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1. Introduction

,,

.

Brewster’s law determines the reflection coefficient of a dielectric

surface in terms of the polarization of the impinging electromagneticwave.
1

In a similar manner, a corrugated surface will cause different levels of
2,3,4,5

reflection for different polarizations. Although these results are

reasonably well known, it is difficult tO qu~tify frOm them the imPact Of

polarization on MLS system performance. ~is is due to the fact that small

differences in multipath levels do not necessarily result in measurable

differences in ~S system performance and one must have knowledge of the

airport building surface materials in order to be able to specify,for each]

the dependence of multipath levels on polarization. In order to obtain any

insight into the problem, it”is important to have some knowledge as to the

distribution of types of reflecting surfaces at airports. This information

can be utilized, in addition to the polarization issue, in considering topics,

such as pattern control and coverage control, which are dependent on building

multipath levels. In the spring of 1975 a representative of the FAA* sur-

veyed eight large US airports to obtain data on the types and frequency of

construction materials found on the surfaces of buildings visible from air-

port runways. As will be seen from the data, the number of different sur-

faces needed to characterize a majority of the buildings is not unwieldy.

Most surfaces could be placed in one of the following categories: brick,

concrete, cinder block, smooth metal, and five types of corrugations.

The eight airports in the survey were: John F. Kennedy (JFK) in New

York, Philadelphia (PHL), O’Hare (ORD) in Chicago, Los Angeles (LAX), San

Francisco (SFO), Miami (MIA), Tulsa (TUL), and Minneapolis/St. Paul (Wp) .

A summary of the data is presented.in the next section and the detailed in-

formation given Lincoln Laboratory presented in Appendix A.

*
Albert Stein

AIR FORCE (1) FE BRU..Y18, ,976--500



2. Summary of Survey Data

Al1 sizable buildings, visible from runway surfaces (not just those

oriented for the generation of MLS multipath), were included in the survey

for a total of 93 buildings. Some buildings have more than one surface

material of interest so that 123 surfaces (excluding glass, fiberglass, and

parts of the building near the ground) were noted and recorded. The break-

up of the buildings as to airport and the surfaces are categorized as in

Table 1.

Table 1

Surfaces Categorized for Each AirpOTt

Corru- Cinder Smooth

Airport Buildings Surfaces_-=_ ——Brick Concrete Metal

JFK 19 2B 13 3 7 1 4

PHL 12 17 11 3 2 1

ORD 14 19 14 1 4

LAX 11 15 9 1 4 1

SFO 4 4 3 1

MIA 17 20 10 6 1 3

TUL 10 12 9 2 1 1

MSP b 8 5 1 1 1
— — . —

Totals 93 123 74 1? 16 11 b

Glass [unless bronzed) and fiberglass were considered as transparent,

The 74 corrugations were broken down and classified further, We defined

seven different types of parametrized corrugations: sinusoidal, trapezoidal,

rectangular, sine-flat, trap-flat, rect-flat, and trap-rect, The first

three categories are obvious. Th,enext three are typified by a large flat

region and are expected to have reflection properties more in line with a

flat surface than a corrugated one. The final category consists of trape-

zoidal corrugated surfaces which are nearly rectangular. Figure 1 depicts

each category and defines the parameters for each.

2
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ATC-58(1)

Sinusoidal(S)

Trapezoidal(T)

Rectangular (R)

Sine -I:lat (SF)

Trap-Flat (TF)

Rect-Flat (RF)

Trap- Rect (TR)

PI+

PA4

Fig. 1. Categories of corrugations,
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Table 2 specifies the parameter values for each subcategory. There

were six sets of parameters for the sinusoidal catego~. The trapezoidal

category had six entries in which Tl, T2, T3 and T6 are undistorted trape-

zoids. Trapezoids T4 and T5 have additional bumps and are depicted in Fig.

2. The rectangles have 3 subcategories of which the third has additional

bumps and notches and is depicted in Fig. 3. The single sine-flat corruga-

tion has a period d = 6.0” ~d is depicted in Fig. 4. Trap-flat TF1, TF3,

TF5, and TF6 are undistorted trapezoids while TF2, TF4, and TF7 have extra

bumps and are depicted in Fig. 5. The single rect-flat, having a periOd Of

6 inches, is shown in Fig. 6. The final category of trap-flat has 5 sub-

divisions of which 3 are undistorted trapezoids. me remaining are shOwn

in Fig. 7.

Table 3 specifies the number and location of each category. The de-

tailed information together with airport maps are given in Appendix A.

4



. S1

S2

S3

S4

S5

S6

TI

T2

T3

T4

T5

T6

R1

R2

R3

TF1

TF2

TF3

TF4

TF5

TF6

TF7

TR1

TR2

TR3

TR4

Table 2

Parameter Values for Each Sub-category

d = 2.75”

d = 3.0”

d = 5.5”

d = 6.0”

d = 4,5”

d = 4.0”

d = 8.0”

d = 5.5”

d = 5,0”

d = 12.0”

d = 12.0”

d = 6.0”

d = 6,0”

d = 12.0”

d = 12.0”

d = 12.0”

d = 12.0”

d = 16.0”

d = 12.0”

d = 7.0”

d = 12,0”

d = 12.0”

d = 12.0”

d = 4.0”

d = 7,0”

d = 8.0”

TR5 d = 12.0”

h = 0.25”

h = 0.375”

h = 0.75”

h = 0,875”

h = 0.5625”

h = 0.375”

“ = zoo,, ! = 2.0” h = 0.75”

~= I,o,, L = 1.0” h = 0.75”

“ = 4.0,, L = 1.5” h = 0.625”

~ = 4,09, 1 = 2.0” h = 1.75”

~ = 2.of! L=? h = 1.75”

~ = 2,0,! i = 2,5!’ h = 0.625”

w = 4,0,, t = 1.5”

W = 6.0T1 t = 1,125!1

~ = 6,0,, t = 1,4375”

~ = 1.0,, L = 10.O!! h = 0.5”

u = 1.375!! L = g.oft h = 0.75”

U = 10.25” ! = 4.25” h = 0.75”

~ = 1.0,, i = 8.0,! h=?

~ = 5.0,, L = 1.019 h = 0.51’

u = 7.75” L = 1.5,f h = 0.75”

~= I.o,, ! = g.zstf h = 0.5”

u = 6,0,, L = 4.0” h = 0.75”

~ = 2.0,, ! = 1.5” h = 0.5”

~ = 4,0,, 1 = 1.5” h = 0.75”

“ = 1.5,, L = 5.5” h = 0.5”

“ = 5.5** L = 3.5” h = 0.75”

.

.
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+ 4“ 4 3“ +

,,/-\;!T
3 1/2”

J

+ 2“ p (some dimensions unknown)

_P ‘\—

3 1/21’

L

(h] T5

Fig. 2.

h—- .....-

1’” “~

T4 and T5 cOrTUgatiOn

J

details.

r L
1 7/16”

.

.

Fig. 3. R3 corrugation detail.
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ATC-58 (4) I
I

+ 2 l/4”&

+—~ y“

l— (,!! .+

Fig. 4. SF1 corrugation detail.

ATC-58(5a,b,c +11*

+
u ,~l! -~

(a) T[;2

(b) TI:4

(c) TF7

Fig. 5, TF2, TF4 and TF7 corrugation detail,
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Fig. 6, RF1 corrugation detail.

ATC-58 (7a,b)

41”+ 4“ *

H 12” —q

(a) TR1

p 5 1/2” +

~ 12” ~

(b) TR5

Fig. 7, TR1 and TR5 corrugation
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detail,
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Table 3

Number and Locations of Each Sub-Category

Category

S1

S2

S3

S4

S5

Sb

T1

T2

T3

T4

T5

T6

R1

R2 .
R3

SFI

TFL

TF2

TF3

TF4

TF5

TFb

TF7

RF1

TR1

TR2

TR3

TR4

TR5

Number

9

4

3

1

1

1

10

5

2

1

1

1

6

2

1

3

1

5

3

2

1

1

1

1

2

1

3

1

1

Location

LAX(3), SFO(2), MSP(2), TUL(2)

JFK(3), MIA (1)

JFK(3)

JFK(l)

MIA(1)

ORD(l)

JFK(l), LAX(2), SFO(l), MSP(l), MIA(3)
0RD(2)

MSP(2), MIA(1), 0RD(2)

LAX(2)

JFK(l)

JFK(l)

ORD(I)

PHL(l), LAX(2), TUL(2), ORD(I)

PHL(I), ORD(l)

PHL(l)

MIA(3)

PHL(l)

PHL(3), 0RD(2)

PHL(3)

TUL(l), MIA(1)

TUL(l)

TUL(l)

ORD(I) ‘

JFK(l)

JFK(l), PHL(l)

JFK(l)

TUL(2), ORD(I)

ORD(I)

ORD(l)

9



3. Smary of Conclusions

(a) Of the 93 buildings surveyed 71%(67) had at least one corrugated

surface.

I.
(b) Of the 123 surfaces 60% (74) were corrugated, 14%(17) were cinder

block, 13%(16) were brick, 9%[11) were concrete, and 5%(6) were

smooth metal.

(c) 24%(18) of the corrugated surfaces were of the “flat” variety

which are expected to have reflection properties similar to flat

surfaces.

(d) Of the S6 remaining corrugated surfaces 61%(34) are one of the

five dominant types Tl, T2, S1, S2, and RI.

(e) It required 15 subcategories of corrugation to cover the re-

maining 22 surfaces. In addition only R2 (one at PHL and one

at ORD), TR1 (one at JFK and one at PHL), and TR3 (two at

TUL and one at ORD) appear at more than a single airport.

(f) Estimates of the squares of peak reflection coefficients,

assming perfect conductivity properties, fOr S1, .S2,and

R1, have been determined by J. Mink of ECOM and are pre-

sented in Appendix B. They indicate that the possibility

of significantly different levels of reflections for dif-

ferent polarizations exists.

(g) An experimental program in order to characterize the pre-

valent surfaces should be undertaken and include a deter-

mination of the conductivity of comonly used nometalic

materials such as galbestos and bronzed glass.

10
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Appendix A

DETAILED SURVEY DATA

The detailed survey data and cements are reproduced here to the

same degree of completeness as was received by Lincoln Laboratory. They

were redone solely to improve on the Iegability and reproducibility of

the figures. Airport maps are also included to help locate the buildings

described. The airports are presented alphabetically according to air-

port codes,

Airport

JFK

LAX

MIA

MSP

ORD

PHL

SFO

TUL

Pages

12.21

22-32

33-41

42-46

47-54

55-60

61-64

65-70

Date Visited

29 April 1975

6 June 1975

2 June 1975

3 June 1975

2 June 1975

20 March 1975

5 June 1975

4 June 1975

.

11
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Fig. Al. John F. Kennedy InternationalAi~ort (JFK)
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ATC-58 (A2a,b)

TT
31!

+

753

39a
CorrugationT1 94’

~ 500’~

(a) PAA E]a”gar 19 (FrOnt)

I Sloped,Corr!lgationT4 I
15!

1

+284
570,

,b) PAA Hangar 19 (Side)

.

:.

Fig. A2. JFK, PM hangar lg.
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corrugation S4

Cinder Block

~ 270’
*

Fig. A3. JFK, PAA hangar 16.

.

,

,

smooth Face Metal T
~ol

Brick
—401

&14tJ

~,
Steel Steel Steel

i 1

Fig. A4. JFK, Swiss Air hangar 15.
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40,

Cinder Block

v

Fig. AS. JFK, TWA hangar 12 (side).

IATC-58 (A6)I

r
40,

II Corrugation TR2
\

Fig. A6, JFK, TWA hangar 12 (front),
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__r

.

,!

7 , 13rick

4! GlassArea Brick
1 (,,

+

141
L

1/
Truck Ra,mp

~ ’00’ +

Fig. A?. JFK, Pan Am passenger terminal.
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.

T 201 Flat Mebl VerticalClap Board
10“ wide

351

1

T
151

L

Brick

Fig. A8, JFK, Telephone Company building.

. I
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bTC-58 (A9) I

“‘“

,

iJ Truck BaYS and Loading platform

700’ ~

Fig. A9, JFK, Sea Board building.

*4O +

T
6$c.rr”gati.” S3 (horizontal)

701

J

~~ 0
0

00 m
00 m CorrugationS3

Corrgation f Brick481

~ (ove,all length of three Wngars is 1125 feet)
This secti.n betieen
hangar 3 and 4 only
Hangars 4 and 5 are
adjacent.

Fig. AIO. JFK, hangars 3, 4, 5.
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ATC-58 (All) I

Brick Brick

& Corrugation T5
4,

Brick wall and Truck ramps

~ 700’

Fig. All. JFK, JAL/SAS building.

.

19 I
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ATC-58 (A12)

8 7
Brick win-
cOl - dow ● 00
umns cOl -

umn f

I

}1 2+7+

k
Fig. A12. JFK, High

ATC-58(A13)

,35 J
Pressure Pump Station.

20$

I
+
3of

1
-18!- -14%

Glass Doors

*14- - 18+ Brick Brick

3rick Brick smooth Metal

Fig. A13, JFK, hangars 1 and 2 (identical),
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ATC-58 (A14) 1

T

Fig, A14. JFK, hangar 7,

21
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#

Fig. A15. Los Angeles InternationalAirport (LAX).
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ATC-58 (A16) I

● Corrugation T1

Ga lbes tos Corrugation TI

4 Doors

continued
from
above

j

I
Metal Corrugation RI

Cinder
, 447

Block
I

321/

I

Cinder Block

50’+loO’~190’%340’
Fig. A16. LAX, Continental

23

hangar.

continued
from
hel”w

T
60!

1
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ATC-58 (A17) I

*4!+50+_1141-50+541+
~-352’~

Fig. A17. LAX, blast fence.

ATC-58(A18)

Corrugation TI

~400’ ~

Fig, A18. LAX, herican Airlines hangar.
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ATC-58 (A19) 1

T
24,

1

Fig, A19. LAX, tanks (same as San Francisco),

ATC-58 (A20)

w Concrete

[ II IT121

~loo’ ~

Fig. A20, AA Freight Building.
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ATC-58 (A21)

41‘r
Concrete

~llo’4

Fig. A21. LAX, IfesternAirline building.
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ATC-58 (A22)

~,,q

corrugated Metal S1

Smooth Metal

Note: Two N. A. Rockwell Office Buildings to the rear

are allglass facing except thatthe upper 12’are concrete.

Fig. A22. LAX, North herican Rockwell
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321

1 ;

9’ FibreglassCorrugated

4 lp #

Fig. A23. LAX, Air Research building.

IATC-58 (A24[

20 Windows ,

LI1“3! All Windows

~’60’~
Fig. A24. LAX, Air Research Office.
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ATC-58 (A25)

b 270’ ~

Fig. A25. LAX, building B-4 (hangar).

ATC-58 (A26)

9 vertical wind.ws
31W X 61h

Fig, A26. LAX, Flying Tiger Office building.



ATC-58 (A27)

r~.~
85!

h

b5 I

Metal Corrugation RI 50$

*

T
b4 I

1

Fig. A27. LAX Flying Tiger hangar.

ATC-58 (A28) I

nSteel

Fig. A28, LAX, tanks.

30
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ATC-58 (A29)

Front

T
B

Galbestos
Corrttgation T3

40,

J
5 Concrete

Side

r

* 105’ >j
~’76 ~

Fig. A29. LAX, Delta hangar.

ATC-58 [A30)

–25, +
I

I

Gal

co, 2

—

Galbestos Corrt,gation T2

—

—

I 4’ COncrete

~105’~

Fig. A30. MX, TWA hangar building.

cSide
View

2

28,

L

.J
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ATC-58 (A31)

Galbestos
Corrugation T2

Fig, A31. I.AX, TiYAhangar
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Fig, A32, Miami International Ai~ort,
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] ATC-58 (A33) .

Fig. A33. MIA, building 1000.

001, 1002, 1003 same as Building 1000 for style and length

3- 12’w x 10’ h Metal Doors Buildings are 291 Klgh

ATC-58 (A34) 1

~’lo’ I

Fig, A34, MIA, building 1030,



ATC-58 (A35)

Fig. A35. MIA, building 1033 (hangar).

ATC-58 (A36) I

mCorrugated
~o, Metil TF4

T

20,

1

L// Side
view

/

Fig, A36. MIA, building 1052,
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Fibre corrugation SFl

, -. -.-=.

1
11 (lo~ors 131 wide)

~ibre Fibre

:or Ngation

I

corrugation

SF1 SF1

Note 0“ Building 10423231 tall - 230 feet long, cOncrete

Parked DC-61S are more obstruction to 9L than building.

Fig. A37. MIA, hangar building 63
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*
~, i

n Slope 45°

‘n
n

Triple windows, each 45”wx 63’h 831

n- – n

1

(Same )

n
Fibre corrugation SF1 o

*
4601

Overall ~

Fig. A38. MIA, hangar buildings 60-60A.
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TC-58 (A39)

Asbestos Fibre corrugation
T1

IIangar
Doors

4sbestos Fibre
Corrugation T1

mooth Metal Base

.

T
24!

Concrete

Fig. A39. MIA, building 25-24 (hangar).
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“IATC-58 (A40[

TI corrugation T2 I

I
931

Fig. A40. MIA, building 22 (hangar).

Fibre c.rr”gationa T1

Concrete

● 550, m

Note on Buildings 5 and 16

Building 5 is shadowed but Building 16 at 1461 high may be a factor.

Building 16 width= 601

Fig, A41. MIA, building 21A.
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ATC-58 (A42

1

f

6, 20° Slope
~ 200

Fibre corrugation
SF1 68$

~or
44 I 7,7-mr. .a Rem.ir Area I

1
,.,--,..-r_..

Open

61 Smooth Metal IJ
*—960’ ~’30’ +

Note: Building 3035 No problem

Building 3095,90’ tO rOOf DC-10 Hangar

Satellite Building (511 High) concrete facing

Fig, A42, MIA, building 20 (hangar).
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~TC-58 (A43)I

r ~

?

20°

Y
Sloping corrugated roof

L

2!
Metal corrugations Side

sliding doors
View

~;:;’ ~

(b)

Fig. A43. MIA, building 2169 (hangar),

510
40,,w Cinder block

TC-58 (A45)

Note: Building 2094

Fig

Fig. A44. MIA building 2147,

same as 2147 Cinder block 201 high,

T
25,

1

A45. MIA, building 2090, brick and cinder block,
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Fig. A46. ~nneapolis-St. Paul (Weld-ChamberlainField) (MSP).
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f

201 Slope 75°

T

Fibreglass
CorrugationT2

79t

1

FibreasbestosCorrugationT1

545’ +

1001

1
Fig. A47. MSP, Northwest Orient hangar.
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IATC-58 (A48j

Concrete Concrete

~181+-1281=+181q

Fig. A48. MSP, Naval Reserve hangar.

Metal Corrugation S1

Cinder Block

~ 200’ ~

Fig. A49. MSP, Page Airways.
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Rough Me&l -181-
11 Smooth metal

— S1 doors S1

Brick

I +14’*

250! -

Fig. A50. MSP, Airmotive.
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t
151

t
25,

1

~All are metal corrugation S1— F

- 8, Z0-foot doors -

Fig. A51. MSP, 2 National Guard hangars.

T
601

1

Fig.

250, ~

Fibre corrugation T2

A52. MSP, Western Airways hangar,
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4

Fig. A53. O!Hare InternationalAirport (ORD).
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Fig. A54. ORD, herican Cargo.

Note : Pan American Cargo building same as American but inverse left to
right.

Fig

rCorrugated TR5

t-80_~

. A55. ORD, Flying Tiger building.
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T
25!

1

Metal corrugation R2

I-36, .-j

Fig. A56. ORD, Workshop

~

T
28t Corrugated Fibre T1

1

~165’~
Fig, A57. ORD, United Airlines (cargo).
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ATC-58 (A58)

T
361

1

Cinder Block

Fig. 58. ORD, Continental

]ATC-58(A59)I

Cargo building.

T-~~t Corrugated

t

TR4
Fibre CorrugationS6

Metal ~or
This Side

-409
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Fig. 59. ORD, Butler Aviation building.
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Fig. A60, ORD, Northwest hangar.
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Fig. A61. ORD, Eastern hangar.
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Fig. A62. ORD, United hangar,
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Fig, A63, ORD, herican
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Fig. A64, ORD, WA hangar
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Fig. A65, ORD, Alert hangar (one of four).
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Fig, A67. Philadelphia InternationalAirport (PHL),
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Fig, A69. PHL, InternationalTerminal building,
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Fig, A70. PHL, 3 hangars; one as on left, two as in right,

10$ window wall
I T

30, aPP,ox.

Brick facing
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Fig, A71. PHL, warehouse building across highway-behind hangars,
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Fig. A72, PHL, United Fruit kitchen.
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920’+
Fig. A73. PHL, cargo unit nmber 1.
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Fig, A74, PHL, herican/Eastern freight building.
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Fig. A75. PHL, WA hangars.

K 6 Bay Doors Equally Spaced Wood & Asbestos

~160’-l
Fig. A7b, PHL, TWA freight buildingi

Note: A1l kinds .f veticles I
& carts in front of P. O. 2 ‘
building
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Fig. A77.
.

I I
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PHL, Post Office.
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Fig, A78. PHL, United Air Freight building.
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Fig, A79. PHL, Marriot Food Truck Side,
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Fig, A80, San Francisco InternationalAi~ort (SFO).
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Fig. A81, SFO, Air Lift hangar,
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Fig, A82, SFO, Air Cal hangar.
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Fig, A83. SFO, berican Airlines hangar.
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Fig, K84, SFO, 3 water tanks,
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Fig, A85. Tulsa InternationalAirport (TUL),

65

-..—. .- —-... -...-. ——-



.

r
48!

T

h

24$

1

Corrugation S1

Fig. A86. TUL, National
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Fig, A87. TUL, Merican Airline hangar 5,
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Fig. A88. TUL, herican Airlines hangar 3 (west side).
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Fig, A89.
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TUL, concrete engine test cell 1, 2, 3.
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Fig. A90, TUL, American Airline hangars 1 and 2 west side.
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Fig. A91. TUL, North herican Aviation,
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Fig, A92. TUL, 4-bay hangar.

t-” 3oo’~
Fig. A93, TUL, Quonset roof hangar,
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Fig, A94. TUL, large McDOnnel:
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Appendix B

SQUARES OF PEAK REFLECTION

FOR SELECTED CORRUGATED

COEFFICIENTS

SURFACES

A periodically regular surface, such as a vertical corrugation, prO-

duces a multimodal reflection which is dependent on the incident angle

el. In Fig. 1, the multimodal reflections are denoted by an index k and

the reflection angle denOted by 82 k where

02,0 = ‘1

The equation specifying the angles 82 k is

A
sin O

2,k
= sin e

1
+k—,

d
fork=O, *1, t2,... (Bl)

where d is the period and A the wavelength of the incident wave, provided

that the right hand side of (Bl) has magnitude less than or equal to one.

This requirement limits the acceptable range on values of k. Let us define

P(61,02) as the reflection coefficient at reflection angle e2 when the angle

of incidence is 01. An example of lP(91,@2)I for 01 = 45° is shOwn in Fig.

2. We define Pk(el) as

Pk(el) = IP(91$e2,k)12 (B2)

The values of Pk(el) vs 91 are presented here for the subcategories S1,

S2, and RI for the case in which the corrugated surfaces are perfectly con-

ducted. Analytically determined, they were calculated by J. Mink Of ECOM.

They are plotted as a function of incidence angle fOr each mOde Over the

range for which the mode exists. They are presented for a carrier at 5 GHz

(A = 2.362”) for vertical and horizontal polarization.

Corrugation Pages

51 73-75
52 76-78
R1 79-81
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Fig, B1, Multimode reflections for periodic surface.
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Fig, B2. Scattering by a sinusoidal surface. d = IOA, 81 = 45°.
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Fig, B3. 02k, vs 61 fOT dil = 1.16.
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Fig. B4. Plots of Pk(el) for S1 and vertical polarization.
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Fig, B7. plOts of Pk(ol) for S2 and vertical polarization.
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Fig. B8. plots of Pk(@l) for S2 and horizontal polarization.
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Fig, B9, ‘2,k
VS 01 for d/i = 2.54.
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Fig. BIO. Plots of Pk(O1) for R1 and vertical

80

polarization.
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Fig, B1l. plots of Pk(o1) for R1 and horizontal polarization.
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