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FOREWORD

This report Is one of a series •f reports that describes work per-
formed by Douglas Aircraft Company, McDonnel l Douglas Corporation,
3855 Lakewood Blvd., Long Beach, California 90846, under the Windshie ld
Technol ogy Demonstrator Program. This work was sponsored by the Improved
Windshield Protection ADPO (FEW ) of the United States A ir Force Fl ight

Dynamics Laboratory , Wright-Patterson Air Force Base, under Contract

F33615-75-C-3105, Project 2202/02/01.

Lieutenant L. Moosman (AFFDL/FEW ) was the A ir Force Project Manager

who monitored the program.

Mr. J. H. Lawrence, Jr., was Program Director for the Douglas
Aircraft Company.

Mr. J. B. Hoffman was the principal Investigator and author of this
report 1 and a Douglas Test Representative at the Arnol d Engineering
Development Center (AEDC).

Mr. L. P. Koegeboehn was a Douglas Test Representative at the Arnold
Engineering Development center (AEDC ) and was responsible for the heat

trinsfer computer program referred to In Section VII of this report .

~‘r . 0. 8. Carver of the ARC , Inc. , was the Test Director of the

~ypersonic Wind Tunnel (B) of the Von Ka
rman Gas Dynamics Facility (VKF)

located at the Arnold Engineering Development Center (AEDC), Tennessee.

Photographs were supplied by the ARO., Inc. (AEDC Division ) for this

report. AEDC-TSR-78-V33, Mrothennodynamlc Evaluation of Windshie ld
Materials at Simulated Flight Speeds of Mach 2.4 to 3.0 was the final
report prepared by the ARO , Inc., for this program.

This report was submitted by the author to the Air Force in Apri l

1979 and covers work performed during the period of May 1978 through
March 1979.
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SECTION I
INTRODUCTION

Military aircraft w ith coated polycarbonate canopies and windshields

had previously encountered Infl i ght erosion problems . These adverse

experiences precipitated the development of mu lti-ply transparencies for
potential use on high-speed aircraft. The laminated configuration selected
to fulfill the current need consisted of a face ply and structura l ply

joined by a soft Interlayer. The performance and reliability of the
naterials for these potentIal laminated transparencies were substantiated

by wind tunne l tests conducted at velocities of Mach 1.6 through Mach 2.2
(References I and 2). The operating range of current inventory military
aircraft had been considered to be wi thin the limits of the selected test
conditions.

The next generation of military aircraft w i ll be capable of attaining
ve~oc ’t i es In the Mach 3.0 regIon . The temperature generated on an a ir-
:raft windshield at this speed ~~u l d be much higher than experienced in
the ~~c~- 2.2 region. Hence, a need existed to define the capabilities
and ~‘— tations o’ mater ia ls currently cons dered for use in multi-ply

~.v ndsh ,eld5 for  future high—speed aircraft.

To provide da~~ for a material’s evaluation , a seri es of wind tunnel
-~~~ ~e.tS were performed i~ the hypersonic w~nd tunnel of the Von Karman Gas

~0 nair1cs Facility (V K F)  located at the Arnold Engineering Developmen t
:~~r’~~er (AEDC). enriessee. These tests were completed in August 1978.
The ;~ds of this test program were to determine and doctanent the sur-

~1vab Il1ty if selected materials and multi -ply laminates subjected to

“.~ch 2. 4 through Mach 3.0 flight conditions , eva l uate the resultant effect
on the lam i nates ’ optics , delineate the thermal environment, Investigate

the reliability of potential edge designs , and determine the edge effects
-‘ ri temperature distribution at these flight conditions.

I
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These goals were achieved . Twenty-seven flat panels , 7 x 11 inches

in size, were tested in a Mach 6.0 wInd tunnel , us ing a shock genera tor to
reduce the air stream to the desired fl ow conditions . The test specimens

were supported In a pressurized box to simulate Inflight cabin conditions.
Heat transfer distribution and pressure distribution across the specimen

surfaces, using an instrumented panel , were measured. Shadowgraph photos

were taken to illustra te shock interactions and flow—field conditions.
Temperatures were recorded on the appropriate specimen surfaces to define

the thermal environment. Material degradation and survivability were

eva l uated . Edge effects were Investigated . Grid line photography (in-

tunnel photos taken of a system of grid lines through the specimens)

was utilized to delineate potential infl i ght optical distortion. Loss of

light transmission and r~aze growth were measured.

The report Is structured in eight parts. Section II contaIns the

test plan , while Section III discusses pre-test activities , operation of

the test, and the basic test conditions achieved . Section IV compares

the planned environment to the actual test environment. Section V
appr a i ses -aterial damage and surv iv ab i lity . Section VI evaluates
optica l distortion . Section V I I  analyzes the thermal data . Section VII!

presents conclusions and nakes reconinendations for further testing .

LL~~~ 
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SECTION II
TEST PLAN

This section presents the test plan that had been prepared at the
beginn ing of the program. The purpose of this plan was to guide the test-
Ing to be conducted at the Von Karman Gas Dynamics Facility (VKF ) located
at the Arnold Eng ineering Development Center (AEDC), Tennessee.

The test plan delineates the test objectives , describes the test
facility , outlines responsibilitie s , describes the speciiens and hardware,
presents a brief test description , establishes the test requirements ,
defines the test procedure, and spells Out the doc~nnentation and data
reduction requirements. As wi th any test, the operation of the test does
not always follow the written plan . Any deviations to the test plan
during testing are described in Section UI.

TEST OBJ E CTIVES

The goals of this test program are to determine material survivab ility
and optical distortion for potential laminated wi ndshield desi gns that can
be used in aircraft that will operate at velocities up to Mach 3.0 and
at altitudes consistent with the operating range of military aircraft.
These goals will be met by eva l uating damage to the transparency materials
and to specific edge configurations , by appraising optical distortion ,
light transmissi on losses , and haze growth, by recording surface tempera-
tures and thermal gradients through the laminates , and by studying the
effec t of the edge structure on thermal distribution . A correlation wi ll
be made to compare the test conditions and the predicted conditions .

To accomplish the goal of this program and to complete a meaningful
evaluation of the various wi ndshield materials , it is essential that a
test environment be produced similar to the selected flight environment.
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TEST FACILITY DESCRIPTION

These tests wil l be conducted in the Hypersonic Wind Tunnel (B) of

the Von Karinan Gas Dynamics Facility (VKF) located at the Arnold Engineering
Development Center (AEDC) , Tennessee . Tunnel B , Figure 1, is a continuous,
closed-circuit , variable density wind tunnel wi th an axisynunetric contoured

nozzle and a 50— inch diameter test section. The tunnel , Figure 2, can be
operated at a nomInal Mach number of 6 and 8, at stagnation pressures
ranging from 20 PSIA to 300 PSIA and 50 PSIA to 900 PSIA , respectively,
and at stagnation temperatures up to 890°F as noted In Table 1. The model
can be Injected into the tunnel for a test run and then retracted for mode l

cool ing or model changes without interrupting the tunnel flow . A complete
description of the tunnel may be found in Reference 3. The tunnel will
be operated at Mach 6.0 for these tests.

‘S

m
Fi gure 1. Wind Tunnel at AEDC.
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FIgure 2. Sch atic of Wind Tunnel.

TABLE 1. WIND TUNNEL PERFORMANCE DATA

N~~1~al P0. psla To, F q,,, psia RI/Ft x 10 6

Tunnel Number M m .  Mix. Max . 141n. Mix. M m .  Max. 
-

B 6 20 270 (1) 390 (3) 0.3 4.1 0.3 4.7
8 50 850 (2) 890 0.3 3.8 0.3 3.7

P0 StagnatIon pressure

T~ Stagnation T.~~rniture
q~ Free-strs dyn lc pressure
Re Free-stre~~ Reynolds rnaber

Notu: (1) Maxla for short duratIon 300 psIa
(2) Mix1 a for short duratIon 900 psla
(3) L~ to 890 F can be suppilid at low stagnation pressures.

5 
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RESPONS IBILITIES

The AEDC/ARO shall be responsible for the test accomplishment as

detailed In the Test Procedure section of this test plan , shall record

the required data in accordance with the Documentation and Data Reduction

section of this test plan , and shall provide the test hardware required
to perform these tests as described in this test plan.

The vendors shall be responsible for fabricating the specimens in
accordance with a Douglas drawing (Z5943260), shall measure pre—test and

post-test light transmission through the panels , and shall measure haze

before and after the test.

Douglas Aircraft Company shall be responsible for the preparation of

a test pl an , a drawing of the test specimens (Z5943260), and a final report.

TEST SPEC ’IEN DESCR PTION

wenty-seven specimens, representing 19 different laminated configura-

tions and one monol’thic panel , are provided for this test program. Seven

of the specimens are duplicate panels. The specimens are listed in

Tabl e 2 , together with the f ive vendors who fabricated the parts and the
materials used for construction . The specimens are flat , rectangular
in shape , and 1.00 x 7.38 x 11.38 inches in size , and are shown in Figures 3

through 12.

Thr ee general types of three-ply laminated construction are represented:

as-cast acry lic/interlayer /pol ycarbonate , glass/interlayer/po lycarbonate.

~nd ;iass/interlayer/glass. Two additiona l groups , consis ting of nine pli es

and seven pl ies , have as-cast acrylic and urethane face plies , and
polycarbonate structural plies . The interlayer materials are silicone ,

urethane and PPG1I2. A coated ionou i thic polycarbonate configuration

Is also included .

Seven of the specimens are from a previous wind tunnel test that was

reported in Reference 1. The seven specimens , SKO5 and SK06, Fi gure 3,

6
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and GYO 1 throug h GYO5 , Figure 4, are instrumented wi th three foil and wire
type chromel-alisnel thermocouples. The bondIng agent was N—Bond 600

TABLE 2. SPECIMEN IDENTIFICATION

DESCRIPTION
DACO AC • Acrylic
PART DACO SR. • Si li cons Interlayer
NUMBER SERIAL PC Polycarbonat.
15943260 NUMBER MANUFACTURER UR • Urethane Interlayer

-501 (1) 51(05 Slerracin 0.08 AC - 0.10 SIL - 0.62 PC
-501 ( 1) SKO6 0.08 AC - 0.10 SIL - 0.62 PC
-533 SK21 0.188 AC - 0.12 SR. - 0.62 PC
-533 (2) SK21A 0.188 AC - 0.12 SIt. - 0.62 PC
—535 Sk22 0.188 AC - 0.12 SIt. - 0.62 PC (Reta iner)
-535 (2) SK22A 0.188 AC — 0.12 SIt. - 0.62 PC (Retainer)
-537 SK23 0.110 Chencor — 0.27 SIt. - 0.62 PC
-537 (2) Sk23A 0.110 Chencor - 0.27 511 - 0.62 PC
-529 (2) SWU21 Swedlow 0.188 AC - 0.12 SIL - 0.62 PC
-531 (2) SWU22 0.188 AC - 0.12 SIt. - 0.62 PC (2 Bolts)

-539 PPG2 1 PPG 0.120 St. Glass - 0.35 PPGII2 - 2 PC Plies
-539 (2) PPG21A 0.120 SL Glass - 0.35 PPG112 - 2 PC Pl i es
-541 PPG22 0.120 St. Glass - 0.32 PPG112 - Glass
-541 (2) PPG22A 0.120 SL Glass - 0.32 PPG112 - Glass
-519 (1) GYOl Goodyear 0.10 AC - 0.04 UR - 2 PC Plies , 0.25 H.
-521 (1) GY O2 0.10 UR - 0.04 (JR - 2 PC Plies, 0.25 ea.
-523((l) GYO3 0.10 UR - 0.04 UR - 2 PC Plies , 0.25 ea.
-525 (1) GYO4 0.10 (JR - 0.10 SIt. — 2 PC Plies , 0.25 ca
-527 (1) GYO5 0.10 UR - 0.10 (JR - 2 PC PlIe s , 0.25 ci.
-543 (2) GY21 0.12 AC - 0.10 SIt. - 3 PC Plies , 0.19 ci.
-545 GYZ2 0.12 AC - 0.10 (JR - 3 PC Plies , 0.19 ea.
-547 GYZ3 0.18 AC - 0.10 SIt. - 3 PC Plies, 0.19 ca
-549 GYZ4 0.12 AC - 0.04 UR - 2 PC Pl ies , 0.19 H.
-551 GYZ5 0.12 AC - 0.04 SIt. - 2 PC Pl Ies, 0.19 sa.
-553 GY26 0.18 AC - 0.04 (JR - 2 PC Pl ies , 0.19 ca

-555 ltX.2l Texstar Coated PC, 1.00 Thick
-555 (2) TEX21A Coated PC, 1.00 Thick

(1) These specimens are from previous test (Reference 1).
(2) These specimens to be coated with phase—change paint.
(3) All dimensions in Inches.

7

~0.
_ _ _ _ _  

________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



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

adhesive manufactured by Micro — Measurements Products. Five of these
specimens were prev i ously tested.

Twenty specimens were desi gned specifically for this test series.
Ei ghteen of these specimens are Instrumented with copper-constantan
thermocouples and were designed with edges to simulate a production type
Ins tallation . The remaining two specimens , fabricated by Texstar
Plastics (TEX21 and TEX21A) are plain panels of coated monolithic poly—
car bonate .

The three Slerracin confi gurations (SK21, SK22 and SK23), shown in
Figures 5 and 6, are Instrumented wi th seven thermocouples . Two types
of bushings are used at the edges, alum inum and plastic , and a comparison
of heat conductivity into the structura l ply will be made . The face
plies are as-cast acry lic and glass. Three different edges are repre-
sented. ~jp1 1cate specimens , SK21A , SK22A an d SK2 3A , are provided for
thermal paint tests .

The two Swedlow specimens (Swu2 1 and SWU22), shown in Figures 7 and

8. are instrumented with five thermocouples. The face plies are as—cast

acry lic. These configurations present two different methods of reducing
heat conductivity through the attachments to the structural ply. The

edges of these specimens are coated with a protective sealant.

The two PPG configuration s (PPG2 1 and PPG22), shown in Figures 9
and 10, are Instrumented wi th five thermocouples . The face plies are

glass and the structural plies are glass and polycarbonate. DuplIcate
specimens (PPG21A and PPG22A) are provided for thermal paint tests.

Plastic bushings are installed for the simulated edge design .

The six Goodyear configurations (GY21 through GY26), shown in Figures

1 an d 2 , are instrumented wi th five thermocouples. The face plies are

as-cast acrylic. This group represents a seven-ply configuration and a

nine-ply configuration . Bolts and bushings are installed to simulate a
typical edge configuration .

-
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DIRECTION
— OF —

~~~~~~~

I’.

— — 
AIRFLOW 

ScARF

I -

~~~~~~~~

.69 THERMOCOUPLE — - 
I

~~1 

L~ ~~1_.0.81 4 ~~~ 
- 

3.70— .

THERMOCOUPLE I— AS-CAST ACRYLIC
3 P..CS / (MIL-P-8l84 )

f
0 080 

____ 

I1
,,/

r_SIUC0
~~~~~~ TE (MIL-P-83310)

0.825 

A - A
FIBERGLAS S SPACER

PART NUMBER: 25943260-501
NOTES: (1) DimensIons are nominal and In Inches .

(2) Ihese parts were fabricated for a previous test (Reference 1)
but were never tested.

Figure 3. Sierracin Specimen SKO5 and SKO6.
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PART SERIAL ~..Thermocouple
NUMBER NUMBER

_ _ _ _  _ _ _

f I
5943260-519 

- 
GYO1 \ 3.70

—521 GYO2 A \.~~~ I
-523 GYO3 1.. ‘~
-525 GYO4 T• 

— 

I I
527 GYO5 I 11 38I * I

I I
Air

Fl 

- - - - - - 

~~ —0. 8~

.—3.6Q-

r— Polycarbonate
\ (MIL-P—833l0)

\
— As-Cast Acrylic (MIL-P-8184) for - GYO1

GAC_590_S5* Urethane for - 6Y02 , GYO4 , GYOS
\ GAC-590—65• Urethane for - 6Y03

\ — tnterlayer
\ ~ 

F5X-3A’ Urethane (0.040) for GYO1 , GYO2, 6Y03
\ F4X-2~~ illcone (0.lC~) for GYO4

~ 
GAC-309 Urethane (0.100) for 6Y05

________________________  
for GYO1, GY O2 , GYO3

l.Cfl O.~4O for GY O4 , ~Y05

• — A — A  \ ‘
~‘—Thermocoup1e 3 Places

F5X-3A’ Urethane In tsrlay.r (0.040)
etbergias s Spacer~

YOTES: (1) Dimens1on~ ar~ nominal and in inches.
(2) These specimens were previously tested (Reference 1)
(3) * is Goodyear Aeros pace (proprietary).

~l 7ure 4. Goodyear Test Soecinens GYO1 Through GYO5.
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Thermocouple Locations

- Aft Edge

11.38
I 1

Direction
Of I I

A i r Flow

~~~~~~~~~~~~~~ 
~~50t o

I ÷I _ _ _ _ _ _

1.75 } —  
~~~~ . 2.75

PlastIc —.”~~~ ~~~~ 
Typ 

________________ ___________ .Fwd Edge
Bushing B ______ — Aluminum Bushing
4 Places -‘ 3.69 2 Places

7.38

~~
_ Thermocouples
\ 3 Places

MOTES: (1) Dimensions are In Inches.
(2) See Fiqure 6 for Section 8—8

Figure 5. Slerracin Soecimens Sl(21 Through S~23A .
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PART NUMBER SERIAL NUMBER

25943260-537 SK23, SK2 3A
Z5943260-535 51(22 , SX22A
Z5943260-533 51(21, SK2 Tk

Ch ~,._Thermocoup1es (Typ)

Glass ,/ 4 Places

A 

I

+

+

Silicone (Typ)
(S-b a)

— As—C.~st Acrylic —f.,

(MIL-P.8184) \ r 0.188
Retainer (0.032 Cres) 0.120

A ~~~ 
TLd.~~ 

~ ~1 

! 
0.625

Polycarbonate (Typ)

As-Cast Ac rylic —~(MIL-P -8l84) r 0.188
0. 1 20

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

- 

~~ tL6 5

Fiberglass Spacers (Typ)

NOTES: (1) DImensions are Nominal and in Inche s
(2) Bushings are 202 Ffberqlau Filled Polycarbcnati• and A l uminum

FIgure 6. Slarracin Test Speciu~ns SK21 Through SK23A
(Section 8-8 . Figure 5) .
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,— Thermocouple Locations

/ 

i 
~ -A ft Edqe

_ _ _ _ _ _ _  

4.00

I / 
_ _ _

I • • -

_ _  
I

A I A
11.38

Direction
Of I I

A ir Flow
I I

I 375 for SWUZ2

~~~~~~ 
~~ 

2.50 for S~U21

Typ Y Fwd Edge
I

-~~ 3.69 —~
7.38

Thermocoupks
Places

L~\.... Space r A A  I
NOltS:(l)Olmensions are in Inches.

(2)S~~ Figure 8 for Section 8-8 .

Figure 7 . Swedl w lest Specimens.
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PART NUMBER SERIAL NUMBER

25943260 —53 1 SWU22
ZS943260-529 S~J2l

Fibe rglass Spacer
and Strap

Thermocouples (Typ )

1 .

~~~ ~~~~~~~~~~~.25 

TY]\

/
1 / Pol ycarbonate

/ / (MIL-P-83310)
Sb J2Z /

As -Cast Acry l ic
(M!L..-P-8184)

20% Fiberglass Filled — -. iii• Polycartonate Sushing S cone

Fiberg l ass Spacer I r 0.188

/ — ~ 
~ .. 0.120

1 .

~~~ 
/ ~~~~~. :~

SWU21 Polycarbonate
(MIL-P -83310)

Dimensions are nominal and In inches.

Figure 8. Swedlow Test Specimen
(Section 8—8 , FIgure 7) .
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Thermocouple Locations

/ Aft Edge

@
~ I ~ 4.00_J _ 

— —  _ _

- s —f
I ‘

~~~. , 11.38

Direction
of

A i r Flo w 
~~

... a

+

‘ —~~ 1.15 
t::~t~I_ 

IIL,’. 2.50

Tyt, 
__________ .Fwd Edge

_ _3.69 -~~
7 .38

Thermocouples
P l aces )

A—A

‘lUTES: (1) DImensions are in Inches .
(2) See Figure 10 for Section B-B .

FIgure 9. PPG lest Specimens.
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PART NUMBER SERIAL NUMBER

Z5943260-541 PPG22, PPG2~A
25943260-539 PPG21. , PPG21A

Semi-Tempered Soda Lime Glass

Fiberg lass Spacer ~~~~~~~~ thane (112-30)

_ _ _ _  4~~ r 
~~~~~~~~~~~~~~~~~~~~~~~i.ooo~~ 

_ _ _ _  

0.500

Fiberglass Strap Fu l l  Temoered

PPG22 ari d PPG22A Glass

Semi-Tempered Soda Lime Glass

- Tic~rriacoup1es (Typ)

—.j 1 25 r Urett’an; (b12-30)

1 .
~~Of ~~~~~~~~~~~~1 

~L\~ 
~~~~~

/ Pol ycarbonete‘— Fiberg lass Spacer M IL-P-833l0
PPG2 1 and PPG21A

Motes : (1) Manufacturer: PPG Industries (PPG)
(2)  DimensIons are nomi nal and in Inches
(3) Bushings are 20% Fibirglass filled polycarbonate

I
Figure tO. PPG Test Specimens

(Sectlun 84, FIgure 9).
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F— Thermocouple LocatIons

,~~~~~~~~ 

~~~~~~~ / cj 
L Aft Edge

o 0 0/  0 0 4.00

A /
— —  _ _ _

4 _
A A

11.38

Direction
Of

Air flow 
~~

+
4

0 ~~~~~~~~ _________ .Fwd Edge

3.69 ‘~i — Externa l Retainer
GY21 , GY22, GY23

7.38 ~ Onl y

Thermocouples
Places

A — A
NOTES : (1) DImens ions are in Inches.

(2) See Figure 12 for Section 8-8

Figure 11 . Goodyear Test Specimens GY21 Through GY26.
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PART NUMBER SERIAL NUMBER
- 

Z~~~~b0-553 IiYZ5
25943260-551 GY2S
_15943260-549 GY24

/ 25943260-547 GYZ3
25943260-545 GY22
Z5943260-543 6Y21

As-Cast Acrylic ____ 

r__ FSX-3 Urethane for 6Y24 I GY26
I”1 .25 ~~~~~ \ 

F4X-29 Silicone for GYZS
Typ \ \ ,— 0.120 for 6Y24 I 6Y25

0.41_.j ~e ; \ \ _~~~~~ 

0.188 for 6Y26
___  _ _ _ _ _ _ _ _ _ _ _  — 004 3P l~~
___  

j  I 
~~ flT1 -~~ 

ç—r_4 0 120
.000 It ~ ~~~~

- 

______ •
$ 0.190 1 III 

~ \ ~~f
- 

\ \ 
\._ As -Cas t Acrylic

/ \ L._~ 4x_ ~~ Silicone
Fiberglass Spacer —’

Pol ycarbonate
GY24, GY2S & GY26

r As-Cast Acrylicr4X-29 SilIcone for GY~ s & ~~~F5X-2 Urethane for 6Y22 \ r 0.120 for GY21 & GY22
Thermocouple 0.188 for GY23
Retainer , \ I 0.100

I _________________ r’O.19O 3 Plcs
1.000 

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

~ 1j I~~i

Fiberglass Spac:r~~~~~~~ ~~~ L 0~12g~
°4 3 Pics

Polycarboriate ‘
\...... F4X-3 Urethane

“— As—Cast Acry l i c
GYZ1 I GY2Z I

Notes: (1) Bushings are 20% FIberglass Filled Polycarbonata

Figure 1? . Goodyear Test Specimens GY21 Through GY26.
(Section 8-8, F igure 11.)
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TEST HAR0~ARE

The test hardware consists of a cabin simulator , a wedge, an instru-
mented panel and a teflon panel. These Items will be supplied by the
AEDC/ARO .

Cabin Simulator

The test specimens will be mounted in an existing cabin simulator
(Douglas drawing 25943261). The purpose of the cabin simulator , Fi gure 13,
is to provide both support for the test specimens and a simulated cabin
environment on the back side of the test specimens. A specimen is installed

Renovable Cover 
Seal

- 

Specimen

Figure 13. Cabin Simulator .

in the simulator by laying the specimen in the top of the box and installing

the cover wi th Six bolts. Regulated air at ambient temperature will be
supp lied to the simulator at a constant flow rate and discharged to the
tunnel free-stream through ients located on the bottom of the simulator.

~da ter coils on the simulator wall s will augment air cooling. A silicone

19 
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rubber seal between the specimen and support frame wil l  prevent air

leakage and provide room for thermal expansion. A quartz port, In the rear

of the simulator, Figure 14, wIll make It possible to photograph through

the sp.ci. n during the tests. FI gure 15 shows the cabin simulator in the
tunnel .

• •~‘

:. ~~~
-. /45~. - .

p

m . -

I.

— 
Figure 14. VIew Through Quartz Window In Cabin Simulator.
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FI9LrS 15. Cabin Simulator In Tunnel.

Wedge

The cabin simulator will be attached to a wedge, Figure 16, wh ich
serves as a shock generator. It will reduce the wind tunnel free-stream
Mach number from 6 to the appropriate Mach number required across the
specimen. The wedge will be mounted to the sting. The sting is the
support arii, and is part of the tunnel apparatus. The slope of the front
surface of the wedge will be varied to meet the Mach nuiter requirements
by manipulating the sting .

21
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WEDG E

Figure 16. Wedge and Instrunented Panel UP).

Instrtanented Panel

An instrtrented panel (IP), shown in Fi gure 16, will be used to
determine the heat transfer rate and pressure distribution on the outboard
surface of the test specimens. There are 15 pressure orifices and 11 heat-
transfer rate gages located on the panel surface. It wil l be supported in
the tunnel by the cabin simulator and has the same planform dimensions as
the specimens.

Teflon Panel

A teflon panel will be used for phase-change paint tests. The purpose
of these tests will be to obtain additiona l heat-transfer data and to
locate possible surface ‘hot spots’. The panel will be supported by the
cabin simulator and has th. same planform dimensions as the specimens.

III TI~~. .
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TEST DESCRIPT ION

This test series is to be completed in three nights of testing and
consists of three different types of tests: obtaining pressure and heat-
transfer distributions on an instrumented panel , photographing heat
patterns on 9 specimens and a teflon panel that are coated with phase-change
paint , and appraising thermal and optical effects of a Mach 2.4, 2.6
an~ 3.0 wind tunnel environment on 27 test specimens. The tests will be
conducted in accordance with the test schedule shown in Table 3.

General Requirements and Setup

Prior to testing , grid board photos will be taken through each specimen
by the AEDC/ARO personnel . Post-test photos will also be taken.

For In-tunnel testing the specimens will be supported by an AEDC/ARO

supplied cabin simulator to prov i de a cockpit environment on the back of
the windshield specimens . The cabin simulator will be attached to a
wedge or shock generator , as shown in Figure 17. The angle between the
wedge and cabin simulator will be Set to 15 degrees, which represents the
nose/windshield angle for a high performance aircraft . The wedge will

be set at angles calculated to reduce the free stream vel ocity to the

si-’ulated flight conditions of Mach 2.4, 2.6 and 3.0.

A camera will be mounted outside the tunnel and aimed through a view-
ing port and the specimens at a system of grid lines to provide In—tunnel
photography for distortion evaluation. These in-tunne l photographs will
be taken at approxima tely 2-minute intervals. The camera will be set at
an angle of approximately 20 degrees with the tunnel centerline . The
angle between the camera (line of sight) and specimen (windshield) will
vary from 28.2 degrees to 23.3 degrees.

Temperatures wil l be recorded by thermocouples installed on each speci-
men at intervals of approximately three readings per minute. These thenno-

:4 couples are located to record the exterior surface temperature at two
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points , the interior surface temperature , the temperature of the structura l

ply (polycarbonate or glass), and the temperature of the structural ply

adjacent to the forward bolt. These data will be compared to values cal-

culated by a Douglas developed computer program.

Thermal mapp ing will be accomplished on 9 specimens and an AEDC/ARO

supplied teflon panel by using an A EDC/ARO phase-change paint technique .
Heat patterns wi l l  be developed for each of the three conditions , Macn 2.4,
2.6 and 3.0, to Identify “hot spots ’.

An instrumented panel , suppl ied by the AEDC/ARO , will be used to deter-

m ine heat-transfer and pressure distributions for the environment at each

of the Mach number condit ions .

Shadowgraph photos w ill be taken to illustrate the shock interactions
and flow-field conditions that exist on the specimens in the tunnel .

Di rect movies will be taken on a selective basis , and video tapes will

be used to provide Instant playback capability .

Test Activity

The first ni ght of testing (a 12-hour shift) will consist of three

types of testing : injection of the Instrumented panel , thermal mapping ,

and tjnneI testing of the specimens.

Activity will comence wi th insertion of the instrumented pane l , as
noted in Table 3, at Mach 2.4, 2.6 and 3.0 to obtain the surface pressure,

heat-transfer rate distributions and the adiabatic wall temperatures. The

estimated time for this act iv i ty is 3 hours .

The second step will be thermal mapping at Mach 2.4. The eight sped-

rnens and teflon panel noted In Table 3 wil l  be coated with phase-change
paint and injected Into a Mach 2.4 tunnel environment for a l ength of

time deter-~i ned by AEDC /ARO procedures. Sequence photos will be taken
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to record timewise progression of paint melt~ ’i nes in accordance wi th
AEDC/ARO techniques . The estimated time for this activity is 2 hours .

Step three will consist of tunnel testing of the 12 primary specimens
listed in Table 3. The specimens will be tested in a Mach 2.4 environ-
ment at time increments of 5, 10 and 15 minutes . The specimens will be
cooled to 160°F between injections. A specimen failure will terminate
the test for a given specimen as determined by the Douglas lest Represen-
tative . A secondary specimen may be substituted for a primary specimen .
Specimens not tested will be injected the followi ng ni ght. The estimated
time to complete these tests Is 11 hours and Is based on 6 minutes between
i njections and 12 minutes to change a specimen.

The second night of testing (a 12-hour shift ) will consist of two
types of testing : thermal mapp i ng and tunnel testing of the specimens .

The activity w ’ l l  conrience , If necessary , with the completion of the
Mach 2.4 tunnel testing of spec imens that were not tested on the first
night . It is estimated that this activity may take up to 4 hours .

This will be followed by thermal mapping of the five specimens and
teflon panel noted in Table 3 at Mach 2.6; The specimens wil l  be coated
with phase—change pa int and injected into a Mach 2.6 environment for a
length of t1nv~ determined by the AEDC/ARO . The time estimate for this
pr-ocedure is 1.5 hours .

The thermal mapping activity will be followed by tunnel testing of the
15 prImary specimens listed in Table 3. The specimens will be tested
In Mach 2.6 envIronment at time increments of 5, 10 and 15 minutes . The
spec imens wil l  be cooled to 16.0°F between injections . A s’pecirnen failure
wi ll terminate the test as determined by the Douglas Test Representative.
A secondary specimen may be substituted for a primary specimen. Specimens
not tested will be injected the following night. The time estimate Is
13.5 howl. It is anticipated that the test times for specimens wi th
plastic face p l ies may be terminated prematurely due to material degradation.
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The third night of testing wi ll be similar to the second night and
will coninence, if necessary, with completion of any Mach 2.6 testing
that was not completed on the previous night and may require up to 7 hours.

This activity will be followed by thermal mapp 1 ng at Mach 3.0 per
— Table 3. The three specimens and teflon panel will be coated wi th paint

and injected Into a Mach 3.0 tunnel environment. The time estimate is
one hour.

Thermal m ap ping will be followed by tunnel testing of the eleven
specimens listed in Table 3 in a Mach 3.0 environment. Injection times

-sill be 1/2 and 3 minutes . The specimens will be cooled to 1600F between
Injections. The Douglas Test Representative wil l  be responsible for
termination of a test and for substitutions. The estimated time is 4 hours.

TE ST CON DIT I ONS

Env1ronmnental Conditions

The area of an aircraft windshield that would normally receive the
highest heating , and therefore the area that would probably fail first

due to overheating , is that area directl y behind the aircraft nose and
on Its centerline. A typical supersonic aircraft nose shape with the
flow environment depicted In the area of interest is shown in Figure 18.
The conditions were calculated by the methods o~ Reference 4.

Region I in the figure is the free-stream environment. Region 2

represents the approach environment. The approach conditions were corn-
puted from the Region I conditions using invisc id cone theory. It was

assiiied that the aircraft nose upper surface could be approximated by a
half -cone. The cone half—a ngle chosen for these claculatfons was 15 degrees.
Region 3 represents the windshield environment. These conditions were
calculated using Inviscid wedge theory and were computed from the Region 2
conditions, A wedge angle of 15 degrees was chosen for the windshield.

-; Region 4 represents the cabin envirommrnnt.
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The specimen test environment is shown in Fi gure 19 for conditions
at Mach 3.0. For simplicity , a two-dimensional wedge model was chosen I
to simulate the approach f low conditions of the aircraft nose. A two-
dimensiona l Inviscid , oblique—shock solution was assumed to determine the
appropriate Mach numbers and pressures to simulate the flight environments.
Because of size limi tations ) a representative approach length of an
aircraft nose could not be simulated. However, conditions are such tha t
fully turbu l ent boundary-layer (Reference 5) will approach the test
specimens similar to that which approaches the windshield for each of
the flight environments , as shown in Figure 18 , for Mach 3.0.

In Fi gure 19 , Reg ion 1 represents tunnel conditions . Region 2 repre-
sents the approach conditions and was computed from Region 1 conditions

with inviscid wedge assumption . Region 3 represents the windshield environ—
-ent and was computed from the Region 2 conditions wi th inviscid wedge
assumption. Reg i on 4 shows the nominal cabin simulator conditions.

The angle between the wedge and the cabin simulator (windshield to
— nose angle) will be set to 15 degrees. The wedge angles wi l l be set to

3 3 . 3  degrees, 31.5 degrees, and 28.3 degrees as shown in Table 4 for
Mac~’ 2.4, 2.6 and 3.0 respectively.

The conditions at which the spec imens w i ll be tested are g i ven ~n
Tab’~ 4 and were selected to simulate a typical environmen t on the trans-

~.~rency of a hi gh performance aircraft. These conditions are limited

by ‘‘c ability to simulate the required environment in Tunnel B. Since
Tunne l B has a free—stream stagnation pressure limit of 280 PSIA at
approximately Mach 6, the minimum altitudes tha t can possibly be simulated
for Mach 2.4, 2.6 and 3.0 are 45,200 , 52 ,900 and 64,800 feet, respectively.
The free-stream temperature was selected at —70°F.

The adiabatic wall temperature calcula ted for each condition Is shown
in Table 3 and is defined here (in degrees Rankine ) by the following
equation :
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P T ~~~
.T ( 1 + r f ~ j

1 142 )

where: Is the adiabatic wall temperature In degrees
Rankine

I Is the static air temperature In degrees Rankine

rf is the recovery factor

is the ratio of specific heat for air • 1.4
M is the free stream Mach number.

The recovery factor to be simulated Is 95 percent, which means that 95 per-
cent of the stagnation temperature will be recovered in the adiabatic wall
temperature.

That is ,
TAW -

— ‘0.95
-

where T~ is the st~çnation temperature.

The pressure distribution across the specimen surface will be obtained

from the instrumented pane l tests and compared to cal culated values.

Therma l Conditions

High temperature thermocouples are bonded to the Inner and outer sur-
faces of each specimen by the vendors to provide temperature time histories.
Foil type thermocouples are bonded to the outer surfaces wi th PS—18
adhesive on the as-cast acrylic face plies and with 14—Bond 600 (Micro—
Measurements Products) on the glass face plies. Additional thermocouples
are Imbedded wi thin the speciriens to measure the temperature of the
structural ply and the area adjacent to the bol ts. W ire an d fo i l thermo-
couples are used for these imbedded thermocouples. 14—Bond 600 was used
f r  the bonding agent on the specimens procured from the previous test
noted In Reference 1. Temperatures will be recorded at intervals of

approxi mately three readings per minute .
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A thermal correlation will be performed to compare test temperatures
and calculated temperatures. Appropriate data , such as heat/transfer
rates from the instrumented panel tests, the adiabatic wall temperatures
and the material physical properties, will be in putted to a Douglas
developed windshield heat/transfer computer program to perform the
correlation. The material physical properties to be supplied by the
vendors for use In computer program include the thermal conductivity,
specific heat and density.

Thermal mapping will be accomplished In accordance with AEDC/ARO
techniques through the use of phase—change paint applied to selected
specimens and a teflon panel as noted In Table 3. The specimens will be
injected at Mach 2.4, 2.6 and 3.0 as shown In Table 3. The specific
thermally-rated paint to be used will be determined by the Douglas Test
Representative after the Instrumented data has been reduced. The
anticipated surface temperatures, calculated by a Douglas computer
program, are:

Mach 2.4: 349°F (10 minute exposure)
Mach 2.6: 419°F (10 mi nute exposure)
Mach 3.0: 554°F (3 minute exposure)

Time increments for specimen tunnel injections are given in Table 3
for each of the three Mach number test conditions . They are 5, 10 and
15 minutes for Mach 2.4 and Mach 2.6, and 1/2 and 3 minutes for Mach 3.0.
These times are based on anticipated aircraft operating conditions and are
tentative. Deterioration of the plastic materials at the high temperatures
expected at the selected Mach numbers may force a reduction in the length
of tunnel injection or termination of a specimens usefulness. The total
estimated times would be subsequently affected. The estimated times,
calculated for 6 minutes between injections and 12 minutes to change a
specimen, are based on actual times from Reference I for a previous
test.
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Optical Conditions

Prior to delivery of the test specimens, each vendor will have measured

and provided to Douglas the i ndex of refraction , the light transmission
values , and the haze values for each specimen. The index of refraction is

to be developed per FTSM 406, Method 3022 (Reference 6). Light transmission

and haze values are to be found per FTSM 406, Method 3022 (Reference 6),

or ASTM 01003 (Reference 7). Afte r the wind tunnel tests are complete ,
the tested specimens will be returned to the vendors and the li ght trans-
mission and haze values will be measured again. Measurements will be made

on each specimen at the five locations defined In Figure 20.

2.25
(4 Places)

— _______________________________

I I

3.6 ’ 
+ _

I l” —3.25 ,~~~~~1.38 
_______ — — 1(4 Places)1

Light Transmi ssion——-~ 
I

~. 
and Maze Measured

~~ at 5 Points —

~~~

-

I I
— a — — — —

11.38

Figure 20. Locations Where Light Transmission and Haze to be Measured.

Photoqraphic Conditions

The AEDC/ARO will use e Hasselblad camera to take pre—test and post—
test photographs of a grid board as viewed through the specimens. This
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arrangement Is shown in Figure 21. The angle of incidence for these
photos will be 60 degrees. The photographs will be used to evaluate
permanent optical distortion which results from the tunnel activity . The
AEDC/ARO will use a densitometer to measure light density changes on the
grid photogrenhs.

Photographs will also be used to evaluate in—tunnel optical distortion

during test operations. A Hasselbiad camera will be mounted outside the

tunnel and aimed to look obliquely into the tunnel through a viewing

port as shown in Figure 22. Prior to testing , a grid image will be projected
onto the tunnel wall from the camera portal and painted on the wall of the

tunnel . The grid pattern will be photographed through the quartz window
in the cabin simulator and through the specimens. The apparent grid size t
at the specimen will be 1/4 inch. The camera line—of—sight will be set

at an angle of approximately 20 degrees with the tunnel centerline. The

angle between the camera line—of-sight and the specimen surface w i ll  vary
from 28.2 degrees for the Mach 2.4 condition to 23.3 degrees for the
Mach 3.0 condItion. The ang le decreases as the wedge ang le decreases.
The rotation of the wedge must be accomplished so that the quartz window
remains in line with the camera and grid. The grid photographs will be
taken at approximately 2-minute intervals. A transparent positive taken
of the original undistorted grid lines as viewed through a specimen will

be provided to allow evaluation of the grid line photographs for

measuring distortion .

For all photographs, the serial number, test number and injection
nijyiber will be within the field of view of the camera for proper identifica—
tion of the specimen. - I

A standard refocused shadowgraph system will be installed alongside
the tunnel to take Schlieren flow—fie ld photographs.

A television camera will also be used to take general coverage color
pictures for real—t,me monitoring and recording on videotape to provide
a history of surface dete riorat lons.
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Pre—test and post-test photographs will be taken by the AEDC/ARO of
each test specimen.

To lerances

Uncertainties of the basic tunnel parameters will be estimated from

repeated calibrations of the stagnation temperature and pressure Instruments
by verifying repeatability and uniformi ty of the tunnel flow during
calibration and will not exceed:

+0.5% for Mach number ,

~~.5 PSI for Stagnation Pressure,

~3.5t for Stagnation Temperature.

The instrumented panel surface pressure measurements will be within

‘0.5 PSI and the heat transfer coefficients within +6 percent. The
specimen temperature measurements wil l  be within +4°F. Model attitudes
will be within ~0.2 degrees. Deviations to these conditions may be
approved by the on—site Douglas Test Representat ive.

TEST PROCEDURE

This test program will be conducted in the following sequences per the
test schedule given in Table 3 and the specimen test environments given
In Table 4. Each specimen wi ll be injected into the tunnel flow for
the time increment shown In Table 3 or until failure. The injection
sequence or length of exposure may be altered at the discretion of the
Douglas Test Representative and as necessitated by the facility capabilities.
Termination of testing for a specimen or substitution of specimens wil l
be determined by the Douglas representative. The sequence does not include
provisions for completing the test over three nights and does not recog-
nize the time constraints for each shift. The AEDC/ARO test engineer
will determine how many specimens will be run each night.
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1. PaInt the grid pattern on the tunnel floor.

2. Obtain photographs of the specimens and grid board specimen
photograph (Figure 21).

3. Install the wedge and cabin simulator to the sting and set the
wedge angle to the specification of Table 4 for the Mach 2.4
condition. The angle between the wedge and cabin simulator is
to be set at 15 degrees.

4. Photograph the grid panel on the tunnel wall through the quartz
window in the cabin simulator prior to the test and before a
specimen is installed (FIgure 22).

5. Install the i ns trumented panel in the cabin simulator and bolt
the cover securely to restrain the panel in the cabin simulator.
Connect the instrumentation.

6. Inject the instrumented panel Into the tunnel f low for a period
of time sufficient to determine pressure distributions and
heat transfer rate distributions and record the necessary Infor—
mation for the Mach 2.4 simulation .

7. Reset the wedge and perform the Mach 2.6 and Mach 3.0 tests.

8. Retract and remove the instrumented panel f rom the cabin simulator.

9. Reset the wedge for the Mach 2.4 position.

10. Prepare the appropriate spec imens designated in Table 3 for the
thermal paint tests by applying phase-change paint per AEDCIARO
procedures. The temperature rating of the paint will be determined

by the Douglas Test Representative after initial reduction of
the instrumented panel data . The specimens must be cleaned wi th
water or isopropyl alcoho l and dried with a Kaydry prior to
painting.

11. Perform the therma l mapping sequence per the techniques specified
by the AEDC/ARO for the Mach 2.4 test conditions.

12. Reset the wedge for the Mach 2.4 test simulation per Table 4.

40

-

~

- --—

~

--- -- -

~

- ~~~~~-~~~~~~~~~~~~ --~~~~~ - - - -~~~~~~~~ -~~~~ - - -~~~~~~~~~~~~~~~~ - - -~~~~~~~~ -



-~~~~-‘--~~-~

13. Prepare specimens for tunnel Injection. Clean the face of the
specimen prior to each injection by hand rinsing with clean water
and wipe dry wi th a Kaydry, or equivalent , paper towel. In
the event that the water and hand rubbing does not properly
dislodge foreign material from the face of the specimen , isopropyl
alcohol may be substituted for the water.

14 . Install the specimen in the cabin simulator and connect the
thermocouples to the hookups.

15. Perform the Mach 2.4 testing by injecting the specimens into the
tunnel for the proper time Increments as noted in Table 3 and the
specIfications noted in Table 4.

16. Take in—tunnel grid photos at the beginning and end of each
in ,~ection. Take intermediate photos at two minute Intervals
throughout the Injection .

17. Take a Schlier-en flow field photograph after the airflow has
steadied .

~~~~. Use continuous .‘id eo coverage to observe the specimens during
injection .

~~~~. Record t’er~iocoup~e readings at the rate of three per minute
througP~aut the injection .

20. Retract an~ cool the specimen to 160°F as measured by the interna~
thermocouples.

21. wake a visua l Inspection of the specimen and record observations.

22. Re—inject or replace the specimen as noted in Table 3 or as
advised by the ~ouglas Test Representative.

23. Repeat steps 13 through 22 and complete the Mach 2.4 test effort.

24 . Take post-test photographs of the specimens and record the Mach
number, specimen serial number, injection time period, and Injec-

tion number.

25. The primary specimens are to be test d as shown in Table 3 during
t~e “rst night of testing. Secondary specimens may be subst1tu~ed

3’
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at the discretion of the Douglas Test Representative . Specimens

not tested on the first night will be tested on the next night.
Termination of tunnel tests for a specimen will be determined by
the Doug las Test Representative .

26. Reset the wedge for the Mach 2.6 simulatIon .

27. Perform the Mach 2.6 thermal mapping , per Table 3 and steps 10

and 11.

28. Perform the Mach 2.6 specimen testing per Tables 3 and 4 and as
described above In Steps 13 through 25.

29. Reset the wedge for the Mach 3.0 simulation.

30. Perform the Mach 3.0 thermal mapping per Table 3 and Steps 10
and 11.

31. Perform the Mach 3.0 testing per tables 3 and 4 and as described
above in Steps 13 through 25.

DOCUMENTATION AND DATA REDUCTION

The following data shall be provided.

1. Tabulated and plotted longitudina l pressure distribution and

latera l pressure distribution (PSIA versus inches) across the
face of the instrumented panel for the Mach 2.4, 2.6 and 3.0
test conditions.

2. tabulated and plotted longitudinal heat transfer distribution and

lateral hea t transfer distribution (BTU/ FT2_Sec _ 0R versus inches)
across the face of the instrumented panel for the Mach 2.4, 2 6
and 3.0 test conditions.

3. The temperature/time history (°F versus seconds ) for each specimen
and injection , including test temperature, pressure and specimen

injection time.

4 . Schl1 eren shadowgraph photographs to document a comparison between
the predicted shock angle and the actual test conditions.
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5. Pre-test and post-test photographs , including pre-test photographic
positive , of a grid viewed through the specimen at an angle of
Incidence of 60 degrees (30 degrees wi th the line—of-sight). The
grid must extend beyond the edge of the specimen. The photographs
of the grid wi ll be of a quality such that distortion is clearly
defined.

6. Sequential in-tunnel grid photographs with a photographic positive
of the firs t In—tunne l photo. These photographs wi l l  allow a
comparison to be made of the grid lines between the first and
last photo.

7. Post-test photographs to document surface deterlorations.
8. All data will be appropriately la beled wi th Mach nunter, specimen

serial number, Injection period number, and injection time
increment.

9. The sequence of photographs showing the time/temperature heating
patterns taken during the thermal mapping testing , including
heat transfer coefficients versus time frame for the tefl on
panel.
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SECTION III
TEST OPERATION

This section describes the pre-test activities and the operation of
the test. It presents the injection sequence , a sunimary of injections ,
tne spec imen exposure times , and a s~nnary of times to complete spec ific
operations. A general description of the test is presented along with a
comparison of the test as performed and the test as planned.

PRE-TEST ACTIVITIES

Prior to delivery , the specimens were measured by the vendors for
l i ;nt transmiss ion through the panels and , except for Sierracin , haze
levels.

Douglas personnel examined the spec imens when received at Douglas and

~rior to testing at the AEDC. Two of the specimens . GY21 and GY23. were
noted as having cracked face plies. The cracks originated at the holes
dr ill ed through the face ~iies. Further investi gation revea l ed that the
cracks occurred during fabrication . The Texstar specimens had been
rnarred with scratches and imperfections , and their thicknesses were not

— constant. The thic kness varied fron one corner diagonally to the other
corner , J.11O inch ‘or TEX2I and 0.030 inch for TEX21A.

TEST OPERATION

The sequence of tunne l injection for the specimens is shown in Table 5.
The first two lines of this table refer to the instrumented panel insertions
( I P )  and the thermal paint tests for the teflon panel (TP). The remaining

~ata refer to specimen Injections. The letter “T’ , such as 121 for SK2IA ,
refers to a thermal paint insertion . The letter “F” , such as 24F for
PPG21, refers to a specimen that had been considered to have failed. The
total numb€ : of Injections, 85, does not Include Number 15 (aborted early),
ird Numbers 58 and 59, which were inadvertently sk ipped. The injection
numbers l isted in Table 5 were assi gned by the AEDC Test Director as the
test progressed . A survnary of the number of injections is given In Table 6.
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TABLE 5. INJECTION SEQUENCE

SPECD€N MACH 2.4 MACH 2.6 ______

—

IP (1) ( 1) ( 1)
IP 101 111 441 811 188 1

SK05 15(2) 16 17 18 
— 

85 F
SKO6 48 4 9 F

SK21 19 20 50 51 
— 

73 74
SK21A 12 1 451
SK22 52 53 54 75 - 76
SK2 2A 131 46T
SK23 55 56 77 78
SK2 3A 141 471 

_ _ _ _  — _ _ _ _ _ _  _ _ _ _

SWU2 1 21 22 57 60 79
S’~i22 421 431 61 62 B OF -
PPG21 23 24F
PPG2 1A 81F I
PPG2 2 3SF
PPG2ZA I 66F~~
GYO1 61 68F
GYO2 69 7 0 F
GYO3 29 30 - 

71 72
GYO4 31 - 3 2  82
GYO5 33 ~- 34 83

Sf21 25 26 F
GY22 63 64F
GY23 - - U F
5124 36 3 7 F  -
G!25 38 - 39F 1
6126 40

IEX21 27 28 86 F
TEX21A 6 S F

MOTES: 1 InjectIon 1 through 9-instrumented pan•l.
2 Aborted at 27 seconds - no photoqrsphy.
3 1 indlcat s thermel paint injections.
(4) F ind icatis specimen failed.
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TABLE 6. SUt’~ARY OF INJECTIONS

MACH 2.4 MACIl 2.6 MACH 3.0 TOTAl

INST RUMENTE D PANEL. INJECTIONS 3 2 4 9

THE~~~L PAINT INJECTIONS 6 5 2 13

SPECIMEN INJECTIONS 26 23 14 63

TOTAL 35 30 20 85

Table 7 lists the exposure times in seconds for each specimen and
the total exposure time at each Mach number in hours.

Table 8 Is a sumary of test times. It shows the total time ~o com-

plete each of three groups of tests, lnstrtanented panel , thermal paint,
and material , as well as the actua l specimen exposure time. It defines
the average time required to cool a specimen to 160°F between Injections ,
and the average time taken to replace a specimen. These figures do not
Inc l ude tunnel warm-up time , facility breakdown, or time lost due to
other interruptions.

Th e tunnel test operation coninenced with the installat ion of the instru-
mented panel to obtain heat transfer and pressure distributions across the
panel surface and to provide definition of the test environment. These
data were obta ined at Mach 3.0, Mach 2.6 and Mach 2.4. Nine injections

were made which consumed 3 hours, as shown In Table 8. This time period
agrees w i th the estimated time given In Table 2.

DurIng the first night of testing , the limitations of the facility

~ere observed. !t required maximum utilization of the availab le facility
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TABLE 7. SPECIMEN EXPOSURE TIME S

T1I( IN

P~ O4 2.4 P’AOl 2 • S P~.Q4 3.0 TOTAL

PER INJECTION TOTAL PER INJECTION TOTA L PER I NJECTION frOTAL 
____

105 314 630 988 1832 20? 202 2034
KOS 319 620 939 939

121 301 60? 903 320 620 940 35 203 238 2081
121A —•
122 ~~1 621 920 1842 38 199 237 2079
~22A
123 319 431 950 38 199 237 1187
V23A --

321 620 942 319 621 940 198 194 2080
h~Jfl 320 620 940 140 140 1060

‘G21 321 621 942 942
99 9, 99

PG2Z 312 312 312
PGZZA 139 139 

____________ — 
139

341 593 934 934
320 620 940 940

~VO3 300 618 9)8 320 619 939 1857
31 6o 11::

~OS 322 62? 944 801 I 201 1145

3)9 422 941 941
Tfl 319 331 650 650
V 23 200 200 200
X~4 310 4O~ 719 719

~2S 320 620 940 940
Y26 319 421 94.0 

__________________ _____________ — 
940

1121 320 422 94? 54 54 996
1121* 314 315 318

TOTAL IPl~ O)RS L I  2.9 0.6 6.9

capabilities to obtain and hold the required conditions for siiu~ilatIon of
the Mach 2.6 and 3.0 fl ight environment. That the equipment was at Its
l imi ts was evident when the morning shut down occurred early to prevent
the destruction of an overheated compressor. The remainder of the testing
was adversely affected by the tunnel working at its l imi ts. Time needed
to accomplish the desired testing was lost due to longer warm-up times,
equipment breakdoims , and longer times to cool down and change specimens
than estimated.

48

- - - - - — - ,- - - —

Li~ - -  -
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



. 

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

- - - - -

~~ 

-

TABLE B. SUI’~iARY OF TEST TIMES

TIME (NOTED)
OPERATION MACH 2.4 MACH 2.6 

- 

MACH 3.0 TOTAL

TIME TO COMPLETE INSTRUMENTED
PANEL TESTS 3 HR

TIME TO COMPLETE THERMAL
PAINT TESTS 2 HR 2 HR 0.5 HR 4 .5 HR

TOTAL SPECIMEN EXPOSURE TIME 3.3 HR 2.9 HR 0.6 HR 6.9 HR

TIME TO COMPLETE SPECIME N
TESTS 9 HR 7 MR 3.3 HR 19.3 HR

AVE RAGE 111€ TO COOl. A
SPECIMEN BErWEEN INJECTIONS 11 MIN 9 HIM 3 MIN

AVERAGE TIME TO REPLACE A
SPECIMEN 18 MIN 16 P4IN 18 HIM

Note: These times do not Include tunnel warm-up , facility shut down
or other Interruptio ns.

Thermal mapping, using phase-change paint , was completed on five
specimens at Mach 2.4 as shown in Table 5 . The teflon panel was injec ted
twice. This operation was limi ted to five of the nine planned specimens

listed in Table 3, because observati on did not Indicate a significant
variation in heat ing rates between specimens while the tests were being
performed. Thermal mapping was performed at Mich 2.6 on five of the nine
planned specimens. At Mach 3.0 only the teflon panel was injected. The
ties required to complete these operations Is shown in Table 8 and agrees
wi th the estimated time.
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Table 9 is a comp ilation of the total test as planned and the test

as performed. The number of injections required was reduced for the
materials tests when it became apparent that the estimated times would
not allow sufficient time to con~lete the tests. The reduction in avail-

ab le injection time was due to the longer time required to cool and repl ace
the specimens (noted in Table 8) and the necessity to shut down the
t.~.rnel early due to an overheated compressor. The scheduled number of
cycles (5 , 10 and 15 mInutes for Mach 2.4 and 2.6) was reduced to injec—
tions of 5 and 10 minutes. The temperature increase over the last 5 minutes

~iid not warrant the longer injection time. At Mach .4, 13 specimens

and 26 injections were performed against 12 specimens and 36 injections
planned . Six specimens failed. An addltiona specimen (PPG22) wi th a
glass face ply was tested because of the failure of PPG21.

At Mach 2.6, 12 specimens and 23 injections were performed as opposed
to 15 specimens and 45 Injections planned . Six specimens were considered
to have failed . Six specimens originally planned for Mach 2.6 testing

a iled dun n; the Mach 2.4 tests.

~t Mach 3.0, 11 spec i mens and 14 in3ect ions were completed , compared

11 specimens and 22 InjectIons planned . To save time , the 1/2 m i nute

schedu 1 ed irjection was not performed. :t became evident that insigni ficant

~~te~nal heat was generated during Injections of SK2I, 51(22 and SK2 3 for
1;2 lin ut e. Five specimens failed during these tests.

To surr’~r -i ze , 24 of the origina l 27 pan els were tested at Mach 2.4,
— 2 .~ and 3.0. Seventeen failed and 7 survIved . Three were subjected to

thermal paint tests only.

At t~e he~inn 1ng of each specimen Injection , a shadowgraph of the

flow field was taken , utili zing the facilitie s Schlieren System. Grid

l~~r~ rictures were taken at the rate of ‘lye per Injection for optical

ev-il uatlon . Motion pictures were taken at the beginning of each injection

‘c~r appro*imate ly 1/2 to 1 minute . Video movies oer-ritted the test
personnel and Douglas representatives to monitor each injection. The
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TA8LE 9. PLANNED INJECTIONS VERSUS ACTUAL INJECTIONS

I~ CM 2.4 I~ O~ 2.4 ~~C)I 3.0

TYPI OF Pt.MmID ACTUAL. PUISItO ACTUAL. PIJJINCO ACTUAL.
TUT WLCTZOSS INJLCTION$ LPsJ~CT WItS HIJ(CTIOIIS INJECTZO*S gajcCTgoi~

u.sTma(ITSD
PMItL IP LP IF IF IF IF

YP TP TP TP
Si2IA S&21A SI21A SE21A S~23A
UZZA Si22A 5Z22A SX22A ppczIA

~~~~~
“ S~~3A SiZ3A SZZ3A SE2IA P~G22A

SW21 PPGZIA
SW2? 5W22 P0522*
PP522A TU2IA
4721 S~~22
TtUIA

(2) (3) (2) (4) (3) (4)
SKUS 31.04 31.04 ? 3105 ?

$121 $121 $121 SEll SEll $1.21
~ J2l Sill - 51.22 51.22 31.22

P~c21 FF421 F 51.23 31.23 51.23 51.23
PPG.22 F S~*i21 S~&i2l SW21 $w2l

0V03 47o3 SW22 S~JZ2 Swn s~jzz F
4704 4704 FF421 FF421

~T~ t CbS 0705 P0522 00422
Cr21 0721 F 00422* F 00521* F
0724 0124 F 0Y~l 4721
4723 072S F 0722 OTZI F 0722
4125 0126 F $723 4723 4723 F

Thu lUll 0724 4124
$723 4704
0725 0705

0701 F
4Y~~~F lull ?
0703

lUll 71.1.21* F

rOTA~ SPtC DVIS
~04 ~~Ti. TflT 12 13 13 12 11 11

~~T4S: (7 )  F IMicatis $ $MC1~~~~ fi~tiw .
(2) TIres 1&jsctlo.s ~~~~~~ elansed at I,ict~~~~ts of 3. 10 and 13 u1n~.t as.
(3) Tvs Injections ~~rt c~~~1et.d at 1i~ ronsnts 01 S and 10 •lnw tss szceOt 51.05

~~~$ i*j ICtad as Planned.
(4) Tis injections von co.olst.d at S and 10 uiøvtI Incv~~s~•.1 sicsot 51.22 vos

Iajsctsd as ple ed.
(5) Ivo inj ecti ons of 1/2 and 3 af wt.$ vons
(4) ~~~i injection of 3 invt u vos c~~~ t s ta4 s&c.o t $1.21 • 5222 and 51.23 yes injected

as planusi.

51

_ _ _ _ _ _ _  



-. -- - - 
~~ - - —‘-  v- -~~-~~~ -.- - - —-—~‘

- “~~‘~ 
- - - -

~~~
--- - 

~~~~~~~~~~~~~~~~~~~~~~ “ w,~~~-~~~~~

movie camera was activated to record any unusual reactions observed on

the video systems.

— 

Temperatures were recorded to provide temperature/time histories for
the instrumented specimens. These results are shown in Section VII.
Many thermocouples failed to adhere to the specimen surface. Table 10
lists the specimens that lost their thermocouples .

TALBE 10. THERMOCOUPLE PEEL—OFF

FACE PLY BONDI NG
SPECIMEN MATERIAL AGENT(2) 

— 

PEEL-OFF

SKOS Acrylic M-Bond-600 No
Sk06 14-Bond 600 No
Sk21 PS-l8 Yes
5k22 P5-18 Yes, Aft Only
Sb~J2l PS-lB Yes
SWU22 PS-18 Yes , Aft Only
GYO1(l) N-Bond 600 No
GY21 PS—l8 Yes
GYZZ P5—18 Yes
GV23 P5—18 Yes
GY24 PS-18 Yes
GY25 PS-l8 Yes
GY26 PS—18 Yes

6Y02(l Urethane 14-Bond 600 No
GYO3(l 14—Bond 600 No
GY04(l N-Bond 600 No
GYO5(l) 14-Bond 600 No

SK23 Glass N—Bond 600 Yes
PPG21 14-Bond 600 Yes
PPG2IA 14-Bond 600 Yes
PPGZ2 N-Bond 600 Yes
PPGZ2A N-Bond 600 Yes

Notes : (1) PrevIously tested per Reference 1.
(2) N-Bond 600 Is manufactured by Micro-

Meesurmaents Products .
PS-la is an acrylic based cmaent.

52



The specimens were supported In the cabin simulator. After each
in,jection, the specimen was cooled to 1600F or less, as measured by the
thermocouples, and a visual inspection was made. Cooling was accomplished

on the front of the specimen by venting the ambient air into the tunnel
and over the spec imen. At the same time , cooling was accomplished on the
back side with the cabin simulator air. The time to cool the specimens
to 1600F varIed fr-cm 3 to 11 mlnut s. The visual Inspection Included
impact by tunnel debris , observable Increase in haze , condition of the
edge retainer, face ply damage, Intarlayer bubbling, and delamination of
the face ply. Nost of the failed specimens had sustained damage that
could be observed through the video monitoring system during injection.

Selected specimens were returned to the vendors, after completion of
the tests at AEDC, for post—test light transmission and haze measurement.

SU~~ARY

A pre-test Inspection revealed that the face ply on two specimens were
cracked,

A total of 85 injectIons were made; nine were instr*uuented panel injec-

tions, 13 were therma l paint Injections, and 63 were specimen Injections.

The rn.enber of specimen tunnel Injections was reduced when it became
apparent during the testing that the estimated times would not allow
sufficient time to complete the scheduled injectIons.

Twenty-four of the orIginal 27 panels were tested at Mach 2.4, 2.6 and
3.0. Seventeen failed and 7 survived.

Many thermocouples failed to adhere to the surface of the specimens
during tunnel exposure.
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SECTION IV
TEST ENVI RO IBIENT

Since the purpose of this test program was to determine the performance
of various candidate windshield materials at simulated flight conditions,
it was of paramount importance to produce a test environment that was
similar to flight. The data presented here, to correlate the predicted
test env i ronment against the actual test environment , Incl udes a si.nnary
of the tunnel conditions , shadowgraph photographs, and data from instrumented
panel Injections. Additional information concerning test correlation ,
data acquisition , data reduction and the uncertainty of measurements
may be found In Reference 2.

TUNNEL CONDITIONS

Table 11, a s~aiinary of pertinent tunnel data, shows actual values
compared to predicted values for the test environment.

The altitudes selected for this test were based on the l imitations
of the tunnel . Lower altitudes would have been simulated if possible.
The actual alti tudes were about 1 percent lower than predicted. These
reductions were affected, in part, by the lower free stream Mach number
of 5.95.

The wedge angles were sli ghtly higher than planned . This variation
resulted In a reduction of air flow across the specimen and , combined
with  the slight reduction in free stream tunnel flow, reduced the wi nd-
shield Mach n umber by about 1 percent, as shown in Table 11.

Adiabatic wall temperature 1s dependent on free stream Mach number and
stagnation temperature. It has a si gnificant Infl uence on the wi ndshield
heat—up rate and final temperature. The wall temperatures shown in
‘~ible 11 were cal culated for the conditions that existed during the lnjec-
tions of the lnst,i.rented panel (Injections 9, 5 and 1) for the determination
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of the heat transfer distributions. A recovery factor of 0.95 was used.
The stagnation temperatures shown In Table U are for the spec imen
injections , and were slightly different than for the instrumented panel
Injections.

Approach pressure (see Figure 19). also has a direct effect on the
wind-shield heat—up rate and final temperature. The values calculated
f rom the test results were 4 to 5 percent higher than the values calculated
for the predicted tunnel conditions . The reduced Mach numbe r, higher
wedge angle , and increased stagnation pressure affected an increase
in the approach pressure. The approach pressures shown In Table 11 were
calculated for the Instrumented panel Injections (Injections 8, 6 and 3)
f~r pressure distribution . Since the stagnation pressure test values
vary, the approach pressure would also vary .

Variations In the cabin conditions are shown in Table 11. The cabin
pressure was fairly steady, but the cabin temperature did Increase as the
InJection time Increased. The temperatures acnieved are considered
acceptable for the purposes of this test.

Heat—up rate and fina l temperature are affected by exposure time.
The planned exposure times of 5, 10 and 15 minutes at Mach 2.4 and 2.6,
and 1/2 and 3 ‘m utes at Mach 3.0 were rev i sed to save time. The revised
time of S and 10 minutes at Mach 2.4 and 2.6 , and 3 mInutes at Mach 3.0
are considered to be reasonable for the purpose of this test.

P~E5SuRE D:SIRISUTZO$

~he pressure distribution across the surface of the specimens was
provided by th. data collected f rom the Instrumented panel Injections.
These results are presented In Figures 23, 24 and 25 for the simulated
conditions of Mach 2.4 ( In jecti on 8), Mach 2.6 (InjectIon 6), and Mach 3.0
(In jections 2 and 4). The test pressures varied from 7.314 PSIA to
4.908 PSIA at Mach 2. 4, 5.653 PSIA to 3.895 PSIA at Mach 2.6, and 3.890
PSIA to 2.723 PSIA at Mach 3.0. The test pressures were l ower than the
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predicted pressure for afl conditIons: 12 percent lower at Mach 2.4,
9 percent lower at Mach 2.6 and 8 percent l ower at Mach 3.0.

Figure 26 is presented to show the locations of the pressure orifices
and the heat transfer rate gages located on the surface of the Instrumented
panel.

HEA T TRA N SFER RATE DISTRIBUTION

The distribution of heat transfer rate across the surface of the speci-
mens was provided by the data collected from the instrumented panel
injections. These results are presented in Figures 27, 28 and 29 for
the simulated conditions of Mach 2.4 (Injections 7 and 9). Mach 2.6
(Injection 5),  and Mach 3.0 (InjectIons 1 and 3). The figures show that
the heat transfer distributions were reasonably flat. The values varied
from 69.5 to 91.1 BTU/ft2— hr-~R for the Mach 2.4 condItion , 61.6 to 75.1
BTU/ft2-hr-~R for the Mach 2.6 condition , and 48.9 to 58.6 8TU/ft

2-hr-~R
for the Mach 3.0 conditIon. A detailed explanation of the method used
to calculate these d&ta is given in Reference 8. The va l ues of the
heat transfer distribution s are hi iher than would be calculated for the
fli ght conditions. This Is due main ly to the shorter distance from the
stagnation point to the windshield on the tunnel model than on an aircraft.

SHAD(7I~GRAPH P~40T0S

Typical shadowgraph photos are presented in Fi gures 30 to illustrate
the shock interactions and the flow field conditions that existed on the
windshie ld specimens in the tunnel . A shock wave that emanated from the
forward edge of the wedge is clearly vIsib le , as are two waves that
ori g inate d at the forward edge of the cabin simulator frame. The inter-
section of these waves produced an Interference shock wave tha t impacted
the test specimen and rebounded. The Imprint of this shock wave on the
spec Imen Is clear l y visible in the thermal paint photos shoie~ later
In Section VII. The interference shock was possibly the cause of the
variation in pressure from front to back across the specimen surface.
Th, longer nose to windshield distance on an aircraft would not produce such
an interference shock.
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Figure 30. Typica l Shado~~raphs.
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SUt44.ARY

The altitudes selected for thes. tests were based on the l imitations
of the tunnel. Lower altitudes would have been simulated if possible.
The actual test altitud es were less than planned by about one percent.

Tunnel test conditions are sumarized as follows:

a. Wedge angles were slightly higher than planned and resul ted in
reduced vel ocities.

b. Stagnation temperatures varied by up to 10°F from planned
temperatures.

c. Stagnation pressures varied by 2 PSI max imum.

d. Approach pressures were 4 to 5 percent higher than planned.

e. Cabin temperatures climbed steadil y as injection time increased.

f . Spec imen exposure times we re less than planned due to a decrease
In the number of injections per specimen.

g. Pressure distribution across the instrumented pane l was l ower
than planned and varied along the length of the panel .

h. Heat transfer distribution, according to the instrumented panel
data , was reasonably flat.

I. The shadowgraph photos indicated the existence of an Interference
shock wave that impacted each test specimen near the aft edge,
unl ike real aircraft which have a longer nose to windshield
dimension.

The overall results of this test indicated that the att~~ t to
s imu lat a a real flight env ironment was successful within the limi ts of
the test facility and hardware.
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SECTION V

MATERIALS EVALUATION

Windshield/canopy materials for supersonic aircraft must have the
cabability to survive the effect of a high-speed environment wi thin the
time frame of the aircraft operating conditions. A goa l of this test
program was to determine the survivability limit s of materials selec ted
for potential use as aircraft windshie lds. These limi ts would be astab—
lished by subjecting the materials to simulated fli ght environments
up to Mach 3.0. The effect of the test environment on these materials
is described in this section.

Twenty—four of 27 specimens were tested for material survivability ,

three specimens were tested exclusively as thermal paint tests, and

one specimen was tested for mater ial and survivability and thermal paint
data . Table 12 is a s~ae~ary of the tested specimens. Fourteen specimen s
were tested at one Mac h number simulation , eight were tested at two
Mach number simulations , and two specimens (SK2 1 and SWIJ21) were tested
at the three conditions of Mach 2.4, 2.6 and 3.0. Seven of 13 specimens
survived the Mach 2.4 exposure , 6 of 12 s pecImens survived the Mach 2.6
exposure and 6 of 11 specimens survived the Mach 3.0 exposure. Seven
specimens surv ived the entire test. The thermal paint tests are dis-

cussed In Section V II. A specimen was considered to have failed if it
experienced delamination or interlayer bubbling.

To facilitate this evaluation the 24 specimen s have been divided Into
four groups. The firs t three groups are lam ina ted specimens and the fourth
grouo is monolithic. The groups are as follows :

• Laminated - Acrylic Face Ply
• Mo edge attachments

• With edge attacMents
Face ply Cut back from edge
Face ply extended to edge

_ 
- -



TABLE 12. SUP*taRY OF TESTED SPECII’(NS

MA CH 2.4 MACH 2.6 MACH 3.0

TEFLON PANEL TEFLON PANEL TEFLON PANEL
ThERMAL. SK21A SK21A
PAINT 5K22A SK22A
TESTS SK2 3A SK23A

SWU22 5WU22

TOTAL 5 5 1

I S~O5 SKOS F
_ _ _ _ _ _ _ _ _ _ _  

SKO6 F 
_ _ _ _ _ _ _ _ _ _

5K2 1 —
- SK21 S K.21 S

SKZ2 SK22 5
SK23 SK23 5

S

SWU2l SWU2I SWU21 S
SWU22 5W1i22 F

MATERIAL ____________________________________________________

TESTS PPG21 F
-
~ PPG22 F

- 

PPG21A F
PPG22A F

- GYO1 F
GYO2 F -

GYO3 GYO3 S
GYO4 - I GYO4 S
GYO5 GYO5 S

GY21 F
GY2 Z F

GY23 F
GY24 F
GY2S F $
GY26 F

TtX2l 
— 

TEX2 1 F
TEX21A F

TOTAL 13 (6 Failed ) 12 (6 FaIled) 11 (5 Failed )

iC E :  F Indicates speci-en failed .
S nd’cates specimen survived entire test

70 

—-—*--- --—-- - ---------- - -~~•---- - -~~~~~ - — -



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

• Laminated - Urethane Face Ply, No Edge Attachments

• Laminated - Glass Face Ply, With Edge Attachments

• Monol i thic Polycarbonate, No Edge Attachments.

The specimens with the acrylic face ply are subdivided into specimens
without edge attachments and those with edge attachments, The specimens
with edge attachments are divided into three categories : those with the
face ply cut back, therefore undrilled , those with the face ply extended
to the edge of the part, rabbeted and drilled , and those with a face ply
extended to the edge of the part and drilled. The specimens with the
urethane face ply and the mono lithic specimens do not have edge attachments.
The specimens with the glass face ply have edge attachments, but the
fasteners are through the edge frame and structural plies.

Each group of specimens Is described by a table that suninarizes the
iaterial damage , lists the face ply and Interlayer thickness, notes
the test conditions , and records edge deformation.

Edge deformation refers to a step in the face ply material around Its
perimeter caused by expansion of the unclamped material in the center of
the specimen. The edges of the specimen are restrai ned by a cover that
clamps the specimen against the pressure seal and holds the specimen in
the cabin simulator. Slight edge deformation refers to a step less than
0. -~ -in c~i. A “Yes~ notation refers to a step larger than 0.01-inch. The
maximum step found on any specimen was approximately 0.06-inch.

L.44INATED - ACRYLIC FACE PLY, NO EDGE ATTACHMENTS

Three laminated specimens are included In this category , SKO5 , SKO6

and GYOI. These specimens had an ac)’yllc face ply, silicone or urethane
interlaye r , and a po l ycarbonate structura l ply (Figures 3 and 4). No
edge atta chments were simulated.

Table 13 presents a sulTlnary of the test results . As noted, these
spec imens were designed for a previous test (Reference 1), but only
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~ -)t was tested. SKJ6 mu GYO1 were previousl y ~~;~ ec~ec to -i te”~ er~tj re

~‘f ~5O0F as dart o~ an abrasion test (Reference 9). These three specimens
sus ~-i ned de lamin at i’ r of the face ply from the Interlayer during the last

seconds -~~ :~~n ’ ~~~ injec tion and were considered to have failed . Speci -er

SKO5 survived Mach 2.4 test but failed at Mach 3.G. Specimen SKO6 and

-~ O1 failed it Mach 2.6. The delamination of SKO6 began in the area of
tne i mbedded thermocouple at Mach ~.6. The delamination of SKO5, Figure 31 ,

and T~01, Figure 32, began near the aft edge and spread forward. The
-Jlrectic P cf 31r flow in these fi gures was ~eft to right and a~t edge is
at the ri ;rt side of the figure . The polycarbonate along the aft edge of
-oth specimens bubbled and protruded about 0.10-inch. The material —

expanded .nt il ‘t contacted tre forward face c-f the simulator cover

~1gure 13 , Page 19).

he three spec inens susta i ned face ply deformation along the edges.

ABLE 13. ~OS T- TEST sPEC IMEN DESCR IPT ION - A C R Y L I C  FACE

PLy , MO EDGE ATTACHMENTS

_______ 

( rP ’~5~rF
FIIC[ ~~~~~ EDG E

MAC) ~~
1~CIENtAY E4 ~~~~ ~~ ~~~~~~~ :t~cQ tP’10N OF ~p r ’ ~~~’~ r’4,~~G( — ~MAT1ON

SEOS 5 ~o ~~~~~~ - —  _______ _________________ Sl i g ht
0.030 * ~~~~~~~C~a~j i _ _ _ _

100 5 Jj~ No C~~.nge 
_________

- 
— i~ r~ c .  ~i7 D~i ~~~~1€e41 ~ ~~~~~~~~~~~~~~ ~~t I~i. Mi~ ’~ 9u~ H e  -

5E06 S No 
__________________ ______

3.0SO A — Vic, PT~ ~eTá lW~tri n~~r ? ~~r~~couDT, at ~~~~~~~~~~~~~~ ‘e~
0.100 S Iiij.Ctlon . ‘~~. ~~$‘W tI? Riatble. Polyc srt*rat. -

~uP~P~l d  a,,d r.f-~r—..d &‘ )nq Aft Edgi,

~‘O1 
I ~ øo CPanee ___________________________________

~~~ A — 

~~~~~ 
— !jv,r. 5e1a tTh.~~ TVac. Pl y Dccurrpd at t,’4 of

0.040 U i lO.$i’vti j~~~~~~ j~~~~ . 01w 4 , ~ In . and t~m 1 .3 In.
*ubb)ei A f t  tad. Polycirtonit.i ~~~~~~ iM ~sfor~c~
at Aft End . I _____

NOTIS: (1) A • Acrylic fsc . el y . S • Sili co.w i,~t,r1ayr , U • UrstMn . int.r l ayr’ .
(2) ~Y0I ~ s yv.4Ivsly t.it.d (N,f.r,r,c i 1) for 20 .$mitss at macN 2.0

a*d 10 i~lawtii at ~~~~ 2.2. No d~~~qi ~~t ~~~~~~

-- ~~~~~ ~~ 



•~ ~~~~~ ~~~ ~ - ~‘‘ ~~~~~~

— t

.(

-4

Figure 31. Post -Test Photo of Specime n Sk05.

FIgure 32. Po~t-Tp~t photo of Sp clmsn GYO1.
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LAMINATED - ACRYLIC FACE PLY CUT BACK , EDGE ATTACHMENTS

Four laminated specimens are included in this category, SK2 1, SK22,
SWU2 1, and SWU22. Each specimen has an acrylic face ply, silicone inter—
l ayer , and polycarbonate structura l ply as shown previously in Figures 5
through 8. The face ply was cut back and the edge attachments were installed
through a fiberglass spacer and the structural ply. Each specimen had a
-,j n1~ue method of sealing the edge of the face ply. A post-test damage
appraisal is shown in Table 14.

TABLE 14. POST-TEST SPECIMEN DESCRIPTION - ACRYLIC FACE
PLY CUT BACK , EDGE ATTACHMENTS

_________ 
(IPOSUNS

~*a PIT TI~~ (W IN)
mo ~~~~~~~~ ~~~~NT5RLAV(~ T~4 Z.~ j~g 0(SCA!PTI~ l r~c SPtCIWt~ ~~~~ ______

Sc! ~~~~~~~
_ _

~~~~~~~~~~~~~~~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0.J U A ..J !. D$ Kolor,t 1O~ pf ~~~~~~ a~rlac, *9 •cov, if* 1 4” t 1s”~ t
0. 120 S — — - _____________ ________

Furthi ~’ d1iET~~iion or qroovi i.ia1a~ t. ~~~~~~~~~~
— — ~~~~~~~~~~~~~~~~~~ aft ado,.

iLl ~0 CMnQe 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

3 54~aritio~i or g,eo.i aas1s.~t f~o f ace p1y iT0~ Q lift
- st~i. of aft edge .

______ 
S 

_______ __________________________

T~1 .___, _ t!~1!!!’,_~ I i  1Pdif~ a?t ,41d 
______0.120 s ~~~~ ,os{~~ tindir ~eta .r.~~~o1ycarbo.i.tiiâbbI~~

itonq aft adee. Fl hi ,qlass sdpqs iv, o,lt .d. 1st411w
— _______ ~~.i,d ye 0~D5 1nç.~
— lIZ! No

- 3 f’vr t lwr erosI~~ md,e reta$1wf . t,ta~nar ,~1.d ~~0.10 ij icA .

— — Qjjco!Qr sflo,i. ød roi to~i p9 oroov, seal aat. 11 Iglit
~~~~ ST~~ ~~~~~~ - — ~~~~t~~r dIsco1orpt~p~
~~Z’ S ~~~~ ________________ ________________________________

, !~rth,e ,,.ojt~j~ ‘j roove ~paTa.st. I
— 4—  —

— ifo Chanoe SlIqPit
J.2 ~~~~~~~ $ge pP fpça ~ p . 3 iviçh di..,tpr ‘EPt

1.120 S ~1 race pl y di~a.Isat1Is , 3 ~AIC PI d~~~tsr b~~ble •loøg

— 
aft Wgs.

NOTtI: A • Acrylic f.ci Ply. S • Sili c .ea I~tsr1ayer.
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Specimen SK2 1, Figure 33, was tested at three Mach nuebers. The
groove sealant became discolored during the Mach 2.4 Injection and the
discoloring continued during subsequent Injections. The reddish discolor-
ation was removed easily from the sea l ant by lightly scraping and appears
to be residue from the fiberglass spacer at the forward edge. The groove
sealant separated from the face ply along the aft side during the final
injection. The sealant remained pliab le. Air flow was from left to right
In the figure.

Figure 33. Post-Test Photo of Specimen SK21.

Spec imen SK22 , Figure 34, was tested at Mach 2.6 and Mach 3.0. ThIs
specimen was damaged by erosion of th. adhesi ve under the aft steel

reta iner. The aft edge of the polycarbonate experienced severe bubbl i ng
and deformation.
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Figure 34. Post-Test Photo of Specimen SK22.

Specimen SWU2 1, FI gure 35, was tested at Mach 2.4 , 2.6 and 3.0. This

specimen sustained erosion and disco loration of the groove sealant. The

discoloration appeared to be residue from the fiberglass. The sealant

remained pli ab le.

Spec imen SWU22 , is shown in FIgure 36. ThIs specimen suffered delam-

inatlon during Its s cond injectIon at Mach 2.6. The delami nat ion b gan

in the area of the in~edded ther~nocouple. No erosion occurred under the
fiberglass reta iner.

All four specimens experienced face ply deformation at the sides

due to the restraining cover.
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Figure 35. Post-Test Photo of Specimen SWU2I.

*

Fi gure 36. Post-Test Photo of Specimen SWU22.
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LAM INATED - ACRYLIC FACE PLY , RA8BETED AND DR IL LED

This group of nine-p ly specimens , GY21, GY22 and GY23 are described
previously in Figures 11 and 12. They had acrylic face plies , silicone
or urethane interlayer , three polycarbonate st ructura l plies , and an
inner acryli c ply . The exter ior acryli c face ply extended to the end

of the panel and was rabbeted to accept a fibe rglass frame around the
edges. Three screws and bushings were Insta lled at each end through the
face pl y, and twel ve al (m ,1ntm~ spacers were installed around the perimeter
to prevent compression of the Interlayers . These sp icers were filled
with sealant.

An appr a i sa l of the damage to these specimens is contained in Table 15.

ABLE 15. POST-TEST SPECIME N DESc~:rT:ON - ACRYLIC FACE PLY
RA8BETED AND DRI LLED

- 

~~scRT PTTf!~ Of ¶PtC P’IM 0t~~t.f

______ 
S face ply wsi cracked in two places duri~9 fabrlcatio.i

OIOO S ~~~ 
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a~~~~~~ r.asad t~~~~~
hst.rleyer. Face pl y 4.la.1*itton across $05 of tvrf.ce.

-~TTT~~* 
H— T — 

~~a~~~~~~,.ctlosi if face pl y rwotij red aloøq Sf t edge.
1. 100 U O.la.isatioe of face ply started at crack and progressed sw i ft ly

ac ross east of surface.
~~slilnqs silted a” d fl oiued eat around scrows . -

:

- 4— —

_____ 
3 so les ~ rnt t rovqN scillooed edges arOi d perisetir.

A Svshthqs silted and f lOwed eat around sc~swi.

~O S Fec. ply s~.face very rough.

WaTts: A • Acrylic Face Pl y
S • Sllicani Interlayr
u • uret ~~~i. latarlayir
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The acry l ic face ply of GY21 , shown in Figure 37 , had been cracke d in
two places during fabrication . These cracks expanded during the Mach 2.4
tunnel injection and preci pitated face ply delamination,

~ 41;

•

Figure 37. Post -Test Photo of Specimen GY2I.

The rabbeted area of GY22, Figure 38 , ruptured along the aft edge
during the Mach 2.6 exposure and expo sed the interlayer. Face ply delam—

~nation spread across most of the surface. The fibe rglass filled poly—
carbonate bushings (part of the edge attachment sys tem) melted and
flowed around the screws .

• 
_

$11

--—-
~• ~

- -

Figure 38. Post- est Photo of Soecime n GY22.
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GY23 , Figure 39, reacted similarly to GY22 . Holes were burned In the
rabbeted area of the face ply and the bushings melted during a Mach 3.0
exposure . This specimen also had a cracked face ply due to fabrication
procedures. The face ply became very rough. Delamination occurred only
around the edges of the face ply .

w

S

Fi gure 39. Post-Test Photo of Specimen GYZ3.

LAMINATED - ACRYLIC F~CE Pt. ’ , DRILLED

This group of seven ply specimens, GY24, GY2S and GY26 , are described
previously In Figures 11 and 12. They had acrylic face plies , urethane
or sili cone Interlayers , two pol ycarbonate structura l p li es , and an acrylic
i nner ply. The exterior acrylic face pl y extended to the edge of the
part. The edge atta chment screws and bushings , as well  as the periphera l
spacers (to prevent interlayer crushing), were Insta lled through the
face pl y.

An appraisal of thesi damaged specimens is presented in Table 16.
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TABLE 16. POST-TEST DESCRI PTION - ACRYLIC FACE PLY DRILLED

SPtCI’~~N (XPOSURL
FAC[ PtT TI MINI COG!

~iTt~t.A~r~ 0!$CRIPTICO OF SP(CUIC?s 0411*0! 
______

GY~4 _ _ j  — ~ela.IngtIon rings around forward bolts. Slight
O.T20 A 7 Face ply Ola&n.t.d and ?5I or the acryflc broke
0.040 U off and separated frea th snecIs.n. The face

pulled In about O.og Inch along the edges. The
fast.nir c ’slnk sapandsd to about 0.80 Inch.

GT?~ ...... j. — ~ l Igf l t  dil aninstion aroved thofwOcouple wlrg$ , Yes
0.120 A TO Taco pl y delamination began at aft bolts and .ff.ct.d
0.050 S 255 of surface.

0~~LFA T~ 
— 

~~c?~~7de1aeuinat1on - 3 Inc h diageter bubble. Snell 
0155

0.050 U delamlac t ion rings around fasteners and side spacers .
Facs pl y pulled up ~~l I qht ly  around fasteners.

NOrtS: A • Acrylic Face Ply
U • Ifrsthene lst.rlaysr$ • Sil Icone £atsrl~~sr
Specimen GY24 is shown in Figure 40. After the first Mach 2.4 InjectIon

slight delamination was visible in the area of the bolts. During the second

S

4
p.’

Fi gure 40. Post -Test Photo of Specimen GY24.
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Injection the delamtnatlon spread. The face ply ruptured and a large seg-
ment separated from the specimen. The face ply was pulled in along the
edges and the counters ink for the screws had expanded .

An examination of GY2S , Figure 41, revealed slight face ply/interlayer
de l amination in the area of the imbedded thermocouples after the first
injection at Mach 2.4. Severe delamination occurred during the second
injection .

Specimen GY26 delaml nated during its second injection at Mach 24.
Small areas of delamination were also vis ible near the attachments and
spacers.

These specimens were all affected by edge deformation due to expansion
of the material in the area not clan~ed by the cabin simulator cover.

0~~~

Fi’~urQ 41. Post—Test ~ oto of Specimen V25.
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LAM INATED — URETHANE FACE PLY, NO EDGE ATTACHMENTS

This group of five—ply specimens, GYO2, GYO3, GYO4 and GYOS, are
previously described In FIgure 4. They had urethane face plies which
extended to the edges, urethane or silicone Interlayer , and polycarbonate
structura l plies . These specimens did not have edge attachments. They
were tested previously in a Mach 1.6, Mach 3.0 and Mach 2.2 wind tunnel
envtro nment (Reference 1), and did not sustain damage .

An appraisal of the damage to three specimens is qiven in Table 17.

TABLE 17. POST-TEST SPECIMEN DESCRIPTION - URETHANE FACE PLY , NO
EDGE ATTACHMENTS

___________ ~ISIJPE
ACE ~iv L TI~E (MIII I EDGE

AnD 
________________ OCT05—

INTEN*.AYEN Z.4 z .6 TU~ DCSCR!P1105 OF SPECT’e M DAMAGE I4ATION

TO~ ___j~ NO ~~~~ Yes
&T~ T U  1T — 

~~~~~~~ PT y 0eTamfnste~ ani Puptur d hider Thr,~,cowaT .
0.040 U at End of l fl..~ inut e Injection - I In . Olaspter 3ub ble .

• 11 SubOl Is In lntevlayor Throughout. Pol ycarbonste
Bubbled and M~”.d Along Entir, Aft Edge and Ferws rd

- Edge at Both Coroers. (Outer Pl y Only.)

_____ S 
— 

Salt *bra~$on *isq Di sappeared (Bofermn ce • I
~‘D u ~~~ 

— — No Change $lI~ht
0.040 1 TI — 

‘Ig Change
- iT —- $olycaraonste Iubble and F1~~~d Along A!t Edge.

(Outer Ply Only) One snell delamination spot.
0101 - 5 ‘ ‘So Chang.
0.130 U J~ 

— — ‘Sq SlIght
~). l0O S —

~~~~~~~ ~Es Ch.nge

G’fOj [_L _ .. . ~o Chanoe -
0. T0O U(J .L  ~~ ~“9’ Slight
0. 100_UJ 

— 1 ~ Change -

nOTES: (1) U • Urethane . S • SIlicone
(2) Soeclneiss wars pre,iously tested (~sfsimnce I). ‘Is ~ ~ s reported.

GYOS: 30 iii. at NOch 1.0
SYOl’ 10 sin, at J~c’I 1.1, 40 sin. at ~~ch 2.0. 10 sin. at P~ ch 2.2.
1Y05: 40 sin. at NOds 2.2
tTOS: 40 .1.. at Nsch 2.0
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The urethane face ply of GYO2 , Figure 42 , delam inated at the imbedded

thermocouple and formed a 1.0-inch diameter bubble In the face ply. It
is not clear whether the separation occurred between the face ply and
interlayer, or lnterlayer and polycarbonate. The delamination occurred
at the end of the second Inj ection at Mach 2. 4. Post-test examination
revealed bubbles and deformation of the outer polycarbonate ply along
Its aft edge. The polycarbonate bubbled and expanded aft about 0.10—inch
until it contacted the surface of the simulator cover as evidenced by its
flat shape. The intensity of the bubbles gave the polycarbonate a frothy
appearance , as shown in  FIgure 43. SImilar bubbling occurred at each
corner of the forward edge. Minute bubbles are visible throughout the
urethane i nterlayer.

GYO3 , tested at Mach 2.4 and 2.6, sustained the same type of polycar—
bonate bubbling as did GYO2. A small area of delamination was visible
along the forward edge. The separation occurred between the interlayer
and the outer surface of the outboard polycarbonate pl y. The abraded spot
on the face ply, caused by a salt Impact test (Reference 8), disappeared.

- 

-

~Jki

-J

Figur e A2. Post-Test PPioto of Specime n GYO2 .

~Y04 and GYO5 , tested at Mach 2.4 and 3.0, sustained slight edge
deformation from the simulator cover.
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FI gure 43. Post -Test Photo of Specimen GYO2, Aft Edge.

LAMINATED - GLASS FACE PLY. EDGE ATTACHMENTS

There are six specimens wi th glass face plies , SK23 , 5K2 3A, PPG22,
PP62ZA , PPG21 and PPG21A. These specimens had edge attachments and fiber-
glass frames. Spec imens SK23 and SK23A are described previ ously in
Figures 5 and 6. They had a qlass face ply, silicone inter layer , and
polycarbonate s tructura l ply. The glass and Interlayer were cut back at
the forward and aft edge. The fasteners went through th. fiberglass spacer
and polycarbonate.

Specimen PPG22 and PPG22A (Fi gures 9 and 10) consisted of a glass face
ply, urethane Int r layer, and gl ass structural ply. The edges were com-
pletely enclosed by a fiberglass frame. The edge fasteners were through
the frame.

Specimen PPG21 and PPG2 1A (Figures 9 and 10) consisted of five plies:
a glass face ply, two polycarbonate structural plies, and urethane i nterlayer .
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The glass was Cut back from the four edges and replaced with a fiberglass
frame. The edge attacheents were through the frame, Interlayer and poly-
carbonate.

A post-test appraisal of these spec imens is contained tn Table 18.
TABLE 18. POST-TEST SPECIMEN DESCRIPTION - GLASS FACE PLY ,

EDGE ATTACXP~ENTS

S~’~CL)( N I EXPOSUPS
rict pty—1 T M (  LNIN I
mo ~QI~o.

~~~~~ ~~~~ ~~~ 
OC SC~ !PT1ON of SPE~ !ItN ONqAG&~

____ 
•
_______ 

N o C ~ienge
~ 1~ F~b,r~,1.sj sdhojIv, ~~1t.d it dee .

142. ‘~o C~i.’~t— 
3 T 0i~~otoret~o. of uoitrn. t~arfsce o1 qroov. soslent. Polycerbeneta

~~~b led end 4efor ~~~ alonq if t edge.

_____ 
S 

— 

Smell ro~md bubbl•s In tnter1sy~r. S.oer.tlon of face ply
fr~~ lntu?lo)’r ir~ md D.ri~~ti~ .

~.3 2 1 P

~~cIZA 1 ~ S.sro ~~bblth~. Flat bijebi., at Interfec, of face ply and
O. TZ~ ~ lnt.fleyer . £rOOv. s~~lent degraded it One spot.
0. 320 P

~ r41 S I lntsrlsyer b~bbled sligh tly aro,~nd e4ent .
3. 120 10 $ ,, r 1nt rleye~ bi.b~iIn at end of Injection.
0.350 P lntsrlayer ~~l td  close all edges.

_____ 
1 .5 S.ser , bi~bbl1sg . Plot bMbbIec it int.rfec. Sf face ply and

~.170 ~ I.t.r1aj ~r .
0.tS° P

—

lOltS: G • th is f*ce el y
S • Silics.. imtsrhayir
P • PP~I1Z iatirleyer

Specimen 5K23 Is shown In Figure 44. This specimen, tested at Mach
2.6 and 3.3. sustained bubbling and deformation of the polycarbonate struc-
tural ply along the aft edge. The flatness of the deformed area Indicates
that this surface was In direct contact wi th the sln*jlator cover’s aft
edge. The adhesive that bonds the aft fiberglass edg. members, consisting
of t~ sheets. ‘netted and oozed out from between the two pieces of
fiberglass. Thi sealant In the groove between the edge of the giass and
fiberglass edge memb r was discolored. Th, discoloration was easily
r emoved and Is apparently residue from the fiberglass edge member.
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Figure 44. Post-Test Photo of Specimen SK23.

Specimen PPG22 developed small bubbles In the PPGI12 interlayer
(about 0.06 inch diameter In size) during Its first Injection at Mach 2.4.

It was withdrawn from further testing. The edges showed evidence of
delaminati on. Neither the glass nor interlayer extends to the edge of
this specimen .

Specimen PPG2ZA (Identical to PPG22) sustained severe Interlayer
bubbling during its initial tunnel Injection at Mach 2.6 and was retracted
early. The flat shaped bubbles are apparently at the face ply/intatl iyer
interface, and are shown in FIgure 45.
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Figure 45. Post-Test Photo of Specimen PPG22A.

Specimen PPG21 (Fi gure 46) displayed interlayer bubbles at the edges
after its Initia l Mach 2.4 Injection . The entire surface bubbled at the
termination of its second injection . The interlayer , which extends to
the edges of th is specimen , melted on all four edges, and especially
along the forward and aft edges. Specimen PPG2LA (Identical to PPG21)

• suffered Interlayer bubbling early in its Mach 3.0 injection and was
retracted.

F1’ure 46. Poet-Test Photo of Spec~men PPG2I.



MONOLITHIC POLY CARBONATE, NO EDGE ATTAC*IENTS

These spec imens , TEX21 and TEX21A , were 1.00 inch thick , coated,
monoli thic polyc arbonats. They did not have a frame or edge fasteners .
An appraisal of the damage to these specimens is given In Table 19.

TEX2 1 was tested at Mach 2.4 for S and 10 minutes and at Mach 3.0
for 1 mInute. Hazing occurred at 1 minute of Its Initial Inj ection but
did not Increase afte r about 1.5 min utes. No change occurred during
Its second injection. It was injected at Mach 3.0 but bubbled and was
removed at about 1 minute. The bubble s are on the extreme exterior
sur f ace but under the protective coating. Figure 47 , shown below, Is a
post-test photo of Specimen TEX21. The surface of the spec imen had a :1
series of random cra cks in the coating , which gave the appearance of
“ dry ~‘ii~d ’ .

TABLE 19. POST-TEST SPECIMEN DESCRIPTLON - MONOLITHIC
P OLYCARBOf IATE, NO LOGE ATTACI~ ENTS

£ ‘CSURS

~~~~~~~~ ~ sc~;rqi, r~r s~ ci~v. oAMi~ _________

T T Z1 ~ 1 is.zine occurred it 1 ulnute on right “and side (looki*q
forwsrd). N change after 1.5 ainutat .

12_ ‘So Change . Sligh t
I Severe %bbUnq of outer cur-fcc, occurred I~~~d lately.

1 T Shloht bubbling occurred on Guts? turfici. Aft corner Yes
I d foreid sod bubbles In oulycarbonate.

454OIt tSIy S erects eooeersd In outer surface 3 to 4
I inchas long. res~~~lhng dry ~ id erects .

Yery fine ripples occurred en gurfacs along fo,~~rd sod aft
edge w~sr. fr~~ Usded.— —
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Fi gure 47. Post—Test Photo of Specimen TEX2I.

Specimen TEX2IA was injected for 5 minutes at Mach 2.6. Sli ght
surface bubbl ing occurred throughout. Severe bubbling oocurred at the
aft corner . Surface cracks appeared as shown In Figure 48. These cracks ,
as noted prev iously, had a “dry mud” appearance. Very fine surface ripp les
occurred at each end of the specimen, adjacent to the frame, where there
was movement of the material.

TEX21 and TEX21A were examined under a microscope. It was verified
that the bubbles did occur in the outer surface of the polycarbonate.
Many of the bubbles were covered with the protective surface coating ,

• while others had ruptured the costing . The coating cracks were about
1 to 4 mils wide and did appear to penetrate into the polycarbonate.



- _______

Figure 48. Post-Test Photo of Specimen TEX2 1A.

SUI41ARY

Twenty-four specimens were tested : 7 of 13 surviv ed exposure at Mach 2.4 ,
6 of 12 survived exposure at Mach 2 .6 , and 6 of 11 survived at Mach 3.0.
Subsequen t testing of a spec imen at more than one Mach number led to further
failures but seven specimens were undamaged at the completion of the tests .

Thirteen of the tested specimens had acrylic face plies. Three
survived. The survivors (SK21, SK22 and SWU21) were of the acryllc/sillcone/
polycarbonate construction with edge fasteners.

Four of the tested specimens had urethane face plies . Three survived
(GYO3 , GYO4 and GYOS). These specimens had urethane and silicone inter—
l ayers and polycarbonate structural plies.

Five of the tested specimens had glass face plies . The one survivor
(SK23) had a silicone Interlayer. The failed specimens (all PPG panels)

sustained severe interlayer bubbling.

t
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Two coated monolithic polycarbonate panels (TEX2I and TEX2IA) were

tested and failed at the higher velocities , after surviving a Mach 2.4
exposure.

The edge designs of certain specimens precipitated premature failures ,
specifically the specimen wi th the rabbeted face ply (GY21 , GY22 and
GY23), and the specimen which extended the face ply to the edge without
an edge frame (GY24, GY2S and GY26). The rabbeted specimens were damaged
by holes burned through the rabbeted area of the face ply. Two of these
spec i mens (GY22 and GY23), tested at Mach 2.6 and 3.0, had the plast ic
bushings melt. The remaIning specimens (GY24, GY25 and GY26 ) , tes ted at
Mach 24 , susta i ned severe face ply delamination which appeared to originate

at the attachments .

The design utilizing a metal retainer (SK22) failed due to sealant
erosion under the retainer. The NV” groove edge (SK21) susta i ned partial
delarination of the groove sealant. The square grooved specimen (SK23
and S.~lJ2~.) survived w ithout damage .

Many of t~e specimens with po l ycarbonate plies (SKOS, GYO 1, 51(22,

~‘33 , and SK23) sustain ed bubbling of the polycarbonate along the panel
aft edge, Indicati ng hi gher edge temperatures than at the mid section

~r forward edge. This is attributed to the rebound shock mentioned in the

~rev1Ous chapter whIch caused higher heating rates at the aft edge

~see Chapter V1 ). Al so, the aft edge of the simulator c~ver (Fi gure 13).
was an apparent heat sink and resulted in higher temperatures in that
area.

Prior to this test program the aerodynamic effects of a Mach 2.4 through
Mach 3.0 envlrorinent on transparent plastic and fnterlayer materials was
not known . It had been anticipated that the selected materials might not
survive r~igh temperatures generated at these velocities. The tests have
shown that plastic face ply materials , Such as as-cast acrylic and urethane
and sIlicone and urethane interlayers will survive the high temperatures
experienced at Mach 2.4 through Mach 3.0 for short exposures.
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SECTION VI
OPTICS EVALUATION

Windshield/canopy materials for supersonic aircraft must have the
capability to survive the effect of a hi gh-speed environment within the
time frame of the potential aircraft operating conditions , and still
prov ide a re lat ive l y undistorted view for the pilot. A goal of this
program was to define the optical distortion that mi ght be sustained by
a series of la~~nated windshield confi gura tions for potential use in
Mach 3.0 aircraft. This evaluation was achieved by testing 23 specimens
in a wind tunnel environment of Mach 2.4, 2.6 and 3.0 and measuring the
resultant in—tunnel optical distortion , the permanent optical distortion ,
the loss of light transmission , and the increase in haze. The results
of this evaluation are presented In this section.

OPTICAL DISTORTION

Five in—tu nne l photos were taken through each specimen of a lined grid
painted on the tunnel wall . After testing , first and last photos were
super imposed to show the apparent line distortion and loss of line
clarity. The apparent grid size in these included photos Is 0.17 inch .
Loss of light transmission and/or severe distortion thwarted the use of
sore of the photos.

Pre—test and post—test photos were taken through eac h specimen of a
lined grid board. hese photos were superimposed to show appa rent line
distortion as a measure of permanent distortion. The apparent grid size
In these photos Is 0.25 inch.

Evaluation of the 23 specimens Is divided into six categories :

• Three Ply Lam inated Specimens with Acrylic Face Ply
• Five Ply Lamina ted Sp cimens wi th Ac rylic or Urethane Face Ply
• Seven Ply Laminated Specimens with Acrylic Face Ply

• Mine Pl y Laminated Specimens with Acryli c Face Ply

• Laminated Specimens wi th Glass Fac, Ply
• Monolithic Polycarbonate Specimens.
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ree-~ ly Laminated Spec imens

Five specimens are included in this group : SKOS, SKO6, SK21 , K~~
and S~U21. These three—ply specimens were fabricated with an acrylic face

~ and a ~o1 ycarbonate structura l ply joined by a silicone interlayer.

S •eciniens SKO5 and 5K06 were described previously in Figure 3, 5K2 1 and
SK22 in Fi gure 5, and SW(J21 in Fi gure 7. SKO5 and SKO6 were designed for
a previous test (Reference 1). Table 20 presents a photo evaluation
surr~ary . The rid line photos are shown in Figures 49 through 59.

igure 49 shows grid board photos of Specime n SKO5 before and after
tunnel testing , and an overlay of the two photos. Similar photos are
shown in Figu res 50, 51, 52 , and 53 for Spec i mens 5K06 , SK2 1, SK.22 and

~ u21. The delamination suffered by SKO5 Is eviden t In Figure 49. Hazi-
ness is visible in all the pre—test photos and Is seen by comparing the

s~ec1men surface with the lines beyond the frame of the specimen . The

oval shaped ha:-.’ spot visible in SK06 (lowe r, center) was caused by an

~ r~ision test (Reference 9). All specimens suffered distortion at the
edges of the speci~’ens. Slight line displacement is seen in the overlays .

The fina l tunnel photos and overlays for the Mach 2.4 injections are

presented in FIgures 54 and 55 for Spec~mens SKO5, SK21 and SWU21. These
,~~.rp the last photos taken during the 10—minute injections. Specimen SK2I
-~ sta i ned more distortion than 5K05 and SWU21. The cross section of SK21
and SWU2 were Identical . Maxim~gn line displace ment is about 0.18 Inch

‘~j r the horizonta l lines of SK21.

~‘hotos and overlays for the Mach 2.6 Injections are exhibited in

Figures 56 and 57 for the 10-minute injection of Specimens SKO6 , SK2].,
SK22 and SWU2I. Specimen SKO6 and SWU21 display the clearest line

~efin ’tion. Specimen SKO6 shows the largest line displacement , 0.25 inch
‘~~r Its horizonta l lines .

Photos and overlays for the 3-minute Injection of Specimen SKO5, SK22
and SWU21 at Mach 3.0 are exhibited in Figures 58 and 59. The l i ne
quality Is better for SK05 and 5WU21 than for SK.22. Line displacement

for SKOS is 0.25—inch maximum for the horizontal lines .



TABLE 20. EVALUATION OF GRID LINE PHOTOGRAPHS
FOR THREE-PLY LAMINATED SPECIMENS

Ol$~t.AcV~ HT OF *!O L~!IES (~!sO4t$)

~~oTo
SP (CIP~ ’1 rrPt O!SCRIPTIOfl OF PHOTO ‘4OR IZOSIIAL LftltS VERTICAL LINES

5505 PR~Tt~1 çj~~ar
POST.TL5T tine Intensity di. iispieo ShIfted up 0.04 Shifted i n 0.07 at sides

Osloninatlon upper left
__________ cormir ____________________ ____________________________

L ines cleir •xc.pt at~~~ So.,d ~~~~ 0.16 nsa. Bowed in at sides 0.12

~43.0 Unes clear ezcegt at Bowed ~j own 0.25 mix. RoUted in a t sI des 0.07
left side

~E~6 PD~ 1~j 5T ~szv sooti _______________________________

~osT-TtsT rLlnes ~~~~~~ •~ S*dC$ ,01I0I.C~~~nt at S~ ifted in 0.07 at sides
_________ I’d_lOw,? . ~~~~~~~~ ____________________________

“2.6 LInes distortid at sides ~Owsd do.. 0.25 max . Sti es rOtitel in 0.18 mix .
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~ L~~n~~t_~~ .nk at _ s tda s _ 
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~2.4 Seiert dt$tort’on it. Bowed down 0.12 ma,. Distort ed at sides
sides

S~~ t~r1zontal itnet
_______ 

blank . 
__________________ _________________

Severe distort ion ant~~ Sowed doimwmrd Sides di sila c.d and rotated
loss of line cl ar ity

__________ ~ipec1i11y at ;1de~ ____________________________

~3.0 Sewers di ~tert ion and P’~oto too dark to
los s of line clarity ~~~$Ure 7$sei

5522 P~~IU’t CImir ____________________________

PUST.TITT’ Line Intensity diUinlshed SP’ifted do.. 0.06 Shifted in 0.06
__________ Linis blank at I1d.t ~~Lines ¶rseqvlar. Seviri Shifted do.. 0.12 Shifted at sides

distortion and 1~&*
__________ ~f_clari ty _at _St de s 

__________________ __________________________
‘13.0 Linel irrequlir . S.ve~i £)T?tad do,. Bowed out at I ides

distortion at
sides

~VJ21 P • 5~~ 1fl 55 - _____________________ ___________________________
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FIgure 49. Grid Board Photos for Specimen SKOS.

-- 

96



—
~

—--
~ —

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

P RE-TEST

41 ~~~~~~~~~~~ 

___ ~ I flJ:::t f 
,

-. 

-i

4
POS 1-TESTp

OVERLAY

Figure 50. Grid Board Photos f~ r Soecimen SKO6 .
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Figure 53. Grid Board Photos for Specimen SWU21
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Figure 54. Tunnel Photos for Specimens SKOS , SK21 and S’~IJ2) at Mach 2.4(10-Minute Injection).
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Figure 59. Overlay of Tunnel Photos for Spec imens S~ )5, 5K22 and S~4I321at Mach 3.0 (3-Minute Injection).
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Five—P ly Laminated Specimens

The five specimens in this group, GYO1, GYO2 , GYO3 , GYO4 and GYO5
were fabricated with an acrylic or urethane face ply and two polycarbonate
structural pli es . These specimens were previously described In Figure 4
and were desi gned and previously tested as noted in Reference 1. Specimen
GYO1, GYO2 and GYO3 were also tested for face ply abrasion per Reference 8,
and the resultant hazy spot is visible on the l ower center area of these
three specimens. Table 21 presents a suimiary of the photo evaluation.
The grid line photos are shown in Figures 60 through 70.

Figures 60 through 64 show grid board photos of the five specimens
taken before testing and at the test completion. Overlays of pre—test
and post-test photos are also  shown for GYO2 through GYO5. All five
specimens show distortion and loss of line clarity at the edges. There
is sli ght line displacement visible in the photo overlays .

Figure 65 presents the final tunnel grid line photos for the 10—minute
Injections of GV03, GYO4 and GYOS at Mach 2.4. Figure 66 dis p lay s overlays
for the same 1n~ect1ons. The dark oval spots in the GYO3 overlay (Figure 66)
Is nc~ vis ible In t~e fina~ tunne1 photo (Figure 65). This area was abraded
w~ t~i salt (Reference 9). The photos indicate consistent distortion for the
three specimens. The maxiium horizontal line displacement is approximetely

0.20 inch for each specimen.

Photos and overlays are presented in Figures 57 and 68 for Specimens

~YO 1 , GYO2 and GYO3 at Mach 2.6. These injections were five minutes for
Specimens GYO1 and GYO2, and 10 minutes for GYO3. The oval spots in the
photos for GYOI and GYO2 resulted from salt abrasion (Reference 9).
Spec~-en GYO2 displays the least severe 11n~ distortion among the three
specimens. Maximtan line displacement approaches 0.25 inch for GYO3.

The fina l tjnnel grid line photos and overlays for the 3-minute
Mach 3.-J injections are exhibited In Figures 69 and 70 for Specimens GYO4
and GYO5. The most severe distortion occurred In Specimen GYO4. The

lisplacement of the horizonta l lines is 0.25 inch for both specimens.
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Seven-Ply Laminated Specimens

These three specimens, GY24 , GY25 and GY26, were fabricated from two

polycarbonate structural plies sandwiched between two as—cast acrylic

pli es. The acrylic plies were extended to the edge of the specimen and

the seven plies were clamped wi th edge bolts . They were previously

described In Figure 12. Table 22 presents a sunvnary of the photo evalua-
tion.

Pre—test and post—test grid board photos are shown in Figures 71 and
72 for Specimens GY24 and GY26. Overlays were not made because of the
severity of damage to the spec imens. Fi gure 73 shows tunnel photos for

GY24 , GY2 S and GY26. Overlays are shown in Figure 74 . These photos were
taken during the 5-minute injection since the specimens delaminated during
the subsequent 10—minute injection.

Line displacement , as noted in Figures 73 and 74, is not severe, but

the lines are deformed, especially near the edges.

TABLE 22. EVALUATION OF GRID LINE PHOTOGRAPHS
FOR SEVEN— PLY LAM INATED SPECIMENS

PHOTO 
OISPLACVC~T OF GED LUItS UNCIWS)

TY P! DESCRIP TION OF PHOTO HOR I ZflNTAL LINES VE RT ICAl. LINES
Gr2 4 PQ~Tt~T ~ azy spo~~ ____________ __________________ __________________________

~OST -TflT Severe dTjtort $oø due ti No over lay

Sowed 0.01 l~~ d ~ at sIdes 0.01
Lines ~~~Viy.

GYZS 
~~~J%T~ ~~~~f l~ row,r iiei~ Mo ov,rij~~OI~tort1onJ~.,dqq ________________ ________________________

Ofitort lin at Idoss l~~ d do,. 0.01 Mowed I,, at sides 0.01
Uøes isvty.

~T21 P*tTI$1 i!azyL I~~js____________ _________________ _________________________

~~ST-tEST ~~T~ Inat1os lewir lisif Ms sesrisy
________ QlstsrtfV .t $5.5 . 

_________________ __________________________Olstortloe at sdq.s aid 10usd e~~ 0.01 isied Is at *Id.i 0.01
is caster.
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Figure 71. Pie-Test Grid Board Photos for Specimens GY2L ,
GY25 and GY26.
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Nine— Ply Laminated Specimens

These three specimens, GY21, GY22 and GYZ3, were fabricated from
three polycarbonate structural plies sandwiched between two as—cast
acrylic plies . The face ply was rabbeted around the perimeter as shown
previously in Figure 12. A sua~vuary of photo evaluation Is given in
Table 23.

Pre—test and post—test grid board photos are shown In Figures 75 and
76 for Specimen GY21, GY22 and GY23. These specimens exhibit hazy
spots and Indistinct lines on the pre—test photos. Specime n GY23 shows
a definite loss of line clarity in its post-test photo.

Figure 77 shows a tunnel photo for Specimen GY21 at Mach 2.4, GY22
at Mach 2.6 and GY23 at Mach 3.0. The photo of GY21 shows severe distortion
due to cracks In the face ply. The distortion In the photo of GY22 Is
due to face ply delamination . The photo of GY23 shows poor line intensity
and line distortion. The overlays for Specimen GY21, GY22 and GY23 were
not clear.

TA8LE 23. EVALUATION OF GRID LINE PHOTOGRAPHS
FOR NINE—PLY LAMINATED SPECIMENS

OISPI.ACDCNT OF G*IQ LINE S (INCHES)
DWQTO DESCRIPTION

SPtCIMC4 
- 

~ PE OF PHOTO HORIZONTAl. LINES VERTICAL LINES

t’f21 PP~TZST ..!~ iy_ IPots —

Post-TEST ~i,., i1stort~oei dv. to ~o over lay
_______ 

4 1  ail Mt ion ______________________

~~~~~~ T1~Wdfitort.d do. to Ho overlay
crack s

GY~2 PRETEST Hazy spots and wevey

~~T$ffft~~~~~
’diitort1os duj ti ~o over lay

I de~as1nat1Ofl __________________ ___________________________

Distórtf~~~us to deTa Plo ov er lay

‘or~~i _j~!a&i ~p9ts
~~~‘-~TST Un.s obscure. Poor Plo overlay
__________ 

Ilçiit_~r~n~~iss1on ___________________ ____________________________
~~~~~ r Line distortion and ISo overlay

- poor h o  Istaiui ty
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Flqure 75. Pre-lest Grid Boa rd Photos for Soec imens GY21 , ‘ Y22
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Laminated Specimens with Glass Face Ply

This group consists of five specimens, each fabricated with a glass
face ply: PPG21, PPG21A, PPG22, PPG2ZA and SK23. Specimens PPG2 1 and
PPG21A , wi th two polycarbonate structural plies , and Specimens PPG22
and PPG22A, with a polycarbonate structural ply, were described In
Figure 10. Specimen SK23 had a polycarbonate structural ply and was
described in Figure 6. Table 24 presents a suninary of photo evaluation.

Figure 78 , 79 , 80 and 81 show pre-test grid board photos and overlay
photos for Specimens PPG21. PPG2]A , PPG22 ani PPG2ZA. The spots in the
overlay photos resulted from inter l ayer bubbling . An overlay photo of

~°G22 is not shown since It did not experience line displacement or
d~s~,r~ion . The spot visible in Figure 78 was caused by a defect in the
interlayer .

Figure 82 shows a pre-test and post-test photo for Specimen SK23.
Haze is vist b l e In the post-test photo. No overlay of SK23 is shown since
it did not experience line displacement or distortion.

Figure 8-3 shows Specimen PPG21 at the completion of ~ 10—minute injec —
t~cn a~ 

Mach 2.4. Interlayer bubbling is visibl e at the perimeter. Loss

~
‘ l’ght transm ission caused by Interlayer bubbles prevented tunnel

:r~tos for Specimen PPG21A. Specimen PPG22A Is shown In Figure 84 after
2.5 -ilnutes at Mach 2.6. The spots were caused by bubbles in the inter-
l i - ~er . The curved line is the wire to the thermocouple. Specimen PPG22
is shown in Figure 85 for a 5—minute Injection at Mach 2.4. The vertica l
Hne was caused by adhesive from the edge member and was removed wi th
cl e~’ ng. PPG2Z experienced slight line displacement.

Specimen SK23 is shown In Figure 86 at Mac h 2.6 and Figure 87 at

~‘ach 3.3. The spots In Figure 86 were caused by adhesi ve from the edge
—ember. SK23 displays less line distortion at Mach 2.6 than at Mach 3.0.
The haze v1s~ble in Figure 87 is also present in Figure 82.
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Monolithic Polycarbonate

The two specimens in this group, TEX21 and TEX21A , were fabricated
from 1.00 inch coated polycarbonate. Table 25 is a stminary of photo
evaluation.

Fi gure 88 shows a pre-test and post—test photo for TEX21A . The pre-
test appearance of TEX21 was similar to TEX21A . The hazy spots in the
post-test photo of TEX21A are due to cracks in the exterior coating on
the specimen. A post-test photo of Specimen 1EX21 is not shown because
the specimen sustained severe bubbl i ng duri ng its Mach 3.0 tunnel
injection .

Fi gure 89 preSents a tunnel injection and overlay for Specimen TEX2 1
at the Mach 2.4 InjectIon. Haze is obvious in the right lower quadrant.
Displacement of the horizontal lines is about 0.25 inch maximum.

Fi gure 90 Is a tunnel photo of Sp chaen TEX21A at Ilach 2.6 The
lines are cracks In the exterior protective coating.

TABLE 25. EVALUATION OF GRID LINE PHOTOGRAPHS
FOR MONOLITHIC SPECIMENS (1)

orwucrc’ti oc GRID LINES (r~~ S)

____ — 
o~scpipnon oc PwoTO ,soaTz~iTA1. LIMES vtRTic*. UNCS

TU21 P~~ I5T ii!~~ u,j~
) 

____

PMT.tTST C~~~~1.t. lou ol vi~io.o Mo ov rle y

‘Q4 ~~ wiz..tài lIa,s bowed. Sowed dowe 0.25 owe. Sowed $io sl~qht1~ at eldos 
-

Ilees ch ar seclOt for

“3.0 ~~~~~~~~~~~~ vi rio. -

~~~~ s,erlay
~~ bobbles

1U21A P*ST1~T jjlØt hZ .  ___________ ____________________ _________ _______________

~OSt.ttST Olscoøtlnulty hi Ithu No .v.rlay
doe to cracks hi

_ _ _ _  coat~~ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _

5iico*tia~Tty Jo Bows No overlay
e.. to aetlui,
cracks

(1) Said.. Is .sowfltIdc ~.lycsrbeNtI, 1.00 loch thick.
( 2) Photo ost ~~~~~
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Figure 88. Grid Board Photos for Soecimen TEX21A .
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LIGHT TRANSMISSION AND HAZE

Table 26 Is a compilation of light transmission and haze data for the
test specimens. These values were measured by the participating vendors
at the spots shown previously In Figure 20. Fifteen of the specimens
were returned to the vendors for post-test readings. The values are the
average of five readings. The angle of Incidence for these measurements
was zero degrees.

Five of the specimens (GYO 1, GYO2 , GYO3 , GYO4 and GYO5 ) had been
tested previously per Reference 1.

Specimens PPG21 and PPG21A transmitted a significantly smaller
amount oi~ l i ght than the other specimens. The pre-test readings were
49.8 percent and 54.5 percent. Specimens PPG22 and PPG22A h~d pre—test
readings of 77.5 percent and 78.1 percent. Plo post-test readings were made
for these specimens.

Spec imen SWU22 was the only panel to show a significant decrease in
light transmission , from a pre—test value of 85.1 percent to 73.3 percent.
This loss is attributed to the use of thermal paint .

No specimen had a pre—test haze reading greater than 10 percent.

Five specimens exceeded 10 percent after testing. The maximum change
in haze was plus 6.9 percent for Specimen SWU22.

The average haze reading for the acrylic face p11 es was 10.75 percent
for the two specimens (GY25 and GY26) tested at Mach 2.4, 6.5 percent
for the two specimens (SKO6 and GYOI) tested at Mach 2.6 and 10.6 percent

for seven specimens tested at Mach 3.0. For the urethane face plies the
average haze reading was 5.85 percent for the two specimens (GYO4 and
GYOS ) tested at Mach 3.0.
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TABLE 26. LIGHT TRANSMISSION AND HAZE DATA

LIGHT TRANSMISSION HAZE
(PERCENT) ( 1) (PERCENT) (1)

PRE TEST POST-TEST CHANGE CHANGE 
-

SKOS 87.6 85.2 -2.4 3.4 9.3 +5.9
SKO6 87.9 86.8 -1.1 5.7 7.4 +1.7
SK21 87.0 84.3 ~2.7 3) 13.8 

- 
—

SK22 86.5 85.5 -1 .0 3) 11.1 —

51(23 85.1 85.5 +0.4 3) 9.1 —

SWU2 1 85.7 84.9 -0.6 4.4 8.1 
— 

43.7
SWU22 85.1 73.3 — 11 .8 4.8 11.7 +6.9
PPG21 49.8 (3) — 5.5 (3 —PPG2JA 54.5 (3) - 2.6 (3 —
PPG2Z 77.5 (3) — 1.6 (3 —PPG22.A 78.1 (3) - 1.8 (3 —
GYO1 (2) 82.2 80.1 -2.1 6.2 5.6 -0.6
GYO2 (2) 80.9 78.5 -2. 4 6.3 5.1 -1.2
GYQ3 (2) 80.9 77.3 -3.6 6 .4 5.4 -1.0
GYO4 (2 )  80.6 - 80.4 —0.2 5.9 6.3 +0 ,4
GYCS (2 ) 80.9 80.4 -0.5 4.0 5.4 +1.4
GY21 83.9 (3) - 6.4 (3) —

• ‘~V22 85.6 (3) — 6.8 (3) —GY23 85.5 83.5 -2.0 9.8 11.2 +1.4
GY24 87.7 (3) - 4 .0 (3) —

GY25 87.9 85.0 -2.0 6.0 12.5 +6.5
GY26 88.0 86.7 -1.3 4.7 9.0 +4.3
TEX21 82.22 (3) - 2. 1 (3) -

TEX21A 32.22 (3) - 2.1 (3) -
~4~~ES :  (1) These values are the average of S readings made by each vendor.

(2 ) These specimens were tested previously per Reference 1.
These readings were made after the orevious test.

(3) Plo measurements were made.

L. 
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SUP~4ARY

This stimnary of the specimen optical distortion is based on grid
l i ne  photographs taken before the tests, durinj the tunnel exposure, and
after the tests. A separate s minary is presented for each of the test
simulations of Mach 2. 4 , Mach 2.6 and Mach 3.0, and for the light trans-
mission and haze data.

Distort ion at Mach 2.4

Thirteen specimens were exposed to the Mach 2.4 en v i ronmen t. They
are described as follows :

(1) SK05, SK21 and 5WU2 1 ( 3— p ly,  acrylic face ply) .
(2) GYO3, GYO4 and GYO5 (5-pl y, urethane face ply).
(3) 6Y24, GY25 and GY26 (7-ply, acrylic face ply).

(4) GY21 (9—ply, acrylic face ply) .
(5) PPG21 (5—ply, glass face ply).
(6) PPG22 (3—ply, glass face pl y).
(7) TEX2 1 (monolithic. polycarbonate).

Specimen PPG22 displayed the least distortion and line displacement
of the 13 tested specimens (Figure 85). It was tested for only  f i v e

minuteS , however, since bubbles began to form in the Interlayer. Specimen
PPGZ1 was injected for five and ten minute exposures and was damaged by
severe inter layer bubbling (Figure 83). Permanent distortion occurred as
indicated by movement of the lines in the overlay photo (Fi gure 78). A
heat resistant Int.rlayer would be required to make these configurations
acceptable for use at Mach 2.4. The pre—test light transmission reading
for Specimen PPG2I, 50 percent, mikes It unacceptable for use as an aircraft
windshi•ld. PPG22 was better with a reading of 78 percent. These readings
ware the lowest of all specimens.

Specimen SKOS and SWU21 displayed good line clarity at Mach 2.4 and
mod rate horizonta l line displacement. Specimen SK2 1 was distorted and
some lines were obscured.
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Specimens GY03, GYO4 and GYOS withstood the Mach 2.4 envIronment very
well. The l1~es were clear and dark (Figure 65). GYO4 displayed some
distortion along the sides . Generally, the horizontal line displacement
(Fiqure 66) did not exceed 0.12 inch. 

-

Specimen TEX2 I survived a 10—minute injection in good shape. The

~in~s were clear and dark except for a spot of haze (Figure 89). The
displacement of the horizontal lines approaches 0.25 inch.

Specimen GYZ1 experienced severe delamination (Figures 86 and 77)
which was precipitated 5v cracks in the face ply that occurred during
fabrication.

Specimens GY24, :3,25 and GYZ6 experienced small line displacement
a ter their in1t~ai 5—minute inj ections , but the lines became i rregular
and distorted (Fi gures 73 and 74). ‘he distort ion along the lower edge
0’ each specimen was due to the projection of the edge bolts Into the
f~el1 of vision at the 60 degree ang le of incidence. The distortion
would be less severe i’ these fasteners were removed. These three

spec imens f-3ll ed by de l amination of the exterior ply during this sub—
sequent :o—~-~~nute injection. These specimens Sustained comparatively
large Increases in haze.

Based on the opti cal photography results , Specimen SKO5, 5WU21, GYO3,

~~ ~4, GYOS and TEX2I are viable candidates for Mach 2.4 wIndshields .
Thecimen SK21 nad the same cross section as SWU21 and therefore should be
cons :dered , despite Its poor performance. Specimens GY24, GY25 and

‘~‘26 could be windshield candidates if they had a different edge des ign.
Spec?men GY21 could not be evaluated because of cracks in the exterior
pl / . Specimen PPG2 I and PPG2 2 cannot be considered as potential windshield
cand i dates with the present Interlayer and poor light transmiss ion.

. _ _
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Distortion at Mac h 2.6

The 12 specImens tested at Mach 2.6 are described as follows :

( 1) SK06 , 5K2 1, SWU21 and SWU22 (3—ply, acrylic face ply)
(2) GYO 1 , GYO2 and GYO3 (5—pl y, acrylic or urethane face ply )
(3) GY22 (9—ply acrylic face pl y)

0 
(4)  SK23 (3—ply, glass face ply)
(5) PPG22A (3— pl y, glass / glass ply)
(6) TEX21A (monolithic polycarbonate).

he acrylic/sllicone/polycarbonate configuration is a viable candidate
for aircraft windshields that w i ll operate at the Mach 2.6 level , as
evidenced by the clarity of t’e tunnel photos for Specimen 51(06 and SbIU21
(Figures 56 and 57). Some ilstortion - i i - ~ occur along each side. Line

-~‘splacement was about 0.25 inch ma ~~‘ u for the ‘orizonta l ~in es. Speci-
men SK2~ and SK22 did not fare wefl. The photos showed i rregular lines ,
distort ion and loss of cla r 1t -~. Specimen SWU22 CoUld not be evaluated
because the application o’ therrnal paint prevented li;ht transmission.

S~ecimens 3’~ i and GYO2 and GYO3 are potential ~‘ndshield caniidates
‘or a Uach 2.6 e- .Ironment. The tunne~ photos (~igures 67 and 68) are ‘~ r

~-~“nute inject1~~s since Specimen GYO1 and GYO2 delaminated at the
ter”i natlon of ~rieir l~-”inute ln~ect~ons. ~ 03 survived . t sustained

some ~1st or ’ion and the displacemen t of the horIzontai lines was
0.25 inch xi-t ~r.

‘e poor optics for Speci’ren GY22 was caused by ‘-ice ply delaHnation
(Figure 77). The delamination was precipitated by a rupture in the
ribbeted sect ion of the face ply. Th i s  configuration would requ ire a
redesigned edge to ~. considered as a potential Mach 2.6 windshields .

SoecirFen S.’23 sustained severe rotation of t~’e vertical lines at the
uPPer c~rne’ c (FIgure 86). ‘~ e spots in the photo were caused by
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adhesive flow i ng from the forward edge retainer. The lines in the center
of the panel were clear and straight and this configuration Is a potential
candidate for Mach 2.6 aIrcraft.

Specimen PPG22A was affected by interlayer bubbling and would require
a higher temperature interlayer to be considered for Mach 2.6 aircraft.

Specimen TEX~~~ was tested for 5 minutes at Mach 2.6. It sustained
loss of VISICrI due to the effect of the high temperature on the external

protective coating . This effect occurred at the end of the Injection.

~ stortion at Mach 3.0

Eleven specimens were tested at ‘~ac~ 3.0. These specimens are described
as ~oi l ows:

(:) SKO5 , 51(21, SK22 , SWU2 1 ~in~ S~U22 (3—ply, acrylic face ply)
(2) GY04 and ~Vf l~ 5-oi y ,  ~jr.’~’.~ ø face ply)
(3) GY23 (9—pl y, acrylic face ply)
(
~ ) 51(23 ( 3— ply, glass face ply)
(5) PPG21A (5— p ly, g lass ‘ace ply)
(6 ’ TEX2 1 (Monol’thic pol ycarbo nate).

Th~ :: cal clarity of Spec imen SKOS and SUU2I make the acrylic!
s~licone/po lycarbonate configurat ion a potential candidate for Mach 3.0
aircraft (Figures 58 and 59). ~‘~rtrer studies are needed to define the
cause o ’ optica l deqradat~on experienced by s i—i lar spec imens , 51(21 and

S~~2. Spec’~en S~~22 could not be evaluated due to the appl ication of

~‘e ra l  paint.

Specimen GYOS ~ispiayed acceptable - :c t i cs at the Mach 3.0 condition
:‘.res 69 and ‘

~~). Specimen GY04 was distorted at the edges but clear

~n t’~e :erter . The rna~ imijn displacement of the horizontal lines was
0 . 5  in c’ ‘or both specimens.
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Specimen GY23 became very cloudy and vision through this confi guration
was severely degraded . The face ply material became rough .

Specimen 51(23 became hazy along both sides of the panel (Figure 87).
Line distortion was severe at the edges but minimal in the center of the
panel . The cloudiness el ir- rinates this specimen from consideration as a
potential Mach 3.0 windshie ld.

Vision through Specinen PPG2IA was completely obscured by interlayer
bt. bOli flg . it is not a potential Mach 3.0 windshield candidate .

Specimen ~EX~~ was completely ru i ned by bubb~1ng on the exterior
surface.

Li~ n t  Th ansrnlssio n arid Haze

The configuration represented by Specimen PPG21 and PPG2IA is not
:cn~1dered to be a w indshie ld candidate due to its relativel y poor
l i ;ht transmission. The rema i riin c conf igurat ions are acceptable for
cons id er~ tion.

Based cr the Ti rFit ed raze data (12 of the 24 panels were measured),
tre urethane material is more resistant to haze than acrylic when used

~s a face ply.
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SECT!0t~ VT !
THERMAL EVALUATION

WindshIe ld/canopy materi als for supersonic aircraft must have the

~ pabi Hty to surv i ve the high temperatures experieflced during the opera-

tion of the aircraft. A goal of this test program was to define the

therma l environment for aircraft operating up to Mach 3.0. This goal
was achieved by exposing 27 windshield test specimens to a Mach 2.4
through Mach 3.0 wind tunnel environment and recordi ng the appropriate
temperatures. An evaluation of the resultant thermal data Is presented
in this section.

This investigation addresses the following areas: specimen instrumen-
tation , specimen temperature/time histories , exterior and interior trans-
parency surface temperatures , the thermal insulating capability of the
face ply/i nter layer combinations , the effect of edge Structure on temper-
at~.ire distribution , the potent ral heat conduction through a fastener , the
heat conduction of a ~7as t fc insert compared to an aluminum Insert , and

the use of a therma l paint method to locate “Piot spots ’ .

NSTRLJM(NTAT ION

Twenty—five of the 27 potent1a~ test specimens were instrumented wi th
thermocouples ( the T EX specimens were not). Seven specimens (t he 51(0 and
GYO series ) were instrumented with three thermocouples apiece , one external ,

~r’e internal and one ~—bedded against the outer polycarbonate surface
(FIgures 3 and 4). SIx specimens (the SK2 series) were instri.anented with
five thermocouples , one on the exterior surface and four intedded
(Figures 5 and 6) . Twelve specimens (the SWU2 . PPG2 and GY2 series ) were
instrumented with five thermocouples, two externa l , one Internal and two
imbedded (FI gures 7 through 12). -j

Many of the thermocouples failed to adhere to the specimen surface
and others did not function properly. The data that was collected is

145

_ __ _ _ _ _  -



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~.---., -,.

presented in Tables 27, 28 and 29. Some values were extrapolated from
temperature/time data . The specimen identifier , injection number, and
length of exposure are listed . The temperatures are given in degrees

Fahrenheit and are the first and last recorded temperature.

TEI4PERATURE/TIME HISTORY

Temperature versus time was plotted for the 5 an d 10 m Inu te 1n~ec ti ons
at Mach 2 4 . 2.6 and 3.0 and the results are presented In Figures 91
through 99. These temperatures were recorded on the exterior surface,
the interior surface , an~ the outer surface of the structura l ply. The
thermocouples were located 3.7 to 4.0 inches forward of the aft edge of

each specime n. The exterior surfaces approached 90 percent of their
peak temperature within the first minute of exposure and Increased slowly
thereafter. Generally, the exterior surfaces reached steady state in

about 7 to 8 minutes. The interior and Interface temperatures were

steadily increasing at the termination of the 10—minute injections. Two

15-minute exposures (tn , ectton 18 at Mach 2.4 and 1n~ection 54 at Mach 2.6)

showed that th e interior and Interface temperatures were increasing slowly

at the end of the 15-minute exposures. The te—peratures at the termina—

t~on of 1n~ect1on 18 was 1480F (Table 27), 15 degrees higher than at

10 minutes. The rate of change , 15 degrees in S minutes , indicated that

t~ie temperature was approaching steady state. The rate of change for
th e interface temperature was 9 degrees in 5 minuteS , also indicat~ng

the approach of a steady state region.

~‘gures 91 , 92 , 93 and 94 represent the temperature/time histories

for the S and :0—minute inject i’ns at Mach 2.4. The 1S_ r~inute injection

of 51(05 is shown because the externa l thermocouple did not function for

the S and 10-minute injections. The exterior temperature rose quickly

and ~~r~assed 300
0F within one minute . Generally, the exterior surface

temperatures and the Interior surface temperatures were similar for all

specimens. The exception was the interior temperature for SKOS. The

inter ’~ce temperatures varied -~~ t~ the thickness of face ply and inter-

layer and w ith  the -~aterial properties. The Interior and interface

146

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



W~~~W ~q . _

temperatures for the 10—minute Injections were consistently higher than
for the S-minute injections because the initial temperature at t ime of
injection was hotter . The specimens were cooled to 160°F between injec-
tions.

Temperature/time curves are presented in Figures 95, 96 and 97 for
the 5 and 10—minute injections at Mach 2.6. The exterior surfaces
heated rapidly and peaked at about 3850F. The interior surface and
interface surface temperatures were Increasing at the end of the injec-
tions . There was a variation In the interface temperature curves and
the interior temperature curves for certain specimens.

Temperature/time curves are presented In Figures 98 and 99 for
3-minute in jec t ions  at Mach 30. The exterior surfaces heated rapidly
and approached or passed 500°F. The temperatures were rising at retrac-
tion of the specime n. The temperature of the interior surface reacted
slow ly.
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TABLE 28. TEMPERATURES AT MACH 2.6
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TABLE 29. TE1~ ERATURES AT MACH 3.0

1T)~ (*AT1J~~ (‘F)

AFT 114$~ U~~~t1S F0.wuo T14f4$IlCOoPttS 
—

(715510$ I’4$~~ O(0 telSi lol UTE110* 7i4$ ..~~v 734$~Ur7
—

IIJ1CI’106 T1t~ 7(531 FItS ? 71531 71551 fltS1’ 77151 7155? FIRs T
S$SCII4$5 UWU (30’RIlZS) LAST LAST LAST LAST LAST LAST LAST LAST

1*21 73 3.1 35 54 $5 $‘ 1$
IS S$ $~ II 70

74 3.0 717 721 116 122 71
763 III 

— 
157 54 54

$422 75 0.1 76 234 53 52 63 53
7$ 431 30 57 30 72

iS 3.0 11$ 264 1)7 13$ 735 70
773 4% 723 270 223 84

1*23 17 0.3 75 57 (2) (2) 74
SO 74

10 3.0 12? 140 (7) (2) 13
103 210 N

111151 73 3.0 77 82 41 81
133 63 242 N

$11122 N 
— 

7 .0 ( 1 )  
— 

71 14 250 SI Si
134 92 100 155 31

PG2?A Il 1.5 713 76 7$ 165 N 13
333(3) 73 79 354 54 •0

1705 Si 3.0 zos so 74
US 70~ 90 $7

OTOS 13 3 .3  ~0l 7$ 34 54
45% 731 30 5%

6723 14 3. 0 71* 77 51 53
424 (4 ) : z  ,I

S&OS $6 I 3 .~ VS 77 51 73
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EXTERIO R SURFACE TEMPERATURES

Ma xi mum exterior surface temperatures are presented In Table 30 for
a l l conditions. The temperatures were taken from thermocouples on the
panel center line at two locations. The forward thermocouples were

approximately 2.5 inches aft of the forward edge, and the af t  thermocouples

TABL E 30. MAXIMU M E XT E~~CP SURFACE TEMPERATURES

3-MI~flJTE EXPOSURE 5-MIPflJTE EXPOSURE 10-MINUTE EXPOSURE
FORWARD AFT FORWARD AFT FORWARD AFT

— 

SPECIMEN TEMP (°F) TEMP ( F )  TEMP ( F )  TEMP ( F )  TEMP ( F )  TEMP ( F )

GYO3 319 324
GYO4 320 324

ACH GYOS 319 323
2. 4 GY 21 321 336

GY24 339(1) 328 32~U1)GY2S 324 316 334 325 (1 )
319 31.~PPG2I 320~1)

AVG 124 
— 

322 334 325(2 )

SK06 38€ 394
SK22 372 377(3)
SWU22 378

4A04 GYO1 376 386
2.6 6Y02 381 335

Y~ 3 381 388
382(1)

~P’ 22~ 376 ( 1 )

375 380 377 388

SK05 510
Y ’~C~ SK22 496
3.2 SWU22 500(1)

GY O4 498
GVO5 499

— 

AVG 496 502

NOTES: (1) lemoerature extrapolated from temperature/time curves.
(2) SpecImen 5K05 registered 329’F at 15 minut e exoosure.
(3 ) S~eci-ien SK.22 reqistered 383 F at 15 minute exposure.
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were approximately 4 inches forward of the aft edge. For the Mach 2.6

ana 3.0 conditions , the average aft temperatures were slightly hi gher

than the forward temperatures . Ifl all cases the test temperatures were

less than the pre-test calculated temperatures wh i ch were computed by

a proprietary heat transfer program using a nodal , transient , one—

di mensiona l model. The calculated temperatures were:

349°F at Mach 2.4,

319°F at Mach 2.6, and

554°F at Mac h 3.0.

These ca l cula ted tempera tures are 7 , 8 and 11 percent higher than the

test temperatures recorded at Mach 2.4, 2.6 and 3.0 and the differences

are attributed to discrepancies -n the material properties used in the

analys is. These results are consistent with the data presented In

Reference 1 which reported higher calculated temperatures than test

temperatures. The average test temperatures are plotted In Figure 100,

together with the temperatures from Reference 1 for Mach 1.6, 2.0 and

2.2. The curve Indicates an increase In the temperature/ve loci ty ratio

as the Mach number rises and ‘is consisten t with the theory.

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

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Mach N~~b r

Figure 100. Average Maximum Surface Temperature Versus Mach Number.
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Table 31 presents the exterior surface heat-up rate (In 0F/second )
for the initial injection of selected specimens. These values were
calculated by dividing the change in temperature by the time increment
for the first 5 seconds of exposure, for 5 to 50 seconds, and for 50 to
300 seconds. Face ply material Is noted. As shown here and previously
in Fi gures 91 through 99, the maxImum surface heating occurred during
the first few seconds of exposure and the rate of change rapidly dwi ndled
af ter  about 50 seconds. There does not appear to be a si gnificant difference
In heat-up rate for the two plastic materials , but the glass specimen
(PPG22A) did heat up more slowly at Mach 2.6 than did the specimens with
pla stic face pl i es. This is consistent with the capability of the materials
since the thermal conductivity of glass 1 s approximately six times that of
the plastic materials.

:NTERIOR SURFACE TEMPERATURES

Max irn t.~i, Interior surface temperatures (cabin side) are listed in
Table 32. The specimens are listed according tz~ total thickness and
ind icate tha t the Interior temperature did vary inversely wi th material
thickness f~ r the 10-minute exposures at Mach 2. 4 and Mach 2.6. The

5-’iinute exposure at Mach 2.4 and the 3-minute exposure at Mach 3.0 do
nct show rnuch of a variation.

A max i’rum interior surface temperature of 160°F is specified by
‘~ L-E-384S3A (~e’erence 10) for crew corfort. Th is temperature was
t~xceeded by onl y one specimen, GYO2 , which registered 1610F for a 10—minute
i njection at Mach 2.6.

The Interior surface temperature of an aircraft windshield is affected
ty the temperature and source of the cabin cooling air . It was not
possible to ma intain a constant cabin air temperature during the test
rin s because the heat input was a variable , and the system had a

constant f low rate of ambient temperature air supplied to the cabin
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simulator and then discharged into the tunnel free stream. The result

was that the measured cabin air temperature typica lly varied from
about 75 to 108°F during a 10—minute test cycle. In an aircraft it
would be possible to control the temperature of the cabin air supply,

although the source of cool ing air would not be located as close to
the transparenc~, as for this test model.

The temperature at the beginning of each IC-m inute injection was
higher than at the beginning of the 5-minute injection since the speci-
mens had cooled to approximately I6C °~ between injections as measured by
the imbedded thermocouples. In all cases the interior surface temperature
was climbing at the completion of each injection. Specimen SK05 was
injected for 15 minutes and registered 148°F at retraction. This is

15°F higher than at the termination of the 10—minu:e run. The rate of
change , :5 degrees in 5 minutes , indicat es tha t the temperature was
approaching steady state.

TABLE 32. MAXIMU M :NTER IOR SURFACE TEMPERA TURES 0F’

P’AC}~ 2.4 ‘~C~ 2.6 P’J~CH 3.~)

TOTAL P~JECTt0~1 Tl”E I~1JECTI0P~ TI’iE INJECTIo N T1”E
ThI CK NESS —

SP EC IY ’E~t ( INCHES ) 5 M1’I 10 MI~ S ‘II’i 10 MI 
~ 3 !‘I ~

GOD) 0.68 l~0 151
_______ __________ ______ ________ 108 161 

______________

-3 74 133 90
3.74 99 138 90
0.74 97 133

~ Z5 3 .74 95 129 
_____ ________ _____________

~Y26 C.3 ~~ 94 127
S VO 5 0.~25 96 133 86

~K36 3.82 5 _____ ________ 93 141 
______________

SIIU21 3.9 33 90 ~Tl2 101 1)7
S141.J22 3.933 97 11° 92

— PP’~22 3.94 95
PP~22A — 3,94 ______ ________ ______ _________ ______________

G’~2l 1.03 93 119
GY22 1.03 04 133
GY23 1.10
PPG21 1.25 88 114
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THE RMA L RESISTANCE OF FACE PLY/ INTERLAYER MATERIAL

Most of the test specimens were fabricated wi th a structural ply of
polycarbonate material. The strength of polycarbonate diminishes as
the temperature increases. Hence, it was desirable to measure the
heat resistance of the face pl y/ interlayer combinations and their ability
to protect the polycarbonate ply .

Thermocouples were imbedded in the specimens (all except TEX2 1 and
TEX21A) adjacent to the outer surface of the polycarbonate structural
ply to provide the appropriate temperature data. The thermocouples were
located about 4 i nches from the aft edge on the center line. The material
t~er~ma1 conductivity was used to calculate thermal resistance , defined as
the thickness of the material divided by Its thermal conductivity
( - ‘.R-FT 2 — °F/B T)J).

Table 33 hsts the nomina l properties that determine the insulating
qual’ties of the ‘ace ply and interlayer materials. Specific heat and
density were not a factor in calculating thermal resistance, since the
specimens were near steady state conditions.

TABLE 33. MATERIAL PROPERT ES

ThERMAL SPECIFIC
CONDUCTIVITY ~4EAT 0ENSZT~‘.AT ERI-~L ‘BTU 19 ./HR FTZ •F) (~Tu/1e °F) (LB/FT~)

>. Acrylic 1.26 0.35 74

Cr~thane 1.00 0.29 7~.6

~ Glass 6.70 0.20 148

Silicone 1.15 0.37 65.5
Urethane 1.44 0.40 70.25
PPGIJ2 2.00 0.44 6°.12
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The ratio of temperature to thermal resistance (face ply plus inter-
l ayer) is shown i n Fi gures 101, 102 and 103 for Mach 2.4 , 2.6 and 3.0.
The range of temperatures broadens as the Mach numbers Increase.

Specimen PPG2] falls well below the curve at Mach 2.4; the thermal

conductivity value for the PPGI12 interlayer material is suspect. A
l ower va l ue would increase therma l resistance and bring the point more
in line wi th the curve.

Variations In temperatures are apparent for similar specimens. For
Spec imens SK21, SK22 , SWU21 and SWU22 (which have i dentical cross sections
but different edge designs) there is a difference in the Internal temper-
atures of 19°F at Mach 2.6 and 360F at Mach 3.0. These discrepancies are
a ttributed to the effect of the different edge configurations as well as the
use of va lues for therma l conductiv ity that do not represent the true
material properties. Inconsistencies inherent in the testing and instrumen-
tation do effect snall differences in the test results.

A comparison of pre-test calculated temperatures and test temperatures
is presented in Tab le 34. Close correlation is shown for Specimen GY22 at
‘-4ach .2.6. For specimen PPG21 the calculated temperature at Mach 2.4 is
6 percent higher than the test temperature. The remaining calculated

:e”~eratures are low ; 15 to 34 percent at Mach 2. 4, 24 percent at Mach 2.6
and 54 to 88 percent at Mach 3.0. A similar —iiscrepancy between calculated
and tes t temperatures was reported in  Reference 1.

As noted earlier the therma l conductivity va lue for the PPG1I2 inter-
layer i~ suspect. A lower value than shown in Table 33 would decrease the

~~1culated temPerature for Mach 2.4 condItions , thereby reducing its disparity
with the test temperature . The PPG112 interlayer was operating at Its
therma l l imi t where the thermal conductiv ity value may not be a linear
function . ~ hi gher thermal conductivity value would be required for the
other specimens to increase the pre-test calculated temperatures and reduce
the discrepancy between calculated and test temperature. This procedure

was followed for the previous test program as reported in Reference 1.
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The pre-test calculated temperatures were computed by a proprietary
heat transfer program.

TABLE 34. TEMPERATURE COMPARISON AT INTERFACE OF INTERLAYER
AND POLYCAR8ONATE ( OF)

MACH 2.4 MACH 2 .6 MACH 3.0
10 ~in Exposure 10 Mm Ex~osure 3 9in Exposure

Calcu lated Test Calcul~tec Test CalcuLated Test

5K21 175 207 112 163

5K22 175 112 173
SWU21 175 216 112 159
S.~LZ2 175 112 194

t ~~~3 2 10 26 1 108 203
98 186

303 202

GY23 125 202

~56
253 270

3Y2 6 2 1 7 254

~F~ E -~ OF E:;E ~~~~~~~
Many t’~e test specimens were designed w i t h edge structure to

represent a ~otent~al produCtion installatic n . The edge fasteners ,
however , were not attached to support str’jct...re . -er’~ty elimlnatlic.

the ~or~’a1 heat sink that would exist in a ~r~~duct iof l  installation. The
thermocouples for these specimens so’~ located just aft of the forward
edge s t r4 c t u r e  t~D 2er~it a coa~a?1son 3f temperatures near edge struc—

p 

~ure and temperatures not affected ~y edge ~tructur .
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The exterior thermocouple temperatures were shown previously In
Table 30. For the 10—minute Injections , only the thermocouples on Speci-

men GYZ5 survived , and they recorded a higher temperature near the edge
structure . For the 5-minute Injections , Specimens GY24 , GY25 and GY26
registered higher temperatures near the edge structure. Specimen GY2 I
registered higher temperatures at the center of the panel, away from the
edge structure. The results from the thermocouples do not provide
enough data to make a significant judgment concerning edge effects. How—

ever , additiona l edge effects are jiscussed later under the thermal paint

subsect ‘on .

bEAT CONO UCTI ON 3Y ED-S E FASTENERS

Many of the test spec~-ens were designed wi th edge structure to repre-
sent a potenti al production lns t3lla tion . The edge fasteners , however,

were cct  att~c~ed to support str-~cture and therefore could not conduct

heat away from the outer structure as in a production In stallat ion. The

~ -erniocoup1es for these specii~ens were I mbedded under the face ply inter-

l~~er . adjacen t to the fastener on the center 1~ ne. The Sier racin
specimen had addit~-:na1 thermocouples i—bedded adjacent to the fasteners
on either side of the center line .

A comparison of temoeratures from the aft imbedded thermocouples

(aw~ f ror the edge fasteners) and the temperatures near the forward

‘as t ’~ierS Is pre~er-’~ i in  Table 35. The results of the Mach 2.4 condItion
show s1 1~ ht terperature differences for SK2 1 and PPG2I. ~or Specimens

p2 4 . ~Y O5 ar- I GY26 the ter~’era tures were cooler near the fastener; for
Specimen SWU2I the t eriperature was hotter near the fastener. The face

~ y for G V 4 , G Y S  and GY26 extended to the edge of the part and the
ther— ecouples were directly under the face ply. On SWU21 the thermo-

couple was Imbedded ~nder the edge sea lant.
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FIGURE 35. EFFECT OF EDGE FASTENERS ON INT ERNAL TEMPERA TUR ES

TEMPERATURE ( F )

MACH 2 .4 MACH 2.6 MACH 3.0

NEAR N EAR NEAR
SPECI?€N FASTENER AFT FASTENER AFT FASTEN ER AFT

SK2 1 213 207 252 239 181 163
SK.22 277 247 229 173
SWU2 1 247 216 291 248 242 159

5WU22 235 258 158 194

GY22 293 302
— GY23 245 202

GY24 238 271
GY25 247 270
GY26 225 254

PPGZ I 181 186
51~23 289 261 250 203

A t  ~k3c’~ 2.6 al l t ’e thermocouples near the edge fasteners re~’stered
hi;~’er temperatures than those aft except for SML22 , where the thermo-
couple area was shielded by an Internal fiberglass retai ner. Specimen
SK23 registered 27 degrees -~c tte r  near the fastener. SK22, fabricated

a steel retaine r , was 30 degrees hotter near t’~e fastener .

The temperatures at the Mach 3.0 condItion followed the same trend
as at Mach 2.6. SWU22 shows a coo ler reading, SK21, moderate , and SK22
and SK23 a large differential. GY23 shows a high temperature difference
but t~ l~ temperature reading was affected by the reduced face ply thick—
ness at the rabbeted edge.

El
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PLASTIC VERSUS ALUMINUM BUSHINGS

Certain specimens fabricated by Slerrac in were assembled with a

plastic bushing and an altaninuin bushing as part of the edge structure
to permit a comparison of heat conducted to the area of the structural
ply . Thermocouples were imbedded adjacent to the edge fasteners to

record temperatures. The results are shown in Figure 104.

The res~1ts for $K.21 were consistent at the three conditions. The

temperatures were predictably hotter near the alirlnum bushings , and was
8.5 percent hi gher at Mach 2. 4 , 6.7 percent higher at Mach 2.6, and 11

percent h ’gher at Mach 3.0. The area near the left plastic bushing was
cooler than the center line plastic bush ings .

The temperatures for SK22 at Mach 2.6 and Mach 3.0 were consistent
bLt do not agree wi th SK2I.

THERMAL PAINT

A phase-chan ge paint technique was used to locate “hot spots” on
selected s pec imens, to cor relate surface heating time wi th the thermocouple
data , and to correlate heat patterns with the instrumented panel data.
Five panel s were tested with phase- Mange paint as Indicated in Table 12.

The Pha se-change paint technique of obtaining heat transfer data uses
a fusible coating which changes from an opaque solid to a transparent
liquid (i .e., It melts) at a specified temperature (Reference 2). The
demarcations 5etween melted and urwnelted paint (melt lines) are model
surface fsotherms. The progress of the melt lines was photographed with
a 70-er sequence camera at the rate of one frame per second. A
paint was used for the Mach 2.4 conditions, 350°F for Mach 2.6, and
400°F for Mach 3.0.

The phase-change paint data gave the same qualitative heating pattern
as the heat transfer distributions. However , the levels were approximately
30 percent l ower than the gage data. The paint data are not shown

113
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since the uncertainty In the techniqu e is Inherently high. The paint
photos do ind i cate “hot spots” and uneven heating patterns which
resulted primarily from the edge structure and also from a shock wave
striking the specimen surface.

Phase—change paint photos are shown In Figure 105 for Specimens SK21A ,
SX2 2A an d SWU22 for the Mach 2.4 condition at 25 and 30 seconds . The
dark areas show where the pa int had melted at 300°F. The air flow was
left to right. The arc (hot spot) visible on the right side of each
photo was caused by the Interference shock visible in the shadowgraph
pnotos Shown previously in FIgure 30. The shock Impacted the panels at
t~e aft thermocouple location. Another hot spot Is visible on Specimen
SK2ZA and SWU22 along the forward (up-wind ) edge of the aft retainer.
F ~ure 30 shows a shoc k wave emanating from this spot. The photos shown

F (at 25 and 30 seconds ) Indicate the difference in heat patterns for a
fiv e second interval . ~t 40 seconds all the paint had been dissipated
except for sl i ght traces near the forward (up—w ind) end of the panels.
These results indicate a faster heat-up time than shown in Table 36 for
t~e thermocouple data where the specimens wi th an acry lic face ply did

reach 300 degrees for 23 to 58.8 seconds for the initial injection .

F~~ure 106 shows spec imens SK21A and SX.22A for the Mach 2.6 condition
a t 35 and ~0 seconds. These specimens had been coated wi th a pa in t that
would melt a t 3500F. Shock wave pattern s are visible , as well  as a hot
spot along the reta i ner on Speci men SK22A . The paint was completely
gone after 45 seconds of exposure . The dark area in the center of the
spec imens Indicates a high temperature area. Table 36 shows a faster
‘~ a~

- -up time for the acrylic material than for the urethane material ,
indi citing that urethane dissipates heat quicker than acrylic.

A teflon panel was coated with 4000F paint and Injected at Mach 3.0.
Th is  sped -en is shown In Figure 107 at 15 seconds. The paint dissipated
rap idl y and was compl etely gone in 20 seconds. The heat—u p time was
: ‘ ~~~is tCn t  w’~~1 the data shown in Table 36.

_ _ _  
_
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SE2 1A. 25 Seconds SK21A , 30 Seconds

SKZ2A, 25 Seconds SKZZA , 30 S conds

SW22 , 25 Seconds SWUZ2 • 30 Seconds

Figure 105. Thermal Pa int Injections at Mach 2.4.
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TA8LE. 36. SURFACE HEAT UP IDE

TIlE IN SECONDS

P~ CH 2.4(1) MACH 2.6(1) MACH 3.0(2)
SPECIMEN FACE PLY 300 F 350 F 400 F

Sk05 AcrylIc 8.8
SKO6 33.8

‘ GY21 38.8

G122 21.3

GYZ4 23.0
GY25 43.8
GY26 58.8

GYOl Urethane 63.9
GYOZ 48.8

6Y03 53.8 43.8
GYO4 53.8 14.8

GYOS 53.9 13.9

PPG2 2A Glass 54.8

NOTE : (1) For S-minute injection (first exposure)
(2) For 3-minute Injection (first exposure )
(3) T peratur.s are from aft thermocouples.

IIIIIL — ~1iInm~ n ~~~~~~~~~~~~~ 
_________________________________________________________________________________



-

~~~~~~~~~~~~~~ -

SK21A , 35 Seconds SK2 1A , 40 Seconds

SK22A , 35 Seconds SK22A , 40 Seconds

Figure 106. Thermal Paint Injections at Mach 2.6.

Fi gure 107. Teflon Panel Injection at Mach 3.0.



— —-- - —— n  - — —s--—--— —— — ---_ ___ --__n__--- - --_,_,_-—--1-_ -___ - ,---____.____— - -----—— -.--‘—----—- ---- — ‘ - -----.-,———-——- - - —- -— - -~—--

SUI44ARY

Thermal data was collected to provide a windshield designer wi th
guide lines for the selection of material and thicknesses for use in air-

craft that will operate In the Mach 2.4 to Mach 3.0 regIme. The data

f rom this series of tests provides temperature/time histories for specific
materials , exterior and interior surface temperatures for selected
lamina ted configurations , the insu lating characteristics for face ply/

interlayer combinations , the effect of edge structure and fasteners
on transparency temperatures, and the heat conduction for plastic versus
al~rn num inserts. Hot spots were defined on some specimens by use of

phase—change paint. The temperature s were monitored by thermocouples

~nstalled on the exterior and interior surfaces , and at the interface

of the interlayer and structural pl y. In many cases the thermocouples
failed to adhere to the spec irren surface or did not function properly.

The temperat-~re/ti’ne curves show that the temperature of the exterior

surfaces rose rapidl y and reached steady state in about 7 to 8 minutes.

The interni l temperature (at the rnterface of the structural ply and
face ply/in ter layer comb ination ) ~agged behind the exterior temperature.

Tt’e interior tempera~~re (cabin surface) had a l ower rate of change than
the internal temperature and was affected by the cab in cooling as well as
by the material thickness and therma l conductivity . Interna l and interior

temperatures d~d no t reach steady state until after 15 minutes of heat
exposure.

The -ra xirm.an internal temperature and Interior tempera ture were affected
by ~‘e temperature of the specime n at inject ion . Consequently, the

second injection o~ each specimen resulted in  the maxiiman temperature.
As was expected the maximum exterior surface temperature was not affected

by the specimen Initial temperature.
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The average maximum exterior surface temperatures were :

325°F at Mach 2.4 for a 10—minute inj ection .

388°F at Mach 2.6 for a 10—minute injection.

502°F at Mach 3.0 for a 3-minute injection .

The values var ied by less than 2 percent between specimens.

The Interior surface temperatures did not exceed the 1600F specified

~y MIL—E-384 53A (Reference 10) for crew comfort , wi th one exception (the
exce ption was 161°F). The temperatures ,‘3r ied with injection time ,

initial temperature , mater ial properties , and material thicknesses. The
hi gher temperatures occurred at the longer injections and for the thinner
specimens.

The temperature at the interface of the face ply / interlayer and struc-
tural ply was monitored and plotted to show the insulat ing capability
of the face pl y and interlayer combination. The temperatures were plotted

~~ainst specime n thermal res istance (material thickness divided by
tnerma l conduct ivity). Variations in temperature did occur for similar
r~ate rials These variations are attributed to differences In edge confi gura-

tions and to the use of values for calculating thermal conductivity that

do not represent the true material properties.

Thermocouples were installed on the exterior surfaces adj acent to the
‘-~rward edge structure to provide da ta tha t could be used to study the
e’fect of edge structure on temperature distribution. Most of the

exter ior thermocouples peeled off during the test. These results indicated

~ -~t Ps-~~ (an acrylic based cement) is not an dcceptable bonding agent
for acry l ~c when subje cted to elevated temperatures . M—Bond 600 is
acce ptable for acrylic materials but Is not usable for bonding to g lass.

Imbedded thermocouples were installed to study possible heat conduction

to the internal areas via the edge fasteners . The resul ts of the Mach 2.6
and Mach 3.0 tests we re consistent. They show higher temperatures
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near the fasteners than in the center of the panel. The data from the
Mach 2 .4 tests did not agree with these results. A variation in the hot
spots from shock wave interact ions was a possible cause but could not be
proved with the available data .

Data was recorded to pe rmit a comparison of heat conduction by plastic
insert s versus alum i num inserts . The results for one specimen were con-
sistent at the three Ma c h numbers and verified higher heat conduction
through the aluminum inserts.

Tes t temperatures were compared to pre- test calculated temperatures.
The calculated exter ior surface temperatures were 7 to 11 percent higher than
the test temperatures for the three test conditions of Mach 2.4 , 2.6 and
3.0. The discrepancy between pre—test calculated temperatures and test
temperatures at the interna l interface varied from zero to 82 degrees.
These deviations were due to the effect of the edge configuration on
temperature distribution as well as the use of va l ues for calculating
ther—ia l resistance that did not represent the true material properties.
The results were consistent wi th a previous test program reported in
Reference 1.

A phase-change paint method was used on selected panels to locate hot
spots to correlate heat~up time with thermocouple data , and to correlate
heat patterns wi !h the instrumented panel data . The paint data gave the
same qualitative heating pattern as the instrumented panel but the levels
were approximately 30 percent lower than tn~ gage data . The paint data
showed .i faster heat-up time than did the thermocouple data. The paint
dissipation pattern indicates that the aft ~en ter portion of the i~anel -]

heats up faster than the perimeter. This is the result of a shock wave
which strikes the pane l in this area . The shock wave is stronger at the
center line of the panel , decreas ing in i ntensity toward the edge of the
panel . For the specimens with steel edge retainers , hot spots were evident
in the transparent -rateria l near the reta iners. 

-- - - 
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Further tunnel testing to acquire temperature data with thermocouples
would require a more reliable bonding agent (such as P1-Bond 600) for the
i nstallation of the thermocouples on exterior surfaces. Other methods
of thermal data acquisition have been developed by the ARO/AEDC . One
such technique, Infrared scanning , would provide heat patterns in color
and di gital analysis , but was rejected for these tests because the Infrared
scanning equipment could not be installed concurrently wi th the photographic
equipment, resulting In a delay . An addit ional penal ty was the require—
rnent to coat the different face ply ~nater1als in order to obtain emissivity
data . It is recortnended that potential tunnel users consult wi th the
ARO/AEDC for possible use of other test techniques.
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SECTION VIII
CONCLUSIONS AND RECOPV4ENDAT IONS

This report addresses the results of a wind tunne l test program that

was conducted to evaluate the limits and capabilities of materials and

laminated configurations for potential use In the design of windshields

for Mach 3.0 aircraft. The goals of this test program were to determine

materia l survivabil ity in a Mach 2.4 through Mach 3.0 flight environment,

evaluate the resultant effect of the environment on the materials ’

op tics, delineate the ensuing thermal gradients , investigate potential

edge designs , and determine the effect of edge structure on temperature

distribut ion . These goals were achieved.

Prior to this ~r~~rar~, the aerodynamic effect of a Mach 2.
4 to Mach 3.0

f~ight environment on transparent plastic and Interlayer materials was

unknown. These tests demonstrated that laminated configuration of

acryli c . ’silicone/Pol ycarbonate or urethane/urethane/POlyCarbofldte, as
well as ~lass/sil1cone/polycarbOflate, are 

viable candidates for Mach 3.0

a1r~r~’t windshie lds. The l imits for these materials are still unknown

and further testing is recomended at higher velocities and longer

e*posureS to de’lr.e their i~axin,ijn capabilities.

onc~usionS and reco~,rendat1on5 are 
presented for each phase of the

test program.

~ 5T ~L~’4

It Is reconjnended that potential tunnel users utiliZe the normal pre-

test conference provided by the test facility to assure that the r,spon-
sib iliti es and limits o’ participation of the involved personnel be well
defined in the test 3l an , and to assure that a ll  participants understand

t~e test goals and tne limits of the test 
facility .
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TEST OP E RATION

It is recomended that tunnel dates be scheduled well in advance due

to heavy usage, and that the potential tunnel user del i neate his test

schedule carefully to avoid changes and costly delays . Close attention
must be given to such details as time to install and replace a specimen
since successful completion of a test program depends on maxitm.mi utiliza-

tion of available time .

TEST ENV I ROMMENT

It Is recomended that the simulation of a real fli ght environment

would be improved It tne test were conducted in a tunnel where the free

stream conditions were similar to the fl i ght conditions ; i.e., use a

Mach 3.0 tunnel to simulate a Mach 3.0 environment.

It is also reconi~iended that further Mach 3.0 tests be conducted at
lower altitudes (hi gh pressure conditions) on similar materials. The

origina l altitudes selected for the potent ial aircraft operating envelope

were riot possible to simulate because of the h ilts of the tunnel capa-

bil ity . Hence, higher altitudes were simulated than ori ginall y planned .

An undesirable interference shock wave impinged on the specimen sur-

faces. t is reconinended that the interference shock be eliminated so

as to provide an environment more compatible with flight conditions. The

wedge that was used as a flow generator was not designed for this type

of test. The interference shock could be eliminated with a wedge designed

specifically for this type of application.

It Is reconinended that a more realistic test would be achieved with
larger test specimens since specimen si ze has an effect on heat distribu-
tion and heat dissipation . This revision would , of course, necessitate

a tunnel 0f larger diameter because of potential air blockage.

It is reconinended tha t future tests at higher velocites use a different
flow generator and camera arrangement since the present system has
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~1 reached Its maximum utili zation. Further reductions in the wedge ang le
would rotate the cabin simulator window Out of the camera ’s line of
si ght.

MATERIA L EVALUATION

Prior to this test program the aerodynamic effect of a Mach 2.4
through Mach 3.0 fl ight environment on plastic materials was not known.
It had been anticipated that the selected materials might not survive
the hi gh temperatures generated at these velocities . Based on these
tests, It is conc l uded that plas tic face ply materials such as as—cast
acrylic and urethane, will survive the hi gh temperature experienced at
Mac h 2.4 through Mach 3.0 for short exposures.

These tests have further demonstrated the potential va l ue of lam-
inated aircraft windshields in the Mach 3.0 envIronment, specifically,
those configurations Consisting of as—cast acryli c/silicone/po lycarbonate,
ureth?ne/uretnane/polycarbonate , and ghaSs/sihlcone/polycarbona te, are
reconinended as potential wind shield candidates for aircraft that will
operate In the Mach 3.0 reç $ nte for short periods of time.

The lim its for these materials and laminated configurations are still
unkr.~~n and further testing 4~~ reconinended to define the ‘naxiuni.an
velocity environment and exposure time ~1mits for as—cast acrylic and
urethane face ply material , as well as for silicone and urethane inter—
layers.

Additiona l testing Is recor,nend,d at Mach 2.4 and above to establish
the effects of repeated exposure to high temperatures and pressures for
these materials and laminated configurations. It is suggested that
larger specimens be tested since thermal expansion and heat dissipation
are affected by panel size.

It Is concludso that the limit for effective use of costed polycarbonate
for short tern exposure is in the region of Mach 2.4.
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It is concluded that PPG112 interlayer Is not an acceptable material
for the temperatures experienced at Mach 2.4 because of heat induced

bubbling.

These tests have verified the importance of correct edge designs for
the survivabi lity of a laminated windshield configuration . One type of
edge design utilizing a steel retainer (SK22) sustained erosion of the
sealant under the retainer and is considered unacceptable. A similar
fiberglass retainer (SwU22) survived without erosion and is reconinended
as a potential edge design.

Two types of face—ply to edge-structure transition methods, a NV”

groove edge (SK2 h~) and a strai ght edged groove (SK23 and SW(J21), were
tested and are reconinended for laminated configurations. Further testing

Is reconinended to fully validate these edge designs when subjected to

cyclic expansion in the Mach 3.0 regIme.

it is concluded that a rabbeted type acry li c face ply represented
by Specimen GY21, GY22 and GY23, Is not an acceptable edge design for
high temperature environments because holes were burned through the
riaterlal. It is recomended that a thicker face ply or some method of
protection be used for this type of edge. It is further recomended
that a high temperature bustling be developed for the edge attachments

since the polycarbonate bushings employed in these specimens melted.

:t is concl uded that th~ type of design represented by Spec imens

~Y24, GY25 and GY26 is not an acceptable edge design . These specimens,
wi th the acrylic face ply extended to the edge and drilled , sustained
severe face pl y delamination which originated at the fasteners.

Many of the specimens sustained bubbl ing of the polycarbonate along
the aft panel edge. The hig h temperature in this area was generated
by a rebound shock wave which struck the panels near the aft edge and
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was intensified by a heat sink that existed as part of the ~‘t edge of
the cabin simulator cover. It is reconinended that these problems be
eliminated If further tests are to be conducted with this equipment.

OPTICS EVALUATION

Based on an interpretation of the grid line photographs, the 3—ply
laminates (5K05 and SWU21), the 5—ply laminates (GYO3, GYO4 and GYO5),
and the monol ithic poh ycarbonate (TEX21) are reconinended candidates for
Mach 2.4 aIrcraft windshields. The 7-ply laminates would be candidates
if the edge desi gn was revised to precl ude premature failure. Laminates
with a glass face ply (PPG21) would be acceptable with an interlayer
that could survive the temperature environment.

Based on an interpretation of the grid line photographs, the 3-ply
laminates (Si’~O6 and SWU2I), and the 5—ply laminates (GYOI, GYO2 and
GYO3) are reconrended candidates for Mach 2.6 aircraft windshields .
The results for the glass face ply laminates were positive when the
interlayer was silicone (SK23) but negative when PPG1I2 was used (PPG2ZA).
Coated polycarbon~te (TEX21A) sustained loss of vision at this test
condition and is not reconinended for use at Mach 2.6.

Based on the optical clarity of the photographs taken at Mach 3.0,

the 3—p ’y laminates (SKO5 and SWU21) are candidates for Mach 3.0 aIrcraft
w 4 nd~hie hds . ~‘e 5-ply laM inates (GYO4 and GYO5 ) are reconinended,
al though t”e optics were not as clear as for the 3—ply specimens.

The PPG specimens are the only configurations not recon~nended for
potential aircr aft windsh ields due to poor li ght transmission .

Ba sed on limited test data , it is concluded that urethane material
Is more resistant to haze than acrylic when used as a face ply material
and tested at the conditions of Mach 2.4 through 3.0.
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It is reconriended that further tests of this nature be performed
on larger specimens since deflection and optical distortion would be
affected by panel size.

THERMAL EVALUATION

The following conclusions were derived from an analysis of the thermal
data for the tested specimens.

a. The maximtjn exterior surface temperature climbed rapidly, reached
steady state in 7 to 8 minutes , was unaffected by Initial temper-
ature , and did not vary with face ply material.

b. The interior surface temperatures were consistent with the
requirements of MIL-E-38453A (Reference 10) for crew comfort.

c Al though the results were scattered, the thermal resistance

of the face pl y plus interlayer , i .e., Its ability to protect

the structural ply, did vary directly wi th thickness and
inversely wi th mater ial therma l conductivity .

i. Interna l —~terial temperatures were Influenced by the heat con-

ducted through the fasteners and bushings.

e. ~ct spots did exist adjacent to the ~eta l edge retai ners.

Further tests are recon~nended to obtain more accurate data that
could be used for predicting the temperatures at the outer surface of
the structura l plies .

~he use of phase-change paint is reconinended as a usefu l tool for

defining hot spots on the surface of a test specimen .

It Is reconinended that further wind tunnel tests of this type use a
i~ re rel iable bonding agent (such as M—8ond 600) for the exterior thermo-

couples and that other methods of thermal da ta acquisition be investigated
for potential use by consulting wi th the test facility personnel.
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