19

TRANSM ISSION RESPONSE

RESONANT METAL RADOME PANEL NO.8
(50° DESIGN. WIDE SLOTS) WITH RAIN EROSION COATING

12—1532

_____ 
Transmi ssion , %, For Inc idence_Angle_(Deg.’):Freq.

Polarizat ion GI(z 0 10 20 30 40 50 60 Avg.
Perpendicular 9.7 79.6 79.6 79.6 79.6 78.6 75.3 66.8 77.0

9.9 83.0 83.0 82.5 82.2 81.2 77.7 69.0 79.8
10.1 85.1 84.9 84.1 82.9 80.9 77.6 69.1 80.7
10.3 84.3 83.8 82.8 81.6 79.8 75.8 69.3 79.6
10.5 82.8 82.8 81.5 79.5 76.7 72.3 65.8 77.3

Parallel 9.7 79.6 79.9 80.1 81.4 83.6 85.9 87.6 82.6
9.9 83.0 83.2 83.5 83.7 85.2 87.0 88.7 84.9

10.1 85.1 85.3 86.1 86.8 87.2 88.7 90.2 87.1
10.3 84.3 84.8 85.6 86.6 87.6 89.1 91.1 87.0
10.5 82.8 84 .0 85.3 87.0 89.0 90.8 92.0 87.3

Frequency: 9.7 9.9 10.1 10.3 10.5

Avg. TransmIssion (%) ,
Polarizat ions: 79.8 82.4 83.9 83.3 82.3

Avg., Polarlzation/
Slot Sensitivity: 4.9 4.8 3.7 3.2 1.9

R~~ Panels 9, 10 and 11 - This panel set was fabricated with the same
transparencies used on the demonstration radomes. Parameters were:

Panel No. Leg Length Slot Width Grid Angle
9 0.214 0.035 60°

10 0.215 0.036 50°
11 0.215 0.036 * ‘-,,

*yarious pieces of all four grid angles. Orientation was
similar to that on the demonstration radomes (Figure 62).

105

5 - ..; ~. - 

5 - - 
- 

- -

— ~~~~~~~~~
I- — — ~~~~~ ~-— ~- — —— — -. -—- .— — -‘ —‘~ — .. ~~~. ~~~~~~~~ ~~~~~~~~~~~~~~~ . ~~~~~~~~ S.- -~~ ~- — _

~~~
_

~~~~



____________ ___________ ____________ ____________ ____________ 
12—1254

0.230

,‘-.214 
0-60°

~~ O.21O ~~~~
4uuurçç

2 
0 

_________ _________

.7 0.170

0.160
9.2 9.4 9.6 9.8 10.0 10.2 10.4 10.6

Fr.qu.ncy — GHz

Figure 59 L1 (leg length, center to tip) versus frequency
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Figur.S0 Dsflnition of L1 and L2
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Figure 81 (L2 leg length, near edge to tip) versus frequency
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This panel set was tested with a 20 mU rain erosion coating appl ied.
Data are shown In Tables 20, 21, and 22. Resonance characteristics were:

Panel No. Resonant Frequency Transmission at Resonance
9 8.5,* 9.3 GHz 81.0%
10 8.5,** 8.9 GIIz - 77.0%
11 8.9 GHz 75.4%

*Subsidiary maxima
**Equal maxima, 8.5 GHz has higt~er average polarization/slotsensitivity.

The low transmission val ues at resonance result from the two polariza-
tions for Panels 9 and 10 having separate resonant frequencies. With the
various slot designs and orientations in Panel 11, this difference Is less
pronounced and gives a single composite resonance.

SUMMARY FOR RMR PANELS
Table 23 sununarizes the transmission data for RMR Panels 2, 3, 4, 5, 6,

7, 8, 9, 10 and 11, and the unmetallized A—sandwich. The A—sandwich data was
measured with a 20 mil lmnlnate in lieu of the RMR layers, i.e., it simulated
the total A—sandwich with 33/33 mu skins but without rain erosion coating.

TEST RESULTS , IPD
Although emphasis was placed upon transmission , IPO results were deter-

mined at two frequencies. Table 24 shows the val ues obtained for Panels 6, 7,
9, 10 and 11, as well as for the A—sandwich (33/33 mil skins). Noteworthy
features are:

o For Panels 6 and 7, the IPD’s were smaller than observed for the
A-sandwich alone except at the highest two angles of incidence at 9.7
GHz. Thus, the resonant metal slot arrays effectively have inductive
Impedances over this range. The other panels may be inductive, but If
so, this is offset by the added dielectric material in the rain ero-
slon coating.

o The net IPD variation over 0 to 60° Incidence is higher with any of
the RMR panels than for the A—sandwich alone for both E and H plane
polarizations. This may be mitigated by the fact that the A-sandwich
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did not have a rain erosion coating, but tends to predict larger
radome boresight errors.

TABLE 20
TR ANSMISSION RESPONSE

RESONANT METAL RADOME PANEL NO. 9 12 1464(60° SLOTS) WITH RAifJ EROSION COATING

Freq. _____ 

Transmission , ~~, For Incidence_Angle_ (Deg.)
Polar i zation GHz 0 10 20 30 40 50 60 Avg.

Perpendicular 8.5 80.9 80.9 80.4 79.1 77.4 72.6 64.1 76.5

- 8.7 81.5 81.5 81.5 80.7 79.0 74.5 62.7 77.3

8.9 83.1 82.8 82.3 81.1 78.1 72.1 60.6 77.2

9.1 83.5 83.5 83.8 82.5 78.3 70.5 60.3 77.5

9.3 83.6 83.3 81.6 79.6 75.3 67.6 57.6 75.5

9.5 78.5 77.3 75.6 73.6 69.6 61.6 51.1 69.6

Parallel 8.5 80.9 81.9 83.2 85.2 87.2 86.9 86.9 84.6

8.7 81.5 81.5 81.7 82.7 83.5 83.5 83.0 82.5

8.9 83.1 83.4 82.6 81.6 83.4 83.4 83.6 83.0

9.1 83.5 83.5 83.3 83.0 84.0 85.5 86.3 84.2

9.3 83.6 83.9 84.6 85.4 86.6 89.1 91.4 86.4

9.5 78.3 78.6 81.1 83.3 87.1 89.8 92.3 84.4

Frequency : 8.5 8.7 8.9 9.1 9.3 9.5
Avg. Transmission (%)
2 Polarizations: 80.6 79.9 80.1 80.3 81.0 77.0

Avg. Polarization/Slot
SensitIvity: 1.7 4.0 2.1 4.5 1.9 2.1 

- -
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TABLE 21

TRANSMISSION RESPONSE

RESONANT METAL RADOME PANEL NO.10 12— 1468
(50° SLOTR) WITH RAIN EROSION COATING

I~req. _____ 

Transm i ssion , %, For Incide nce Angle_ (Deg.)
_____

Polarizat ion GHz 0 10 20 30 40 50 60 Avg.

Perpendicular 8.3 71.5 71.5 71.0 70.7 69.7 69.7 64.2 69.8

8.5 76.4 76.9 76.4 76.6 76.1 73.9 68.9 75.0

8.7 76.8 76.8 76.5- 75.8 75.5 71.0 63.3 73.7

8.9 77.5 77.5 76.2 74.7 73.7 70.0 62.2 73.1

9.1 76.8 76.5 76.0 73.5 70.3 66.3 53 .3 70.4

9.3 72.5 73.2 73.2 71.2 66.5 59.2 50.2 66.6

9.5 70.0 68.8 67.0 64.8 61.0 53.3 43.5 61.2

Para l l e l 8.3 71.5 71.2 71.7 74.2 78.0 81.2 87.5 76.5

8.5 76.4 75.9 75.2 77.2 79.2 83.4 84.9 78.9

8.7 76.8 77.0 76.3 76.5 80.3 84.0 85.0 79.4

8.9 77.5 77.2 78.2 79.0 81.7 85.5 87.2 80.9

9.1 76.8 77.5 78.8 79.8 82.0 85.8 89.0 81.4

9.3 72.5 73.7 76.2 79.2 82.0 84.5 87.0 79.3

9.5 70.0 71.0 73.3 76.0 78.5 82.3 86.3 76.8

Frequency 8.3 8.5 8.7 8.9 9.1 9.3 9.5
Avg . Transmission (

~~)
2 Polarizations: 73.2 77.0 76.6 77.0 75.9 73.0 69.0

~vg., Polarizat ion/Slot
Sensitivity: 14.0 9.3 5.5 3.1 2.8 6.6 7.le
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TABLE 22

TRANSMISSION RESPONSE

RESONANT METAL RADOME PANEL NO. 11 12— I~~~(MIXED SLOT DESIGNS) WITH RAIN EROSION COATING

Freq. 
_____ 

Transmission, %, For Incidence Angle (Deg..)
Polarizat ion GHz 0 

- 

10 20 30 40 50 60 
- 

Avg.
Perpendicular 8.5 72.0 71.7 70.5 6J.7 67.7 66.5 62.7 68.5

8.7 74.9 73.9 72.4 70.4 68.4 65.7 53.0 68.4

8.9 78.0 76.7 74.5 71.7 68.5 65.0 57.7 70.3

9.1 77.3 77.3 76.8 72.3 67.0 61.8 55.0 69.6

9.3 75.4 74.6 72.6 69.6 63.9 61.4 48.1 66.5

9.5 74.5 73.3 70.8 67.0 61.8 53.5 41.0 63.1

Parallel 8.5 72.0 71.7 71.0 71.5 76.0 79.2 80.2 74.5

8.7 74.9 74.6 74.6 74.6 76.4 79.9 81.6 76.7

8.9 78.0 79.0 79.5 77.7 78.7 83.5 87.2 80.5

9.1 77.3 78.5 79.5 80.0 80.8 83.0 87.0 80.9

9.3 75.4 76 .9 79.4 81.2 82.7 86.2 89.2 81.6

9.5 74.5 75.0 77.3 80.5 8~.3 87.3 89.8 81.1

Frequency : 8.5 8. 7 8.9 9.1 9.3 9.5
Avg . Transmission (%),
2 Polarizations: 71.7 72.6 75.4 75.3 74.1 72.1

Avg., Polarizat ion/
Slot Sensitivity: 5.9 4.0 3.5 2.5 2.9 3.1
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TABLE 23

TRANSMISSION RESPONSE
SUMMARY FOR RMR AND A.SANDWICH PANELS

12—1484

Transmiss ion *, Ave~~~ (0°-.
~-~0°~~..L & ,LL Po larizat ion ) , Pane l No.:

Freq. A
(GHz) 2 3 4 5 6 

— 
7 8 9 10 II Sandwlch*

8.3 73.2

8.5 80.6 77.0 71.7

8.7 73.9 79.9 76.6 72.6

8.9 76.9 80.1 77.0 75.4 95.2

9.1 78.8 80.9 75.9 75.3

9.3 77.5 81.4 78.5 72.0 81.0 73.0 74.1 96.3

9.5 79.6 82.2 81.4 75.0 77.0 69.0 72. 1 95.3

9.7 80.2 84.3 76.4 83.4 77.7 79.8 96.0

9.9 80.9 86.4 79.0 66.6 84.0 80.3 82.4

10.1 77.2 84.7 81.3 69.3 82.2 78.8 83.9 95.8

10.3 74.8 85.5 81.4 72.0 80.5 76.6 83.3

10.5 84.7 79.9 74.0 82.3 95.9

10.7 82.4 77.0 73.7

10.9 94.6

11.1

11. 3 92.7

Slot 50~ 60° 60° 50° 60° 50° 60° 60° 50° Mixed NA

LLM** 195 186 174 174 191 192 192 .214 .215 .215 NA 
—

SWM** 38 42 30 28 33 - 34 47 .035 .036 .036 NA —* A—Sandwich used with all RMR l ayers , tested with 33/33 mu skins , no rain
e rosion coating.

** LLM — Leg Length M ils
~~ SWM — Slot Width M ils
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From the above, it is evident that radomes having the same design as
the RMR panels would have larger boresight errors than the all dielectric
A—sandwich wall. Since transmission efficiency is also less, this is not
unexpected. It is likely that improvement of resonant metal designs for
better transmission efficiency would yield improved performance in  all
respects.

At the completion of the flat panel tests, Panel 10 was bonded together
permanently ( i n  lieu of being held together with a vacuum bag as was the case
with all of the previous measurements). Transmission and insertion phase
del ay measurements were made and compared to the original Panel 10 measure-
ments given in Table 21. Out of 98 data points taken, 67 were within 2% of
the original readings, 92 were within 4%, and of those which were not within
4%, 4 were at 60° incidence. Insertion phase delays were all within 3 degrees
and most were within 2 degrees. This confirms that using a substrate with
interchangeable skins gives valid electrical test results.

Biplanar Array — A bip lanar array was assembled for test, utilizing the
now bonded up Panel 10 and the metallic skin for Panel 11. Two plies of
fiberglass—epoxy were removed from the back side of Panel 10. The Panel 11
metallic skin was then asse,~ibled to it , so that the A—sandwich was balanced
with an equal number of plies on each side of the honeycomb in addition to
having a slotted metallic surface on each side of the panel. Neither side of
the panel had a rain erosion coating.

The biplanar array characteristically has a more narrow bandpass and
sharper out of band cutoff as demonstrated by OSU in Reference 16. However,
these characteristics were not pronounced on this panel . Average transmission
was 71.3% at 9.3 GHz. Table 25 sumarizes the test results. 
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TABLE 25
TRANSMISSION RESPONSE

RESONANT METAL RADOME PANEL NO.10 & 11
BIPLANAR ARRAY WITHOUT RAIN EROSION COATING

12—2120

Transmission , %, For Inc i dence Angle (Deg.)
Freq.

Polarization GHz 0 10 20 30 40 50 60 Avg.
PerpendIcular 8.3 64.9 63.4 60.4 53.14 45. le 35.1, 214.7 49.7

8.5 68.1 68.1 66.3 61.8 55.3 46.8 36.6 57.6
8.7 70.3 70.0 68.8 65.8 61.0 55.3 44.0 62.2
8.9 72.0 71.2 70.7 68.5 64.5 58.2 49.5 65.0
9.1 70.0 69.8 68.5 67.3 62.8 56.3 47.0 63.1

9.3 74.0 73.0 71.7 69.5 65.0 58.2 48.7 65.7
9.5 70.0 69.3 66.8 63.8 59.0 52.5 44.5 61.0

Parallel 8.3 64.9 64.4 62.6 60.9 61.4 64.1 66.1 63.5
8.5 68.1 67.6 67.4 66.6 67.6 69.1 71.6 68.3
8.7 70.3 70.3 70.5 71.0 72.8 76.0 79.0 72.8
8.9 72.0 71.2  69.7 7 1 .5  74.7 78.2 78.2 73.6
9 .1  70.0 70.3 71 .3  72.8 76.5 79.5 81.0 74.5
9.3 74.0 73.7 74.0 76.5 79.2 80.2 81.0 76.9
9.5 70.0 71.0 73.0 76.3 79.0 81.0 81.8 76.0

Frequency 8.3 8.5 8.7 8.9 9. 1 9.3 9.5

Avg. Transmission (
~),

2 Polar izat ions : 56.6 63.0 67.5 69.3 68.8 71.3 68.5

Avg., Polarization/
Slot S e n s i t i v i t y :  12.5 6.9 3.5 2.8 2.8 3.9 1.3
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SECTION VI

DEMONSTRATION ARTICLES

The method chosen for metallization of the two demonstration radomes was
a combination of the wallpaper and electroform approaches discussed in Sec-
tions 2.0 and 3.0. The wallpaper approach was chosen for these demonstration
articles because of the minimum amount of tooling required to manufacture the
radomes by this method. Additionally, the slot pattern layout developed by
OSU (Reference 15) lends itself to assembly in pieces since the layout Is
composed of equilateral and isosceles triangles of various sizes. Since the
number of triangles near the tip of the radome is large, and the size of the
triangl es small , it was decided to electroform the region around the nose as
one piece. The nosecap was sufficiently smal l so that existing facilities
were utilized to fabricate, i.e., form, expose and etch the tool. Aside from
the advantage of simplifying fabrication of the radomes, building a doubly
curved nosecap gave us the opportunity to demonstrate two fabrication methods
on a single radome, within the time and cost constraints of the program.

The C—140 (Jetstar) Nose Radome is a relatively small radome in current
production at Brunswick. Among the reasons for choosing this radome as an
appropriate demonstration article were its compatibility with currently
operational range test equipment , the availability of radome el ectrical
performance data for comparison, the use of an available antenna with known,

-
~ unclassified operational characteristics, and the relat ively noncrit ical

electrical performance. This radome Is approximately 22 inches long by 34
inches wide, has an A—sandwich wall , and Is fabricated using female tooling.
A schematic of the radome is shown in Figure 63.

6.1 SUBSTRATE FABRICATION
The demonstration radome’s substrate was the standard Jetstar radome

without the lightning diverter strips or rain erosion coating. The Jetstar -5

radome ’s A—sandwich wall is constructed with E—glass—epoxy face sheets and a
nylon-phenolic honeycomb core. The A—sandwich substrates for the demonstra-
tion radomes were fabricated by standard hand layup procedures as controlled
by Brunswick Process Specification BPS 754—121—001. The fabrication steps
are briefly described in the fol lowi ng paragraphs.
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Preparations - The epoxy female mold used to make the Jetstar radame was
cleaned using acetone and a lint—free cloth, allowed to dry, sprayed with
Garal ease release agent , and again air dried.

Outer—Skin Layup — Three pl ies of 150—181 E—glass cloth, impregnated with
an epoxy resin (Brunswi ck Formula 150) were used for the skins. The outer ply
was laid up wi thout laps , and the remaini ng two plies lapped 1/2 ±1/2 inches
as necessary for fit. In addition to the wet pl i es, a peel ply of unfinished
Style 128 glass fabric was laid up against the wet plies. The layup was
bagged with PVA film , squeegeed to gi ve an essentially void free skin, and
cured under vacuum for two hours at 180°F +20°F.

Honeycomb Core - After the outer sk i n had cooled to room temperature and
the bag and peel ply were removed, the honeycomb core (0.264 

~ 
i nch thick ,

NP-1/4”—6#/cu. ft.) was bonded to the outer skin by means of a wet ply bond.
Honeycomb pieces were joined using overlap spl ices of one to three cells as
necessary to fit the shape.

Inner Skin - Three pl i es of 181 Style epoxy impregnated E—glass fabric
were laid up and covered with PVA film and two pl ies of Osnaburg cloth. After
bagging, the part was cured under vacuum for three hours at 250°F ±25° .
Following cool—down , a mo i sture seal coa t (Brunsw i ck res i n formula 163)
was squeegeed onto the i nterior surface and cured wi th a heat l amp.

Triming — The cured and sealed part s were removed from the mold and
trimmed in a special jig, using a router to obtain the proper attaclwnent edge
thickness. All dimensional checks and physical inspections necessary for a
production radome were performed.

6.2 RESONANT METAL COATING FABRICATION
As discussed previously, the radome substrates we re metallized by bonding

slotted copper triangles and an elect roformed nosecap to their outside sur-
faces. The manufacture of the triangles and nosecap are described in the
following paragraphs.
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Triangles - The copper triangles were manufactured by the seme method
used to make the flat panels, as described in Section 5.0, usIng standard
circuit board equipment.

Nosecap - The nosecap was manufactured by the electroform and bond tech—
nique descri bed in Section 2.0 of this report. A stainl ess steel mandrel was
formed to the contour of the first 6 inches of the radome tip by drop hemmer
formi ng using matched metal molds. This 0.020-inch thick stainless steel
mandrel was etched with the slot pattern to a depth of 0.006 inch. The doubly
curved transparency used for photoetching was fabricated from copper clad fib-
er glass-epoxy (Figure 64).

To make the transparency, a negative image of the slot pattern was
etched on a copper clad 0.005 Inch thick fiberglass-epoxy substrate. In—
angles of appropriate size and shape were cut out of the substrate and
seemed together on the radome mandrel in such a way that the shape of the
transparency closely approximated the shape of the radome tip. After the
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Figure 64 Doubly curv d transparency used to Image th. resist for the nosecsp mandrel
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triangles were arranged, on the radome mandrel , the mandrel and transparency
were vacuum bagged and heated to a temperature sufficient to soften the epoxy
(about 250°F), al lowi ng it to conform to the mandrel surface. The copper
elements on the transparency do not distort thereby maintaining the most
important dimension, the element size.

The completed transparency was then used to image the pho~.oresist which
had been previously spray applied to the mandrel . The copper elements on the
fiberglass—epoxy transparency act as the emulsion would on a standard ci rcuit
board transparency, i.e., masking those areas to be etched.

After the stainless steel mandrel was coated with photoresist, the trans-
parency was placed over the mandrel and the assembly was exposed to ultra—
violet light. The resist was developed and the mandrel was spray etched until
a slot depth of 0.006 was reached. The etched ma ndrel was spray coated with
Tefl on. The Tefl on was then sanded off everywhere except in the slots arid the
stainl ess was polished to facilitate release of the electroform from the
mandrel . The completed mandrel is shown in Figure 65.
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Figure 65 Mandrel for elictroforming tha radoms nos.cap

120

0 .~~~~ . .__. ~~~~~~~~~~~~~ — -~~ ---—~- 
.
~ -----5— ~~~

-‘-— 
~~~~
‘
~~~~~

‘ ——
~
-- - — -  ‘

~~~~~~~ 
‘



-
~

- - 5 - .
~

- --—~ -- - - 

E lectrical connections were made to the mandrel and it was placed In a
copper pyrophosphate plating bath. The electroplating was accomplished at 35
amps/sq. ft. until the deposit was approximately 5 mils thick (the same thick-
ness as the copper triangles used on the remainder of the radcme). The elec—
troformed part was released from the mandrel with a spatula. A completed
nosecap is shown in Figure 66.

6.3 ASSEMBLY
The assembly of the metal coat ing to the substrates was accompl ished by

hand in the Brunswick plant. The radome shells were prepared for coating by
lightly sand blasting the surface to remove the resin sheen wi thout fraying
the woven fiberglass cloth. After sanding, the shells were sol vent wiped with
cheesecloth wet with MEK solvent.

Film adhesive was cut and fit to the radome substrates and the electro—
formed nosecap set in place. The slotted metal triangles were butted against
the nosecap edge to complete the first row. The second and third rows were
done In the same fashion. Figure 67 shows the nosecap and the fi rst and

12—126 1
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Figure 66 E$sctroformsd copper noiscap for the dsmonstration radoms
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second rows In place. The AF 147 film adhesive used is not very tacky at
room temperature which allowed repositioning of parts before final bond-
ing. When the parts are in final position, a heat gun was used to warm the
adhesive, increasing its tack. A roller was then used to roll the copper
cladding tightly against the radome substrate. The radome wi th all triangles
in pl ace is pictured in Figure 68.

After the copper claddi ng was properly positioned and held firmly on the
radome by the tack of the film adhesive, the entire assembly was covered by a
conformal silicone rubber boot whose purpose was to seal off the slot openings
to reduce the amount of adhesive flow over the surface during cure as wel l
as to act as a release ply after curing. The entire assembly was vacuum
bagged and placed in the mold used to fabricate the substrate, to hold the
radome s’ shape duri ng cure. The vacuum bag was pumped down to apply approxi-
mately 14.7 psi of pressure and hel d for 20 mi nutes to allow venting of air
pockets and the entire assembly was placed in an autoclave. The autoclave was
pressurized to 35 psig ( total pressure was approximately 50 psig, due to

12—1291
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Figure 67 Demonstration radoms. cossed with AF 147 film adhesive and some bu ngles In place.
(Detail. of joints can be seen ki this picture.)
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Figure 68A Demonstration radome completely metallized

12—1460

Figure 666 Nose on view of metallized Jsstar radome
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vacuum and autoclave). The cure cycle used a rise rate of 4 to 5°F/minute to
350°F followed by a one—hour hold at 350° +5°F. The part was then allowed to
cool to approximately 150°F before pressure release. After cooling, the part
was removed from the autoclave.

After the radoine was removed from the autoclave and the vacuum bag and
rubber and boot were removed, it was noted that a number of resin pockets had
formed on the exterior of the copper coating. These were due In part to the
fact that the conformal silicone boot had bubbles within its thickness which
could not be seen on its i nner surface. This residue was sanded from the
copper surface which was then cleaned with MEK prior to the application of the
ra in  erosion resistant coating. The copper coated demonstration radomes were
primed , and 20 mils of MIL—C—83231 polyurethane rain erosion coat ing was spray
appl ied. The mounting lip which interfaces the aircraft was not covered with
polyurethane. To protect the copper in this area against corrosion, the
exposed surface was treated with In dite conversion coating (applied rer
MIL—B— 5087B) which is a corrosion inhibiting coating that has good el ectrical
conductivity and which is conmionly used for protecting electrical bonds in
aircraft . The compl eted radome is shown In Figure 69.

12—1430

Figure 69 The completed resonant metal radome with rain erosion costing
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6.4 TESTING
The radar in with the Jetstar (C-140) aircraft is a Bendix system

utilizing the Bendix AfIT—1G antenna pictured tn FIgure 70. Its operational
characteristics are given in Table 26.

-5 The production Jetstar radome is tested for transmission efficiency and
antenna/radome radiation patterns on a sampling basis in production. Al though
not of importanc e in this weather radar , the directional accuracy (beam
deflection, or boresight error) is often critical in military radar. There-
fore, such tests were conducted for the demonstration units.

Electrical evaluation measurements of the demonstration radomes were con-
ducted at one of Brunswick’s outdoor test ranges. The test range Is elevated
approximately 25 ft. above ground and consists of (1) a primary tower which
has a radome positioning fixture with an integral system antenna mount and the

12—1455

Figure 70 ANT.1G (X.bsnd) sector scanning antenna
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TABLE 26
SYSTEM ANTENNA SPECIFICATIONS

12—1436

Reflector Diameter 18 Inches

Focal Length 8 Inches

Operating Frequency 9375 ±30 mc (X 5 band)

Wave length 3.2 cm

Beam Shape Symmetrica l pencil

-5 Polarization Vertical

Beam Wid th 5.3 degrees maximum in E & H
Planes

Gain at Zero-Degree Tilt 29.5 db max i mum

Side Lobes :
-. At Zero-Degree Tilt At least 18.5 db down

At 10 Degree Tilt At least 16.0 db down

• At 20 Degree Tilt At least 10.0 db down

VSWR :
9375 mc at Zero-Degree Ti l t  1.35 maximum

9375 ±50 mc to 20 Degree of Ti l t  1.63 maximum

Change of VSWR due to Antenna 0.03 maximum
Scan Posi t ion -5

Type of Scan Sector, 120 degrees total

Beam Til t Limits (Radome tests will +15 degrees from zero-degree
-5 be performed at Zero Degree Tilt) t i l t

±20 degrees from zero-degree
tilt

necessary electrical and electronic equipment, and (2) a secondary tower
located at a remote site which has an error seeker fixture mounting another
antenna (Figure 71). The system and error seeker antennas were separated by

more than a minimum distance of 2D2/A0, where D is the largest antenna

aperture diameter and A~ Is the free-space wavelengt h at the test frequency. 
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Figure 71 Brunswick radoms test rang,
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The basic range and equipment is of the latest design and has been
qualified and used in testing nose radome s for the F—ill and F—iS aircraft . A
three axi s positioning fixture is used in this system to generate the neces—
sary elevation, azimuth, and roll angles required for tests.

Range reflections are minimized by the liberal use of radar absorbent
material (RAM) on the receiver site tower, on the radome/ antenna pos itioner,
and on other pertinent reflection sources. Screens are utilized to control
ground specular reflections. At X—band , reflections have been shown to be
down a mi nimum of 50 dB.

The test arrangements used for transmission , directional accuracy ,
and pattern measurements are shown in Figures 72 and 73. The procedures for
measurement are discussed in the following paragraphs.
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Figure 73 Block diagram of instrumentation for radar antenna/ radome pattern measurements

Power Transmission Efficiency - The test system was initial ly tuned and
the antennas aligned In azimuth, elevation , and roll for maximum received
power. The X— Y recorder used for continuous transmission versus scan angle
data was calibrated in the Y—ax is (using the in—line precision RF attenuator,
nonlinearity not exceeding 1%) and the X—axl s (using the positioner azimuth
movement dial , nonlinearity not exceeding 1%) movements. The positloner was
moved throughout the measurement sector wi thout the radome in place to insure
that residual reflections from the range or test j ig caused no more than ±1%
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vari ance In the reference transmission curves. The radome was then swung i nto
position over the system antenna and transmission recorded for the required
azimuth scans at vari ous elevation offsets.

Direction Accuracy - Beam deflection was measured in two orthogonal
components, the in—plane error (in the plane of the scan, i n this case, the

• azimuth plane) and the cross—plane or cross—talk component (in this case,
elevation plane). The V—axi s of the two recorders were calibrated by movi ng

• the beam straddler assembly (downrange antennas ) to specific optical ly known
reference points up to +8 milliradians from the range axis. The X—axis of the
recorders was calibrated as for the transmission measurements. With calibra-
tion accomplished , the fixture was positioned throughout the measurement
range to insure that the reference (0 milliradi an) points were held within 0.2
milliradian throughout. The radome was then swung into position, and the beau
deflection recorded for the required azimuth scans for specific elevation
off sets.

Antenna Pattern Distortion — Whereas the transmission and beam deflec—
• tlon measurements were made with the radome scanned about the fixed antenna

(simulating antenna scan within the radome in flight), the antenna post was
secured to the fixture azimuth movement for pattern measurements. The cali—

• bration for amplitude was made using the precision in-line RF attenuator , and
also using the IF attenuator feature of the pattern receiver. Angular read-
out depends upon the coupl ed servo system , and thus calibration was not
required. Standard Scientific Atlanta equipment was used to achieve a dynamic
range of 60 dB and the pattern chart was used so that one chart cycle
represented a 360° scan segment. The 0° angular chart position represented
the antenna pointed directly through the nose of the radome; i.e., the dead
ahead position. Any antenna azimuth offsets within the radome moved the beam
peak and the magnitude of this shift could be read from the pattern chart.

• The antenna and radome were rolled so that the plane of measurement was always
physicall y in azimuth , i.e., the alignment was as In flight for azimuth
(H—p lane) patterns and was to the on—side position for elevati on (E—plane )
patterns.
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Electrical Tests - The electrical tests comprised a frequency search
• using radome S/N 2 , detailed record tests, and final ly tests for auxiliary

data. The frequency search was conducted using the azimuth transmission scan
(~4O°) at 0° elevation at sufficient points to determine the resonant
frequency and choose three appropriate frequencies for the record tests.
Record tests included transmission scans and pattern recordi ngs per the

• production test for the Jetstar (C-140) radome, beam deflection scans at the
same angles used for- transmission, and fi nally, included tests at three
frequencies for aLla paraineters in lieu of the single frequency test for C-140
production units. Auxiliary studies included investigating the effects of
antenna polarization, radoine cross polarization response, and measuring the

effects of building up the inner skin of the radome (using standard glass tape
customarily used for electrical wal l correction).

As noted in earlier paragraphs, the radome slot design had been scaled
using data from several flat panels to achieve resonance at 9.375 GHz, the

operating frequency of the C—140 weather radar. It was quickly evident that
the resonance achieved was lower than 9.375 GHz. Transmission data was taken

at six frequencies and the data showed that the transmission versus frequency
response curve had rel atively moderate, slowly changing, characteristics and
that optimum transmission was near 8.7 GHz. There was some variance between

resonance for angles away from the nose (.~2O°) and angles near the nose
(<20°). Figure 74 shows the transmission versus frequency response for three
azimuth angles (each with 0° elevation). 

- 

Note that the 20° and 40° points
(averaged for left and right offsets), each peak between 8.7 and 8.8 GHz,
whereas the 00 azimuth plot was showing continually increasing transmission on
down to 8.5 GlIz or lower. The test frequencies chosen were: (1) 9.375 GHz,
the operating frequency of the Jetstar radar , (2) 8.570 GHz , the lowest
frequency availabl e with Brunswick’s range source, and (3) 8.875 GHz, which

Is near the radome’s resonance for the higher offset angles.

The variation of transmission response and beam deflection with both
angle and frequency Is indicated by the 0° elevation scans shown in Figure 75.

Note that the transmission curve shows essentially flat response versus
azimuth angl e for 8.570 GHz; whereas the higher frequency curves showed
decided trends to higher transmission at the higher angles and a dip near 0°.
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Figure 74 Transmission vs. frequency, RMR S/N 2, three asimuth angles

This fact Indicates that the redome construction gave actual variances in
resonant frequency in different areas. It was demonstrated in the flat panel
Investigations that resonant frequency is sensitive to the thickness of the
dielectric skin adjacent to the slotted metal. It is believed that excess
adhesive flowed towards the vtose region during cure because the radomes were
cured nose down In the mold. The gravitational effects on the adhesive could
cause the substrate skin next to the metal to be thicker near the nose than
elsewhere on the radome. This extra thickness may shift the resonant
frequency in the nose region.
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The beam deflection is of greater magnitude than woul d be expected for a
reinforced plastic sandwich configuration and shows more variation of a low

• cyclic character. The general trend of increasing deflection magnitude with
• f requency Is normal. The horizontal beam deflection would, for perfectly

synmietrical construction, possess mirror Image synmtetry about the 0° azimuth.
The exhibited performance shows a distinct larger amplitude, nonsyninetric spot
at +10° az imuth, which is indicative of a discrete fault in the wall. The
vertical beam deflection shows all down (or negative) magnitudes. This is due
to the fact that the shape does not have synanetry between the top and bottom
halves. Al so, the indistinct trend is normal for this component , although
the magnitude is larger than desirable.

Table 27 provides a sunmiary of the transmission performance for both
radomes and for all scans measured during the record tests. Net transmission
loss in dB was:

Radome 8.570 GHz 8.875 GHz 9.375 GHz
S/N 1 1.4 1.1 1.6
S/N 2 1.3 1.2 1.7

Since the maximum detection range for radar varies as the one—fourth
power of transmitter power level , these losses would not cause excessive loss

• in detection range. Compared to the C—140 radome specification and at 9.375
GHz, S/N 1 would have 92.2% of the detection range at minimum , and 93.4% on
average. For S/N 2, these would be 91.3% and 93.2%, respectively. If the
Bendix radar could be operated at 8.875 GHz, the detection ranges relative to
specification would be

Radome M m .  Average
S/N 1 94.8% 95.8%

S/N 2 96.1% 96.4%

Tabl e 28 shows the worst case sidelobes measured for both of the resonant
metal radomes. The antenna with no radome has H—plane sidelobes as high as
the —20.8 dB level. With the resonant metal radcme, the H-plane level s do not
exceed —19.1 dB for either radome at any of the three frequencies investi-
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TABLE 27
MEASURED TRANSMISSION R ESU LTS SUMMARY

FOR RESONANT METAL RADOMES
12—1493

Measured Transm Ission , 5, Az Scans at EIev Offsets of: Total
Freq. Dome A l l
(6Hz ) 1.0.  2C° -15° 10° .50 00 + ~0 +100 +15° +200 Scans

8.570 S/N I Av. 72.0 73.0 72.6 73.5 73.0 73 .2 72.0 72.6 71.8 72.6

M m .  68.5 70.0 70.0 7 1 . 5  7 1 .5  71.0 70.0 70.0 69.0 68.5

5/N 2 Av . 76.3 73.4 7’..O 74.5 75.2 75.0 - 74 . 1  72 .1  72.3 74 .1

M m .  73.0 69.5 7 1 .5 72.0 73.5 72.0 71.0 69.0 68.5 68.5

8.875 S/N i Av. 78.2 78.3 78.7 78.0 77.6 76.4 76.5 77.2 77.2 77.6

M m .  75 .5 75.0 75.0 75.0 74.0 73.5 72.5 74.5 74.0 72.5

S/N 2 Av . 76.3 75.9 76.9 76.9 75.0 74. 3 77 .7 77.9 72.9 76.0

M m .  74.0 72.5 72.5 72.5 70.0 70.0 69.0 68.5 69.0 68.5

9.375 S/N I Av. 68.7 67.8 68.9 68.2 69.9 68.8 67.6 68.6 68.7 68.6

M m .  66.0 63.5 64.0 61.5 62.5 65.0 63.0 64.0 64.0 61.5

S/N 2 Av. 70.0 69.2 68.7 68.8 67.0 66.7 66.7 67.6 67.6 68.0

M m .  65.5 64.0 61.5 59.0 59.0 61.5 60.0 61.0 61.5 59.0

8.570 Both Av. 74.2 73.2 73.3 74.0 74.1 741 73 . 1 72 .4 72. 1 73.4

M m .  68.5 69.5 70.0 71.5 71.5 71.0 70.0 69.0 68.5 68.5

8.875 Both Av. 77.3 77 . 1 77.8 77.5 76.3 75.4 77. 1 77.6 75.1 77.3

M m .  74 .0 72.5 72.5 72.5 70.0 70.0 69.0 68.5 69.0 68.5

9.375 Both Av. 69.4 68.5 68.8 68.5 68.5 67.8 67.2 68.1 68.2 68.3

M m .  65.5 63.5 6 1.5 59.0 59.0 61.5 60.0 61.0 61.5 59.0

Notes : (I). Aven ge Transmission Loss at 8.570/8.875/9.375 GHz
— 1.4/ 1.1/ 1.6 db for S/N I
• 1 .3 / 1 . 2/ 1 .7  db for S/N 2

(2) Nsp..t Scans (1-2 days elapsed time ) gave average 1.2% differences for ei ght
- - 

scans repeated , or 0.1% diffe rences if sign of apparent changes conside red
and averaged.
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gated. For the E—plane case, —19.5 dB is reached at resonance and —15.9 dB at
9.375. The C—140 radome requirement is that increases not exceed 3 dB for
sidelobes above the —30 dB level .

TABLE 28

WORST-CASE SIDE LOBES, TEST ANTENNA AND TWO RMR DOMES
(ALL VALUES IN dB RELATIVE TO SEAM PEAK ) 12— 1492

Leve l for 00 Az, 0° RoIl , & EIev =Freq . Dome —— Iors t
Plane (GHz) S.N. -30” — 15” 0° +I5~ Anyh’

H 8.570 No Radome -21.6

Radome 1/I -20.8 -21.6 -22.5 -21 .7 -20.8

Radome #2 -20.6 -22.1 -22.0 -21.8 -20.6

Worst Case -20.6 -21.6 -22.0 -21.7 -20.6

8.875 No Radome -27.8

Rado me # 1 -25 .9 -29.0 -28.0 -29 .5 -25 .9
Radome #2 -26.7 -29.0 -25 .0 -28.5 -25 .0
Worst Case -25 .9 -29.0 -25.0 28.5 -25 0

9.3/5 No Radome -20.8

Radome # 1 -2 1.0 -1 9 . 1  -20.0 -22 .2  - 19 .. !
Radome #2 -22.2 — 2 1 . 4  -20.5 -22 . 7  -20.5
Worst Case -2 1.0  -19 . 1  -20.0 -22.2 - 19 .1

E 8.570 No Radome -20.8

Radome f r i  -26. 1 -24. 1  -19.6 I8.5 18.5

Radome #2 -28.3 -25.8 -18.3 -27.0 -18.3
Worst  Case -26.1 -24.1 -18.3 -18.5 -18 .3

8.875 No Radome -24.8

Radome NI -22.9 -23.1 -19.8 -23.8 -19.8
Radome 1/2 -20.3 -21.1 -19.5 -21 .0 -1 9.5
Wors t Case —20.3 -21.1 -19.5 -21.0 -19.5

9.375 No Radome -23.1
Radome Ni 16.8 22.8 -22.5 -20.3 -16.8

- 
- - • Radome #2 -15.9 - 2 1 .4  -20.8 -17.5 15.9

Worst Case -15.9 -21 .4 -20.8 -17 .5  - 15 .9
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The electrical performance measurements (averages and worst case) are
suninarized for the two radomes In Table 29.

Final Lightning Test — In order to evaluate the res istance of the f i nal
radome configuration to lightning , wItness specimens were made and tested to
the MIL—B—5087B requirement. The earlier lightning tests (Section 4.0) indi-
cated that 5 mIls of copper provided satisfactory protection without intro-
ducing undue weight penalty and fabrication difficulties. Accordingly, the

copper thickness chosen for the demonstration radomes was 5 mils. Two 12x12
inch specimens were tested. Both specimens were constructed by bondIng 5 mu
copper sheets with the slot pattern etched through them to the A—sandwich
radome substrate material In the same fashion as the demonstration radomes.
The specimen substrates, l ike  the Jetstar radome, were constructed of 0.264
inch thIck, 6—pound density nylon—phenolic honeycomb core material with 33 mu

TABLE 29

PERFORMANCE SUMMARY FOR RESONANT METAL RADOMES
12—1491

_______ 
5/N 

______ 
S/N 2 ImMETAL LIZED

- Frsq. (6Hz): 8.570 8.875 9.375 8.570 8.875 9.375 9.375
- (~~SCNAilcf ) 

_________ ________ 

(itsollAscE) 
_______ 

(~!s0NAscE)
Powe r Trens&,ss Ion , 9

• ~~~~~ 72. 6 77.6 68.6 76.1 76.0 68.0 90.0
- NInlaum 68.5 68.5 59.0 68.5 72.5 61.5 85.0

Is.. Dsflect Ion. Nan.. or
- No~I Area 6.8 6.9 8.8 9.2 $0.2 $0.6 NA
— Outside Aria 7.6 7.8 10.1 9.0 9.2 $2. 1. • NA

Is.. IsfI.celcn Ist. , of 0.50 0.68 1.20 0.76 0.80 1.22 NA
Chang , Nan. .r /dsg.

P.tt.rn s ..Idth
Inc rease, Ns*., *

- N-Pleae 10 * * 6 6 * ~~l0
• t-P1..e $5 * * 15 * $0 �io

Mu. 51de1 5. Lasel (9.875 6Hz)

w it h Is.. dl
- N Pians -20.9 -25.9 -19,1 -20.5 -25.0 -20.5 -26.3
• t Piane —19. 5 -19.8 -16.8 -$8.3 -19 .5 -19.5 -21.8

~~tes: (I) or — .IIIIr.d $ nt.
(2) Isa. Deflect ion *.tes Avsr. ed ove r 5 S.g.mnts.
(3) • ?or Is.sridtI.s w~thouc changs (to t.it accuracy ) .

or d.cr .as.. in be.im. ldth .
(5) tid. I.b. Level, for ~~t.nn. Alone at the thre e f requs nc ies :

s-Plane -21.6/ 27./20.8 dl
t-Pl.n e -2O.S/ 16.S/i) . l dl

H. 
- 
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thick fiberglass epoxy face sheets. The slotted metal surface was bonded to
the substrate with 3M Company’s AF147 film adhesive and the metal clad side
overcoated with 20 mils of polyurethane rain erosion coating (Figure 76).

12—1276

PoiVurethe n.
paint

_ Ground contact
aria

Figur. 76 Slotted radome before Iu~ nnung tests
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One of the two specimens had several splice joints in the metal surface
l ike those on the demonstration radosnes, while the other was overcoated with a
single continuous sheet (no joints). This was to enable us to compare
directly the amount of damage done by a lightning strike across a jointed
panel versus an unjointed panel.

The specimens were grounded on two opposite edges and the arc discharge
probe was positioned approximately one inch above the sample. The specimens
were subjected to simul ated direct lightning strikes of 200,000 amp peak cur-
rent per MIL—B—5087B. Figure 77 shows the waveform of the simul ated lightning

strike. Panel 1, the conti nuous sheet panel , was struck 3 different times
whi le Panel 2, the jointed panel , was strt~ck only once.

V isual and x—ray inspection revealed most of the damage to be superf I—

cial. The primary damage region, or region of di rect arc attachment, was
1 Inch in diameter (Figures 78 and 79). In  this region the metal cover and

polyurethane coating had been completely removed. The diel ectric substrate

12—1260

~.rtical scale: lOOK amps/division
*odzontal scale: 10 p sec/division

Figure fl Final configuration Il~itning test waveform
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_

~~~ Strike No. 4

-5—

Strike No. I ~~~~~~ 
--

~~~~— Strike No . 2

F 6 niches

Figure 78 Slotted metal radome test panel no. 1 after lightning testing

~~~
. — 12- 1265

‘.-—— Strike No. 3

6 inchu

Figure 79 Slotted metal radome test panel no. 2 after lightning testing
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had only minor damage to the outermost skin of the °AM sandw i ch In 2 of the 4
strikes. Figure 80 shows the backside of test panel 1 after the three simu-
lated lightning strikes. A secondary damage regIon, roughly 3.5 inches in
diameter, surrounded the primary area. In this area the rain erosion coating
was separated from the substrate. X-ray examination revealed that the tuned
slot s In this area were enlarged, which Indicated that some of the metal
claddi ng had been vaporized in this region as well (Figure 81). In Panel 2 ,
this secondary damage was also observed at points along the joints in the
metal cladding. This was not unexpected, for higher current densities are
associated with these joints. Figure 82 shows that this secondary damage Is
very limited.

These tests demonstrate that the demonstration radomes are highly
resistant to damage from lightning, especial ly when It Is r~nembered that the
200,000 amp, 200,000 volt strike simulated In these tests represents the most
severe, upper 1 percentile, lightning strike. Damage could be further reduced
by making the outer skin of the A—sandwich substrate slightly thicker to
Improve the local impact resistance of the substrate. Tests performed earlier
In the program (Section 4.0) showed that a solid laminate radome substrate
does not experience any damage when struck with this level lightning strike.

12—1293

Figure 80 8.ckald. of radome test penal aftir exposure to 200,000 amp simulated lightning str ike.
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Figure 81 X ray of slotted metal radome lightning test panel no. 1
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Figure 82 X.rsy of .loflsd metel radome lightning test penal no. 2
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6.5 COST ANALYSIS
Assianlng an oglve radome shape, a surface area of 25—50 square feet and a

productIon quantity of 100 units, the cost to the customer of a typical high
performance mi li tary radome, including testing, is on the order of $120.00 per
square foot. Metal lizing that radome by the method used for these demonstra-
tion radomes would add about $36.00 per square foot in labor, and $31.00 per
square foot in slotted metal and other materials to that cost. That labor and
materials cost could be significantly reduced by using the elect roform method
described in Section 2.1. It is estimated that the cost of metallizi ng a
radome could be reduced to $34.00 per square foot, including tooling costs ,
through use of the electroform approach and female radome tooling.

6.6 ENVIRONMENTAL IMPACT STATEMENT
Processes for the manufacture of printed wiring boards which have well— -

known and documented environmental effects , were used in the manufacture of
the slotted skins. These processes at our facility are carefully controlled
and meet all current Envi ronmental Protection Agency standards. No new pro-
cesses were developed in this program which could be expected to have adverse
envi ronmental effects.

- _
+S-5 -
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SECTI ON VII

CONCLUSIONS

The primary objective of this program, the successful fabrication of a
flightworthy, resonant metal radome, was met . Four fabrication appr~oaches
were investigated during the initial stages of the program and these included:
(1) electroform, (2) wall paper, (3) raIsed slot , and (4) pl ate and etch. It
was concluded that a combination of the electroform and wall paper approaches
woul d be the most efficient method of fabricating the demonstration radomes
and that the electroform technique would provide the best fabrication approach
for production radosnes. In the latter case, the nonrecurring costs associated
with a full-scale radosne mandrel coul d be amortized over an entire production
run.

Based on electrical performance test resul ts obtained with full—scale
demonstration radomes, the following conclusions can be reached:

o Electrical performance of full—scale, doubly curved radomes and flat
panels with slot patterns similar to the patterns used on the radomes
is nearly identical (i.e., within 3% at all three test frequencies
investigated). This Indicates strongly that the inevitable compro-
mises necessary to adapt a periodic array to a doubly curved radosne
can be tolerated.

o RF transmission efficiency associated with the resonant metal radome
is approximately 87 percent of the conventional Jetstar radome
efficiency. This corresponds to a decrease in range of 4 percent with
the use of the resonant metal radome at resonant frequency, because of
the power— range relationship (see Section 6.0).

o To r ea l i ze the full potential of the resonant metal radome with- 
- respect to electrical performance, the entire radome configurat ion,

Including the substrate, should be designed as a unit rather than
attempting to metallize an existing radome design.

-
~~~ As a result of the various environmental exposure tests conducted during

the program, it can be concluded that aircraft radome environmental require-
ments can be met with a resonant metal radome. Specifical ly, it was demon—
strated that resonant metal radomes:
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o provide better lightning strike protection than conventional radomes
o reduce static charge build—u p on the radome and the associated

P-static RF interference
o provide significant out—of—band attenuation for EMP/EMI attenuation
o provide adequate environmental and rain erosion resistance.

Comparison of the weight of a resonant metal radome with a conventional
metal radome demonstrated that there Is a negligible weight penalty associated
with the use of the metallic configuration.
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SECTION VIII

RECOMMENDATIONS

As a result of th is  program, recommendations can be made relative to the
continued devel opment and use of resonant metal radomes for aircraft and

mis si le  applications. Nine specific recommendations follow:

1. Resul ts of testing done in this program should be compared with results
predicted by the computer model used by OSU for estimating metall ic radome
performance. Discrepancies between predicted performance and actual per—
formance should be resolved by continued analytical and experimental
efforts. The OSIJ computer model should be modified to include considera-
tion of the dissipation factor of the diel ectric substrate material .

2. Additional work in manufacturing technology is required to scale—up the
electroform method of fabrication for possible production radosne manufac-
ture.

3. More work is required in the area of higher temperature diel ectric mate-
rials for resonant metal radomes for supersonic vehicle appl ications.

4. Additional theoretical work must be accomplished in the area of electrical
S design, and the work should be closely tied to a hardware program rather

than be a parallel effort .

5. Subsequent programs should address designing a resonant metal radome from
the beginni ng rather than adapting existing designs. This would allow
optimization of electrical and mechanical properties.

6. FabricatIon methods and electrical designs for biplanar radome walls
should be developed to improve narrow bandpass characteristics.

7. InvestIgations Into the feasibility of resonant metal radomes which have
metal surfaces sufficiently thick to carry structural loads should be con-

- 
- - ducted. In addition, the feas ibi l ity of thi s type of radome should be

explored for application to hypersonic flight vehicles.

________ - - - - -_______
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8. Studies should be conducted to investigate the possibilities of operating
a metallic radome at more than one discrete frequency. Approaches which
permit multifrequency operation over the entire radome, or, alternately,
which utilize separate regions of the radome, each having It s own resonant
frequency (e.g., radar, 1FF, and ILS frequencies) should be explored.

9. The study of resonant metal radomes should be extended into the millimeter
wave regime.
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APPENDIX A

SOLUTION MAXE-UP AND OPERATING PARAMETERS

Solution A: Sol ution A is Conditioner 1200, a proprietary bath manufactured

by Shipley Company. It is a solvent which swells the substrate.

It Is used as supplied at room temperature.

Solution B: Sol ution B is an etch bath made up by the prototype lab. It was
made of 350 ml per liter of water, 25 grams per liter of chromium
trioxIde, 450 ml per liter of reagent grade sulfuric acid, and
200 ml per liter of 85% phosphoric acid. The bath is maintained
at 160°F.

Solution C: Solution C is P11—950. It is a two-part solution made from pro-
prietary solutions P11—950 and Cuposit Z. Both are manufactured

by Shipl ey Company. The bath is made up as follows: P11—950 4%

by volume, Cuposit Z 4% by vol ume, and the remainder deionized
water. The PH should be maintained above 12.5 and the tempera-
ture at 120°F.

Solution D: Solution D is Hydrochloric acid 25% by volume, operated at room
temperature.

Solution E: Sol ution E i s Catalyst 9F, a three—part bath made up of two parts
deionized water, one part hydrochloric acid, and one part Cata-
lyst 9F, which is a proprietary solution manufactured by Shipl ey
Company. It is operated at room temperature.

Solution F: Solution F is Accelerator 19, a proprietary Shipley solution made
up as follows: One part Accelerator 19 and five parts deionized
water. It is maintained at room temperature.

Solution 6: Solution G Is CP—74 electroless copper, a three—part proprietary
Shipley plating bath. It is made up as fol lows : 80% by volume
deionized water, 10% by volume CP-14M, 5% by volume CP-74A , and

• 
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5% by volume CP—74B. It Is extremely important to mix this bath
in the aforementioned order and not to allow any delays between
Step No. 1 and Step No. 4. The bath is operated at 120°F.

PROCEDURE:
1) Scrub parts to be plated with pumice and water, rinse thoroughly, and dry

completely with compressed air.

2) Immerse the parts in conditioner 1200 (Solution A) for a total of nine
minutes. Dry thoroughly with compressed air, then rinse thoroughly in
tap water and deionized water.

3) Parts are Immersed in Solution B (Sulfuric Acid Etch) for sixteen mi n-
utes. Allow the parts to air dry for approximately two minutes. Rinse
thoroughly in tap water and deionized water.

4) Immerse parts In Sol ution C (P11—950) for three minutes. This solution
neutral izes the acid etch. Rinse parts thoroughly in tap water and
deionized water.

5) Inmerse In Solution 0 (Hydrochloric Acid) for three minutes. Do not
rinse.

6) Immerse parts in Solution E (Catalyst 9F) for three minutes and rinse
very thoroughly In tap and deionized water.

7) Immerse parts in Solution F (Accel erator 19) for six mi nutes and rinse
thoroughly in tap and deionized water.

8) Plate parts in Solution G (CP—74 Electroless Copper) for thirty minutes
and rinse thoroughly in tap and deionized water.

9) Immediately after electroless plating, parts are copper plated for twenty -
. Iminutes, rinsed thoroughly, and dried with compressed air.

_ _ _ _  
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10) Bake the parts at 250°F for two hours.

11) Final plate parts for forty minutes. Rinse thoroughly and air dry.

12) The parts were cleaned and Imaged with Dupont dry film resist.
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APPENDIX B
LIGHTN ING DAMAGE TEST DATA

These tests were conducted at the McDonnell Aircraft Company Lightning
Simulation Facility at St. Louis, MD. The data collected here is discussed in
Section 4.1 of this report.
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Figure B—i Lightning dam age to copper coated fiberglass panels
Copper thickness — 0.0014 inches
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C. ln~ rrn.di.~ plug continuing current (3 kA peak. BOrn usc)

Figure B—2 Lightning damage to copper coated fiberglass panels Copper thickness — 0.0028 inches
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Figure B—3 Lightning damage to copper coated fiberglass panels
Copper thickness — 0.0067 inches
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Figure 8—4 Lightning damage to copper coated fiberglass panels Copper thickness — 0.0098 inches
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L I G h T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL A IRCRAFT COMPANY LI’ ITNING SiMULATION FACIL iTY IN ST. LOUIS , MISS OUR I

TEST SETUP MCAIR 600 kilojoule lightn i ng generator
PANEL NIIIBER # 1
~ NEL DESCRIPTION 4 mIls Electroplated Cu/lO mils MIL-C-83231 Polyurethane

TEST NUPSER 1 TEST NIM&R 2

CURRENT LEVEL 1.98 kA CURRENT LEVEL 1.98 kA
DAMAGE TO EROSION COAT (~.d1g) 3.0 In. DAMAGE TO EROSION COAT (~d$a) 3.1 In.
DAMAGE TO METAl. (bdl a) DAMAGE TO METAL (~.dla)

METAl. REPUVED 1.6 In. METAL RE*WEO 1.5 In.
METAL DELAMINATED 1.6 In. METAL DEIAMINA1ED 1.5 In.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP 600 kIlojoule lightning generator
PANEL NUMBER 3
PANEL DEScRIPTION 4 mIls Electroplated Cu/Mo Rain Erosion Coating

TEST NUMBER 3 TEST NUMBER 4
CURRENT LEVEL 200 kA CURRENT LEVEL 200 kA
DAMAGE TO METAl. (4ia) DAMAGE TO METAL (~.dia)

METAL REMOVED 1.4 in .  METAL REMOVED 1.0 In.
METAl.. DELAMINATED 2.0 in. METAl.. DELAMINATED 1.6 in.

4.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCR AFT COMPANY LI GHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP MCAIR 600 kIlojoule lightning generator
PANEL N(l ’IOER 10
PANEL DESCRIPTION 4 sills Electroplated Ni/No Rain Erosion Coating

TEST NUMBER 5 TEST NUMBER 6
CURRENT LEVEL 200 kA CURRENT LEVEL 205 kA
DAMAGE TO METAL (dia) DAMAGE TO METAl. (‘dia)

METAL REMOVED 0.0 in. METAL REMOVED 0.7 in.
METAL DELAMINATED 2.0 In. METAl. DELANINATED 2.2 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LI r’.ITNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP MCAIR 600 kilojoule lightning generator
PANEL NUMBER 5

~ NEL DESCRIPTION 8 nIls Electroplated Cu/7 mils NIL-C-83231 Polyurethane

TEST NW~ ER 7 TEST NL ER 8
CURRENT LEVEL 205 kA CURRENT LEVEL 205 kA

DAMA GE TO EROSION COAT (~.dia.) 2.4 In. DAMAGE TO EROSION COAT (~dia) 2.3 In.
DAMAGE TO METAL ( dla) DAMAGE TO METAL ( die)

METAL REMOVED 0.5 in. METAL REMOVED 0.5 in.
METAL DELAM INATED 0.7 In. METAL DELAMINATED 0.7 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIr ITNItIG SIMULATION FAC ILITY IN ST. LOUIS , MISSOURI

TEST SETUP MCA IR 600 kilojoule lightning generator
PANEL NUMBER 4 -

MNEL DESCRIPTION 8 mlls Electroplated CullS m ul s NIL-C-83231 Polyurethane

TEST NUMBER 9 TEST NUMBER 10
CURRENT LEVEL 205 kA CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (~dIa) 2.8 In. DAMAGE TO EROSION COAT (~d 1a)2.6 In.
DAMAGE TO METAL ( die) DAMAGE TO METAL (~dia)

METAL REMOVE D 1.0 In. METAL REMOVED 1.0 In.
METAL DELAMINATED 1.0 in. METAL DELANINATED 1.0 In.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LI(”ITNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP MCAIR 600 kilojoule lig htning generator
PANEL NUMBER 7
NANEL DESCRIPTION 12 ills Electroplated Cu/l5 mils NIL-C-83231 Polyurethane

TEST MI1~ ER 11 TEST NUMBER 12
CURRENT LEVEL 200 kA CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT ( dIe) 2.7 in. DAMAGE TO EROSION COAT (%dia) 2.5 in.
DAMAGE TO METAL (-vile) DAMAGE TO METAL (.~dia)

METAL REMOVED 0.7 in. METAL REMOVED 0.6 in.
METAL DELAMINATED 0.7 in. METAL DELAMIMATED 0.6 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIr’4TNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP NCAIR 600 kilojoule l ightning generator
PANEL NUMBER 8
NANEL DESCRIPTION 12 sills Electroplated Cu/6 sills MIL-C-83231 Polyurethane

TEST N)J~ ER 13 TEST NUMBER 14
CURRENT LEVEL 205 kA CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (sdla) 2.6 In. DAMAGE TO EROSION COAT (.vdla) 2.3 in.
DAMAGE TO METAL (sdia) DAMAGE TO METAL (.vdla)

METAL REMOVED 0.6 In. METAL REMOVED 0.5 In.
METAL DELAMINATED 0.6 in. METAL DELAMINATED 0.5 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP MCAIR 600 kIlojoule lightning generator
PANEL NUMBER 11
PANEl. DESCRIPTION 8 mIls Electroplated N i/ No RaIn Erosi on Coating

TEST NIJ~ (R 15 TEST NUMBER 16
CURRENT LEVEL 205 kA CURRENT LEVEL 205 kA
DAMAGE TO METAL (sdla) DAMAGE TO METAL (~41a)

METAL REMOVED 0.0 in. METAL REMOVED 0.0 in.
METAL DELAMINATED 1.0 In. METAL O (LMIMTEO 0.7 In.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING S IMULAT ION FACILITY IN ST, LOUIS, MISSOURI

TEST SETUP 600 kilojoule lightning generator
PANEL NUMBER 6
PANEL DESCRIPTION 8 lulls Electroplated Cu/No RaIn Erosion Coating

TEST NUMBER 17 TEST NUMBER 18
CURRENT LEVEL 190 k-A CURRENT LEVEL 195 k~A
DN~AGE TO METAL. ( -di.) DAMAGE TO METAL ( s.dia)

METAL. REMOVED Center pieces were removed METAL REMOVED Center pieces were
METAL DELNIINATED 1.0 in. removed —

REMARKS Localized erosion of surface metal METAL DELAMINATED 0.9 in.
REMARKS Localiz ed erosion of surface metal
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP MCAIR 600 kilojoule lightning generator
PANEL NUMBER 9
PANEL DESCRIPTION 12 ails Electroplated Cu/No Rain Erosion Coating

TEST NUMBER 19 TEST NUMBER 20
CURRENT LEVEL 195 kA CURRENT LEVEL 190 kA
DAMAGE TO METAL ( dl.) DAMAGE TO METAL ( sdia)

METAL REMOVED Center pieces were removed METAL REMOVED Center pieces were
METAL DELAMINATED 1.2 in. removed

METAL DELAMINATED 0.9 In.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LT ’ -ITNING, SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP MCAIR 600 kilojoule lightnin g generator —

PANEL NUMBER #2
~ MEL DESCRIPTION 4 ails Electroplated Cu/5 mils NIL-C-83231 Polyurethane

TEST MIR~ ER 21 TEST NUMBER 22 -

CURRENT LEVEL 195 kA CURRENT LEVEL 195 kA
DAMAGE TO EROSION COAT (‘sd la.) 2.9 in. DAMAGE TO EROSION COAT (‘~.dia)2.8 In.
DAMAGE TO METAL (.s.dla) DAMAGE TO METAL (.udia)

METAL REMOVED 1.1 in. METAL REMOVED 1.3 In.
METAL DELAMINATED 1.1 In. METAL DELAMINATED 1.3 In.
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- L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP NCAIR 600 kilojoule lightning generator
PANEL NUMBER 12
PANEL DESCRIPTI ON 12 mils Electroplated Ni/No Rain Erosion Coating

TEST NUMBER 23 TEST NUMBER 24

CURRENT LEVEL 190 kA CURRENT LEVEL 195 kA
I DAMAGE TO METAL (-41.) DAMAGE TO METAL. (-.dia)

METAL REMOVED 0.0 In. METAL REMOVED 0.0 In.
METAL DELAMINATED 0.0 In. METAL DELAMINATED 0.0 in.

REMARKS MInor surface erosion REMARKS Minor surface erosion
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP NCAIR 600 kIlojoule lightnIng generator
PANEL NUMBER 14
PANEL DESCRIPTION 0.35 ails Electroplated Cu/12 sil ls MIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (‘~.dia) *
DAMAGE TO METAL (~.dia)

METAL REMOVED *
METAL DELAMINATED *

REMARKS *[xtenslve damage to metal along wIth noticeable
edge effects
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP MCAIR 600 kilojoule lightn ing generator
PANEL NUMBER 15
PANEL DESCRIPTION 0.35 sills Electroplated Cu/12 ails MIL-C-8323l Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (-~.dia) *
DAMAGE TO METAL (~dia)

METAL REMOVED ~
METAL DELAMINATED q.

REMARKS *E,çtensiye damage to metal along with notIceable
edge effects

-5.-
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP NCAIR 600 kilojoule lightning generator
PANEL NUMBER 16
PANEL DESCRIPTION 0.35 aIls Electroplated Cu/12 mi ls MIL-C-8323l Polyurethane

CURRENT LEVEL 205 kA
DAMAGE TO EROSION COAT (“dia) 7.50 in.
DAMAGE TO METAL (‘~dia)

METAL REMOVED 7.50 in.
METAL DELNII NATED 9.0 in.

REMARKS Slight edge effects

— 

H

171

- 
-
~ — -

_ 
-
- -‘ ‘.- 

‘~ - -- -5 
- :- .- - - 5 ,  .~~ 

-5 

*

_ _ _  _ _ _  
-‘—s- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -  -~~--‘-‘ “—‘ .



- 
-

L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI
TEST SETUP MCAIR 600 kilojoule lightning generator
PANEL NUMBER 17
PANEL DESCRIPTION 0.7 ails Electroplated Cu/l2 ails MIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (%dia) *
DAMAGE TO METAL (‘di.)

METAL REMOVED *
METAL DELAMINATED *

REMARKS * Extensive damage to metal along with noticeable
edge effects

#1 -- - ’ -
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP MCA IR 600 kilojoule iightn Ing generator
PANEL NIJ ER 18
PANEL DESCRIPTION 0.7 aIls Electroplated Cu/12 ails MIL-C-8323l Polyurethane

CURRENT LEVEL 205 kA
DAMAGE TO EROSION COAT (-‘dla) 4.50 In.
DAMAGE TO METAL (%d la)

METAL REMOVED 4 .75 in.
METAL DELAMIM ATED 6.0 in.

H 

mni
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP NCAIR 600 kIlojoule lightning generator
PANEL NUMBER 19
PANEL DESCRIPTION 0.7 sills Electroplated Cu/12 mul s MII-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (-‘di.) 4.50 in.
DAMAGE TO METAL (‘dla)

METAL REMOVED 4.50 in.
METAL. DELAIIINATEL) 6.0 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRA FT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP MCAIR 600 kIlojoule lightning generator
PANEL NUMBER 20
PANEL DESCRIPTION 1.4 ails Electroplat ed Cu/12 sills MIL-C-83231 Polyurett,ane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (-‘.dia) 2.50 In.
DAMAGE TO METAL (~dia)

METAl. REMOVED 2.50 In.
METAL DELAMINATED 3.5 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP MCAIR 600 kilojoule lightning generator
PANEL NUMBER 21
PANEL DESCRIPTION 1.4 mils Electroplated Cu/l2 mils NIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (~dia) 2.75 in.
DAMAGE TO METAL (%dia)

METAL REMOVED 2 .75 In.
NETAL DELALIINATED 3.25 in.

_ _  
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP HCAIR 600 kilojoule lightning generator
PANEL NUMBER 23
PANEL DESCRIPTION 2.8 aIls Electroplated Cu/l2 ails MIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (‘dia) 1.75 in.

DAMAGE TO METAL (idia)
METAl. REMOVED 1.75 in.
METAL DELAMINATED 2.5 In.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP MCAIR 600 kilojoule lightning generator
PANEL NUMBER 24
PANEL DESCRIPT ION 2.8 ails Electroplated Cu/l2 mIls NIL-C-8323l Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (~dia) 1.50 In.
DAMAGE TO METAL (~dIa)

METAL REMOVED 1.50 in.
METAL DELAMINATED 2.5 In.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI
TEST SETUP NCAIR 600 kilojoule lightning generator
PANEL NUMBER 26
PANEL DESCRIPTION 0.7 mils Electroplated N1/l2 ails MIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (dla) 7.0 In.
DAMAGE TO METAL (dia)

METAL REMOVED 6.50 in.
METAL D€LAIIINATED 8.0 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAF T COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP MCAIR 600 kilojoule lightning generator
PANEL NUMBER 27
PANEL DESCRIPTION 0.7 ails Electroplated NI/12 ails NIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT ( dla) 8.0 In.
DAMAGE TO METAL ( .dla)

METAL REMOVED 7.0 in.
METAl. DELNIZNATED 8.5 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AI RCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP NCAIR 600 kilojoule lightning generator
PANEL NUH8E!I 29
PANEL DESCRiPTION 1.4 aIls Electroplated 111/12 sills NIL-C-83231 ~o1yurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT (“ dia ) 7.0 in.
DAMAGE TO METAL (‘di.)

METAL REMOVED 6.0 In.

METAL DELAMINATED 7.5 In.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I

TEST SETUP MCAIR 600 kIlojoule ligh tning generator
PANEL NUMBER 31
PANEL DESCRIPTION 1.4 sills Electroplated MI/12 mlls NIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAM~~E TO EROSION COAT (~.dIa) 6.25 In.
DAMAGE TO METAL ( ‘dia)

METAL REMOVED 5.25 In.
METAL DELAMINATED 7.5 In.

3 .
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS. MISSOURI
TEST SETUP NCAIR 600 kiloJoule lightning generator
PANEL NIJ~ ER 32
PANEl. DESCRIPTION 2.8 mIls Electroplated 111/12 mils MIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DAMAGE TO EROSION COAT f dla) 5.0 In.
DPMGE TO METAL (~d1a)

METAL REPOVED 5.0 in.
MET#~. O(LNIINATED 7.0 in

1$3
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L I G H T N I N G  J A N A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACIUTY IN ST. LOUIS, MISSOURI
TEST SETUP NCAIR 600 kilojoule lightning genv4tor
PANEL NUMBER 33
PANEL DESCRIPTION 2.8 mIls Electroplated N1/12 ails NIL-C-83231 Polyurethane

CURRENT LEVEL 200 kA
DMP(~E TO EN)SI0N COAT ~.d1a) 5.0 in.
DAMAGE TO METAL (‘die)

METAL RE!E)VEO 5.0 in.
METAL DELAMINATED 7.0 in.
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LP !ITNING SIMULATION FACILITY IN ST. LOUIS , MISSO URI

TEST SETUP NCAIR 600 kIlojoule lightning generator
PANEL ~JSER Il
MNEL DESCRIPTION 4 mils Electroplated Cu/lO nils N!L-C-83231 Polyurethane

TEST NUMBER •A TEST NUMBER SB
CURRENT LEVEL 50 k.A CURRENT LEVEL 50 kA
DAMAGE TO EROSION COAT (~.d1a) 0.6 In. DAMAGE TO EROSION COAT (n4Ia) 0.9 In.
DAMAGE TO METAL (~.dia) DAMAGE TO METAL (.4Ia)

PETAL REPUVED 0.25 In. METAL REPVVED 0.25 in.
METAL DELAMINATED 0.25 in. PETAl. DELANINATED 0.25 In.

I I H
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L I G H T N I N G  D A M A G E  E V A L U A T I O N
TESTED AT MCDONNELL AIRCRAFT COMPANY LI’~’1TNING SIMULATION FACILITY IN ST. LOUIS, MISSOURI

TEST SETUP NCAIR 600 kilojoule lightning generator
PANEL NW~ ER 5
I~NEL DESCRIPTION 8 mils Electroplated Cu/i cils NIL-C-83231 Polyurethane

TEST NUMBER C TEST N&J~ ER D

CURRENT LEVEL 52 kA CURRENT LEVEL 51 kA
DAMAGE TO EROSION COAT (~.dIa) 0.5 In. DAMAGE TO EROSION COAT (~dia) 

0.5 in.

• MVIGE TO PETAl. (‘di.) DAMAGE TO PETAL (~dia)
PETAL REMOVED 0 in. METAL REMOVED 0 in.
PETAL DELAMINATED Minor erosion PETAl. DELAMINATED Minor erosion
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L I G H T N I N G  D A M A G E  E V A L U A T I O N

TESTED AT MCDONNELL AIRCRAFT COMPANY LIGHTNING SIMULATION FACILITY IN ST. LOUIS, MISSOUR I
TEST SETUP 600 kilojoule lightning generator
PANEL NUMBER 3
PANEL DESCRIPTION 4 &ls Electroplated Cu/No Rain Eros ion Coating

TEST NUMBER E TEST NUMBER F
CURRENT LEVEL 52 kA cu~n,n LEVEL 51 kA
DAMAGE TO PETAL (di a ) DAMAGE TO METAL (~4la)

METAL REMOVED 0 In. METAL REMOVED 0 in.
METAL DELAMINATED Very slig ht PETAL DELAMINATED Very s light 
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- APPEND I X C

RAIN EROSION TEST DATA

These tests were conducted under the direction of G. F. Schmitt at the
Air Force Materials Laboratory Whirl ing Ann Rain Erosion Test I~acil ity, WPAF$,
Ohio.

The data is in sequence according to AFML specimen number.
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R A I N  E R O S I O N  E V A L U A T I O N
TEI TID AT ~~ iS$T PATTUSON API Oil *7*. ~IrRUNe A~l PAIN EPOSION TUT ~*ciutv

21 OK~~~.r 117$

$PCCIICI ~~UOi Mn. cu. 771$ _~ cu 1
• SPECIIU IISCPIPTIOU lull. P1.~ g r47$ur!1l ill. NIL-C48231 P.lyur.tI..

TEST mu. l*cb 1.2 ~ 1u (ruslus lust
ltM ~~~ SIZE 1.1 ll~~ cur TUt 10 FAluac so  .i.
usia MIt 1 l,Ilr ONICIlTS E,,s~uu 7.11w.

*vuA~ 7$LCCITY

Before Testi ng .5X After Testing .7 5X

After Testi ng 2.5X i i55 After Testi ng 6x
R A I N  E R O S I O N  ( V A L U A T I O N

TESTED AT ltISHT 7*111110W Afl ON *7*. IIPLIM ~~ PAIN ElISION TIlT PACILITY

ISlE; 21 S.c~~sr 1175

tisa ma. cu. “P ~~~ ~~. I
SncI.ea mascaima a .ii. Pi.~~ ap,w~N .11. 7$t441fl1 N1~~i*—~
list ~~ cuc~ 1.? cuis c~~i cu.,

SIZE l.a — Sl ar TNt 7$ El1I.7$1 WI
PAIN MIt 1 IW~ øSShT$ 11 $iS Pull.,
*maa ~~iisli

Before Testing .5X After Testing .75X

After Testing 2.5X 7757 After Testing 6x
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R A I N  E R O S I O N  E V A L U A T I O N  \
\
\

TESTED ST ltIOiiT PATIUSOII *9 00 *711. IOINLINS *111 lAIN 110510W Tilt FACILITY

ISlE: 21 Dus.~ ., 117$ \— 

•

PECI*N lWUOi mu. N.. 7716 i~~c p.. s
PECTIta OESCIIPTIiN 1 uft. Piutsd Csppw~it .Il s ltL-C.I*31 PsIjur,tt.a.

lIST MIS. Pudi I.E Pul. (ruslus lust
PlAN SlOP SIZE 1.5 — 0 $ t s~ Tilt TO PAILISE 00.0 uls
lOIN ISlE I lu/hr 001111$ £71.1.. 7.11w.
*171*11 VU.OCITT 11

Before Testing .5X 
- 

After Testi ng .75X

After Testi ng 2.5 x After Testing 6x

After Testing 6x 7756 After Testing 6x 
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R A I N E R O S I O N  E V A L U A T I O N
TESTED AT ~~I5NT PATTERSON API ON *7*. *IPLINS MN PAIN 110110W TIlT FACILITY

lOTS: 21 Osc~~sr 157$
SFECIItN NIS Alit N.. 7711 PElE N.. I
$PECDIN OEScEIPTIOU P ull. Plucud Cupp.r/7$ .llu PlL.C-aIlIt FsI,.,.-.*..s.

TEST Alit Push 1.2 culu Esi.$uu Tist
PlAN ~~~ SIZE 1.5 — P$ N.r TIlt 7$ PANtONE PLO .1.

1*211*11 1 lu/hr SlISINTS (pulls. Pullu.

~~~~11 w.ocrn 11 
-

Before Test ing .5X After Testing .75X

After Testing 
— 

2.5X 7758 After Testi ng 6x 
— —. 

R A I N  E R O S I O N  E V A L U A T I O N

TESTED AT ~~ISHT PATTERSON API 00 APIS. 111101.101 *11 lOIN 1*0110W TIlT FACILITY

MI!: El N.c~~sr 1015

PECIltN lASh MIt N.. 7750 p.. 0
SPECIPlN OCSCRIPTI11 0 ulls PluPud NIshul/Il .111 Itt..C.S$tll Ppl .....*.....

TEST API. Push 1.2 Pul. Eusslus Tust
lIMP 1117 SIZE 1.Ius Dl~~ t,r TIlt TO *11111 ILl ~1u

lOIN Ml! I lu/hr 11111111 (rush. P511w.

*‘P*Pl lU.CCI1Y Nt

Before Testing .5X After Testing .75X

After Testing 2.517760 After Testing 6x
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R A I N  E R O S I O N  ( V A L U A T I O N
TESTED AT *110? PATTERSON API ON *701. 1111 WINS AM RAIN EROSION TEST FACILITY

ISlE: tlOuc .r Igp$
P(CIPIN 11S11 Ant N.. 7710 • 

Pu. I

- • 

VEEDIN S(SCRIPTI50 II .11u Pla~~ IhsS.l/12 .11. NIL.C-03131 Psl~~uSl.

TEST API. Push 1.1 N.h. CriSis. Taut

~~~ 5W l.$ S$w.hsr TIlt 10 MftIME 10.0 ulu

lOIN lOll 1 lu/kr 5011117$ (rush. PilIw.

*11*11 Nt

Before Testing .5X After Testing •75X

—a

After Testi ng 2.5X 
— 

After Testiflg 6x

After Testi ng 6x
7759

~~~~ 
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R A I N E R O S I O N  E V A L U A T I O N

TESTED AT *1101 PATTER$ON An ON API5. ISIS WINS AM RAIN EROSION TEST FACILITY

ISlE: 21 Puc~~ sr Ip7S

PECIIIN *0511 API. N.. 7711 •- N.. 7
srtcnts KSCIIPTTON 13 .lls PlaPud IIchul/12 .01. NIL-C-13131 Ps1~~r.t5.u,

• 1151 APIS. Pucs I.i *i~u Crisis. Taut
PIMP SIZE 1.1 us 0lw.~~ TIlt TO FAILONC 7.0 .lu
PAIN 1*11 1 lu/hr 50111111$ Eriulsu P.11w.
A~~~~ 1(1.11177 11

Before Testi ng • 5X ~~~~~~~~

After Testi ng 2 .5X — 7761 After Testing 6x 
or r-or~rr*-ru~~-l-o 

TESTED AT WRISIIT PATTERSON API ON *115. 110111.11$ AM RAIN EROSION TEST FACILITY

ISlE: 2l Dsc~~s~ lh7S :
IPECIIIN *0511 MIt I,. 1112 _

~~ N.. S
SPECIIIN DESCRIPTION 11 .11. Pls~~ llshsI /l( .01. UL-C43131 P.l~~iSN...

lEST til t N.c* I.E Put. (rush. T $
Still 0117 SIZE 1$ Ihs tur TIlt TO FAILkIE 33.0 ulu

lOIN 1*11 I lu/kr 50111111$ (push . Psiluru

*wk* ntxm 100 5

Before Testing .5X After Testing .75X

After Testing 2.5X 7762 After Testing 6x
• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT *1101 PATTERSON API ON APIS. 110111.105 *10 RAIN £101100 TEST FACILITY

ISlE: 21 Duc~~sr 157$
SPECIPEN 11*1* APt N.. 7103 INSC N.. 0
SPECIPEN OCSCRIPTI50 0 ulls Pistil NIcksI (us ulsts)I1l llu NIL.C.Ut31 P lywstMus

lEST AlIt. Puck 1.2 Pul. E,ushs. Tsfl
PIMP ~~~ SIn 1.5 — Olw.tsr Tilt 15 IllUME l b S  l.

lOIN lATE 1 lu/hr 50111111$ C,..hu. pit

*11*11 vo.OCIIY ROISk

Before Testing .5X After Testing .75X

After Test i ng 2. 5X 7763 • After Testi n k~~~~~
R A i N  E R O S I O N  E V A L U A T I O N

TESTED AT IMISNT PATTERSON An ON A~PIL 011111.105 *10 RAIN EROSION TEST FACILITY

Ml!: 21 D.c~~ .r 107$

PECIIEI *0511 APt N.. 7704 PMC IS. 10

PECIIEJI DESCRIPTION 2 sIll Ssilsd NIchI/IF sill NIL-C—13331 PslyvratN.us

TEST lil t Push 1.2 Pulu Erich.. Taut

11MI NIP SIZE l.5 0h.l u 1111 15 FAILISE $7.1 .lu

lOlA MTE I ~~~ 
Crush.. 1111w.

AVSlNI ISICI1T NI

Before Test ing 5x After Testi ng .75X

After Testi ng 2 .5X 7764 After Testtng 6x
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R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT *110? PATTERSON An ON *015. 11111.105 *10 RAIN EROSION TEST FACILITY

1011: 2l Dsc~~s.l57S

IPICIlI N MISER API. N.. 170$ IPAC N.. 71
SPECIIIN DESCRIPTION 2 .11. IsM.d 1111.1/12 ulIs NII.-C-10l31 PlupiruISm.

TEST API. Puck 1.2 Pulp (~~Ia Taut
PIMP NIP SIZE i S  0Iw.I.r TIlE TO IllUME 53.7 .Iu
lOIN lOll I lu/hr 0511111$ (n .h. P111w.

*111*11 VELOCITY NI

Before testi ng .5X After Testi ng .75X

7765
After Testin ’ 2.5X After Testi ng 6x

R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT *ISNT PATTERSON API ON APIS. *4111.101 *111 5*15 1*011011 TEST PACIUTY

lOT!: 21 Dic~~ir 1070

SPECIPIN *0511 APt N.. 7753 N.. ~
SPECIPIP DESCRIPTION I .11’ N..lsl Cuosur/Il miS MIL-C-13231 P~)yi.nitIus~s

TEST Ant Puct 1.2 1.1 . (pulls. Ts.t
lIMP Il ~ SIZE 1.0 Ilsautir Tilt TO FAILISE 10.0 .1.
lAIN lATE 1 lu/hr 0551111$ (rust,. 7,11w.

*011*11 VELOCITY NI h

1

~~~~~~est i n g . X  After Test l ng .75x

After Testi ng 2.5X After Testing 6x
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R A I N  E R O S I O N  E V A L U A T I O N

TIlTED AT P1(110? PATTERSON APP ON A l1. ISOIRLINS AM RAIN EROSION TEST FACILITY

MIS: 21 DSC~~ ur 1075

— 
PECIPIN 1535(1 AlIt N.. 77$? _~ Is. 1)

SPECMIN 1(SCRZPTICN $ .11. k.~ d C$pInltt .11* lUL-C-3.I231 7&,...IAau

lEST Apt Push 1.2 Puts (purl. Taut

PIN lISP SIZE 1.1 us Il ~~~~~ TIPI TO FALLISE $5.4 if.

MIS Ml! I is/kr 50151111$ Enu.1su failurs

MNISt VEL.ICITY 555 105 -
~

_

Before Testing .5X _~~fter Testi ng .75X

- 
7767 ~~~~~~~~~~~~~Aft er Testi ng 2.5X After Testi ng ~x

R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT *11117 PATTERSON API ON APIS. IIIIRL.INS AM RAIN EROSION TEST FACILITY

lOT!: E1 D.c~~.r iS1$
SP(CZPII 11.55(1 API. 11. 7105 ~~~~~ 11. 14
SPICIIIN DESCRIPTION 2 slIs £lscInsfl...J NICA.1 (with c*tarI~~0N .ist)l12 .015 NIL.C43231

P.l)~irutt*u.
lIST APIS. Puck 1.2 111. (rush.. Taut
StiR SlOP SiZE 1.0 us 11 1.r TIlt 15 FAILIRE 5.5 .01’

lOIN ISlE 1 lu/kr 50551111$ CMII.. 7.10w.

ANI* *1(11? NI *~

Before Testing .5X - 
After Testin~.75X

7768
After Testing 2,5X After Testi ng 6x
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R A I N  E R O S i O N  E V A L U A T I O N

TESTED AT 05*50? PATtERSON An ON APIS. $IIILINS AM RAIN EROSION TEST FACILITY

1011: 21 Ssc sr 101$ I

SPCCIPIN MISER *111 N.. 775$ _- N.. IS

PECIPIN DESCRIPTION 2 .01. (1.~I.. Punusl IkiRl (wIth .s.N.rtsS~ l slst)/1* .11. 55*4-55531

lEST Ant ~~~ I.E Pub. Cnslau Taut

PIN SlOP SIZE 1.$ OO ISr TIlE 10 MILUE 12.0 .0.

lOIN Ml! I lu/kr 50111110$ m ush . P111w.

AINIDE VV.OCITI NI

Before Testi ng .5X After Testing .75X

7769
After Testi ng 2 .5X Af ter Testin g 6x
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R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT WRIGHT PATTERSON AFB ON AFML WHIRLING ARM RA IN EROSION TEST FACILITY

DATE : 11 MovssPuer 1~)76

SPECIMEN NUISER AflI. No. 7556 P~~C No.
SPECIMEN DESCRIPTI ON 14 mils Plated Nickel

TEST ARt NIch 1.2 Ra in Erosion Test

MINI DROP SIZE 1.8 ~ Diameter TIME TO FAILURE 5.0 sin

RAIN RATE 1 in/hr C0I.KNTS V-elements gone, Sligio t
lamina te elIsionAVERADE VELOCITY 5(X) •p~

R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT WRIGHT PATTERSON AFB ON AFML WHIRLING ARM RAIN EROSION TEST FACILITY

DATE: 11 Novesl,er 1976

SPECIMEN NIPSER ARt No. 7557 PX)AC No. 2

SPECIMEN DESCROPTIOPI 11 mils Plated Nickel

TEST AFIN.. Fhech 1.2 Rain Erosion Test

MEAN (h OP SIZE 1.8 Nil Diameter TIM E TO FAILURE 5.0 mm

RAIN NATE 1 in/hr COISIENTS Y-eleI.enb gone , Laminite
AVERARE VELOCITY 500 .sph erosion, Layering of f of top

coa t of nickel

7557 7557

- _ _  

_ 

After Testing .96X After Testing 3.2X
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R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT WR IGHT PATTERSON AFB ON AFNL WH IRLING ARM RAIN EROSION TEST FACILITY

DATE : 11 Nove~~er 1976

SPECIMEN NIRSER ARt No. 1558 Il IAC No. 3

SPECIMEN DESCRIPTION 12 .lIs Plated Nlckel /12 mils HIL-C-83231 Polyurethane

TEST ARt Mich 1.2 Rain Erosion Test
MEAN DROP SIZE 1.8 me Diameter TIME TO FAILURE 5.0 sin
RAIN RATE 1 in/hr COII(NTS Erosion failure of urethane

AYE1A~~ VELOCITY 500 içh

7558 7558

After Testing .96X After Testing 3.2X

R A i N  E R O S I O N  E V A L U A T I O N  -

TESTED AT WRIGHT PATTERSON AFB ON AFML WHIRLING ARM RAIN EROS ION TEST FACILITY

DATE: 11 Novs*er 1576

SPECIMEN NIJSE* ARI. No. 7559 IlIAC No. 4

~~~~ DESCRIPTION 1 .  ins Platid Nickel/12 mile NIL-C-$32 3l Polyurethane

TEST ARt Noch l.2 *siso (resion T.,t

PENN DROP SIZE 1.8 me Olauste r TIME TO FAILURE 5.0 sIn
RAIN RATE 1 in/hr C010ENTS Erosion failure of urethane

at Y-eleme nt
AVERA~~ VELOCITY 500 s~ 4i
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R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT WRIGHT PATTERSON AFB ON AFNL WHIRLING ARM RAIN EROSION TEST FACILITY

DATE: 11 Uov~~~er 1976

SPECIMEN NUISER ARt No. 7564 IlIAC No. 5
SPECIMEN DESCRIPTION 5 ills Bonded Coppee/12 ills NIL-C-83231 Polyurethane

TEST ARt Mach 1.2 RaIn Erosion Test

lEAN DROP SIZE 1.8 me Diameter TIME TO FAILURE 5.3 sin

RAIN RATE 1 in/hr COIIENTS Erosion fai lure 0f urethane
at V-elements . Copper foil

AVERADE VELOCITY ~~~ mph peened beneath coating

7564 7564

..
. 

~~~~~~~~~~~~~~~~~~ 

• •

After Testing .96X After Testing 3.2X

7564 7564
t ~~~~~~~~~~~ ~, ~~‘t.

After Testino 3.2X After Testing 7.7X - 

•

j~~
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7564 7564

After Testing 7,7X After Testing 9.6X

R A I N  E R O S I O N  E V A L U A T I O N

TESTED AT WR IGHT PATTERSON AFB ON AFML WHIRLING ARM RAIN EROSION TEST FACILITY

DATE : 11 Nove~~er 1976

SPECIMEN NURSER ARt No. 7560 I~~C No. 6

SPECIMEN DESCRIPTION 3 ills Plated Capper/lZ silt MI L-C -83231 Polyurethane

TEST AFIS. Ma ch 1.2 Rain Erosion Test

PENN DROP SIZE 1.8 me Diameter TIlE TO FAILURE 5.0 mm

RAIN RATE 1 in/hr CONENTS Erosion failure initiated at
AVENADE VELOCITY

r- 
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• R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT WRIGHT PATTERSON API Oil AFML WHIRLING ARM RAIN EROSION TEST FACILITY

DAlE: ii Nov~~ sr 1976
SPECIIEN~~~SER ANt No. 756.2 I~~.C No. 1
SPICIER DESCRIPTION 13 .11, Plated Cappsr

TEST ARE. Mach 1.2 RaIn Erosion Test

PENN DROP SIZE 1.8 me Di stsr TIME TO FAILURE 5.0 mlii
RAIN RATE 1 in/br COPSENTS Y-elamsnts gon. at 2.0 sin,

AvØADE vc~oc~~ Laminate erosion

R A I N  E R O S I O N  E V A L U A T I O N

TESTED AT WRIGHT PATTERSON AFB ON AFML WHIRLING ARM RAIN EROSION TEST FACILITY

DATE: 11 November 1976

SPECIMEN RINSER ARE . No. 1561 IlIAC No. 8

SPECIMEN DESCRIPTION 12 ills Plated Coiiper/12 ills MIL-C-83231 Polyurethane

TEST A FML Mach 1.2 Rain Erosion Test

PENN DROP SIZE 1.8 me Diame ter TIME TO FAILURE 5.0 sin

RAIN RATE 1 in/hr COPSENTS Erosion failure initiated at
V-element

AVERAGE VELOCITY 500 mph

7561 7561

After Testing .96X After Testing 3.2X 
-
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R A I N  E R O S I O N  E V A L U A T I O N

TESTED AT WRIGHT PATTERSON API ON AFML. WHIRLING ARM RAIN EROSION TEST FACILITY

DAlE: H November 1976

SPECIMEN RINSER ARE. No. 7563 IlIAC No. 9

SPECIMEN DESCRIPTION 8 silt Plated togper

- TEST ARE. Mach 1.2 Rain Erosion Test

JEAN DROP SIZE 1.8 me Diameter TIME TO FAILURE 5.0 sin
- 

RAIN RATE 1 in/hr C04(NTS I-elements gone at 1.5 sin,
Lami nate erosion, Adhesion

AVERAGE VELOCITY 500 mph lots ~

7563 7563

After Testfnq .96X After Testino 3.2X

R A I N  E R O S I O N  E V A L U A T I O N

• 
TESTED AT WRIGHT PATTERSON API 00 AFML WHIRLING ARM RAIN EROSION TEST FACILITY

DATE: II No~imbir 1976

I SPECIMEN RINSER ARE. No. 7565 J~~C No .10

SPECIMEN DESCRIPTION S ills Soiled Copgor/12 ills NIL-C4323l

— TEST AilS. Mach 1.2 Main Erosion Test

lEAN DROP SIZE 1.8 me Diame ter TINE TO FAILURE 5.0 sin
• RAIN RATE 1 in/hr CONEPITS No roatung failures , Peeiiing

-

~ AVERAGE VELOCITY 500 mph 
Of copper beneath

203
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R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT WRIGHT PATTERSON API ON AFML WH IRLING ARM RAIN EROSION TEST FACILITY

DATE: 11 Nov~~ er 7976

SPECIMEN RINSER AF~ No. 7566 IlIAC No.11
SPECIMEN DESCRIPTION 5 silt Bonded Copper

TEST ARE. Mach 1.2 R u n  Erosion Test

PENN DROP SIZE 1.8 me Diameter lIME TO FAILURE 5.3 sin

RAIN RATE 1 in/br COISENTS Peenh nq of lead i ng edge area,
Erosion of slots , Laminate

AVERAGE VELOCITY 500 mph erosion, Incipient adhesion
loss

7566 7566

• - - -4~ 

After Testing .96X After Testing 3.2X

7566

After Testing 3.2X
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R A I N  E R O S I O N  E V A L U A T I O N
TESTED AT WRIGHT PATTERSON AFI ON AR-IL WHIRLING ARM RAIN EROSION TEST FACILITY

DATE: 11 Nov~~~~r 1976

SPECIMEN RINSER ARE. No. 7567 ~~ C No. 12

SPECIMEN DESCRIPTION 5 ills Bonded Copper

TEST ARt Mach 1.2 Rain Erosion Test
lEAN DROP SiZE 1.8 me Diameter TIME TO FAILURE 5.0 sin

RAIN RATE 1 in/hr COJOENTS Peening of leadin g edge area,
Erosion of slot s , Lami nate

AVERAGE VELOCITY ~~ mph erosion, Incipient adhesion
— loss

I
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GLOSSARY

Azimuth — An arc in the horizontal plane, measured in degrees.

Dielectric Constant - As used in this work this is actually the relative
dielectric constant, which is the ratio of the absolute dielectric constant of
a material to that of a vacuum. It is a measure of a material ’s ability to
store energy, or its inductive capacity.

Fineness Ratio — In the case of a radome, it is the ratio of length to base
di ameter.

Incidence Angle - The angle between the normal radome wall (at a point of
impingement of a ray) and the incident plane.

Mu - A unit of length equal to 1/1000 of an inch (0.001 in.).

Parallel Polarization - When the angle between the e1ectric field (E) vector
and the incident plant is 00 or paral lel (8~ Pol.).

Perpendicular Pol arization - When the angle between the electric field (E)
vector and the incident plane -is 900, or perpendicular (~jPol.).

Polarizing Angle — The angle between the electric field (E) vector and the
incident plane.

Prepreg — In plastics fabrication, a material consi sting of an uncured resin
impregnated on a reinforcement carrier , such as polyimide precursor on quartz
or glass fabric.

Transmi ssion Efficiency — A relative number determined by the rati o of energy
transmitted through a radome to the Incident energy, usually expressed in %
p~.er.
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