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Technical Report
Contract No . DAAIIO1-76-C-0483

Reusability of Filament Wound Launch Tubes
Period : January 14, 1976-July 14, 1976

INTRODUCTION

The work covered in this report was performed under contract DAAIIO I-
76-C-0483 and is for the contract period of January 14, 1976 through
July 14, 1976.

Although high strength fiber/resin composites have been used extensively
in rocket launch tubes by the Army and others, in these applications the
launch tube has been a one shot, expendable iten. An obvious improvement in
the cost effectiveness of some launch tube applications could be achieved if
the launch tubes could be reused.

The purpose of this study was to define several alternative material !
design systems for filament wound launch tubes which have the potential to
withstand repeated exposure to an environment caused by the aluminized
pro~e11ant and to supply the Army Missile Command with tubular specimens ofthe most promising systems for further testing and evaluation.

DISCUSSION

ROCKET EXUAUST ENVIRONMENT

The inside of the launch tube is subjected to an environment that includes
several potential forms of attack. Primarily, ablation of the launch tube
surface is a result of thermal damage and mechanical abrasion. The thermal
damage is a function of gas temperature, velocity and time of exposure.
Mechanical abrasion is due to the particulate matter present in the combustion
products of aluminized rocket propellant.

The relative significance and interaction of these two effects is difficult
to predict analytically. However, in order to obtain an order of magnitude
idea of the thermal environment in the launch tube, the following analysis based
on available information was performed.

LAUNCH TUBE THE RMAL ANALYSIS

In order to evaluate the performance of various launch tubes in combina-
tion with different rockets, it is necessary to determine approximate flame
velocities and tube surface temperatures. Some assumptions were necessary to
obtain these values which, in addition to uncertainties associated with empi-
rical equations, limit the accuracy of the results. However, the analysis
does give good comparative data and indicates what effects a variable has on
tube performance.

--- _ . -~~~~ 
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A step-by-step analysis is performed for rocket #3 (per Technical
Requirement No. 6005) in a 3-inch diameter launch tube. Results from a
simi lar analysis are also given for rockets #1 and #2 (see Table I for
characteristics of rockets #1 thru #3).

For rocket #3:
ft - ibm

P0 6150 psi gc • 32.2 lbf sec2
k = 1.18

6310 °R R = 64.4 f t -lb f
= 1.71 in. (throat) lbm~R

D2 = 2 .50 in. (nozzle) Burntime .008 sec.
D3 = 3.00 in. (tube) P3 500 psi (assumed)

Analysis of the exhaust gases of a typical polyurethane fuel containing
aluminum yields the following bulk properties:

Cp 2.0 Btu/ibm°F
Pr = .69
p = .007 lbm/ft3
U 2.3 X i0~

5 ibm/ft-sec
R • 64.4 ft-lb f/lbm°R

For an isentropic flow process, the nozzle exit velocity can be found:

M2 = M l A l/A2
,~

I(1+ k~l M~~

) ~~ 2. 1 (1)
1 +  2

The acoustic velocity at the nozzle was found:

Va = = 3330 ft/sec (2)

which results in an exit velocity of

“2 • 7000 ft/sec

The pressure at the nozzle was:

P 2 • P0 (i - v~ 
k
2 k

l 

~
_) (k ~) = (3)

The existence of an additional pressure drop from the nozzle (P2) to the tube
(P3) resulted in the assumption of a 500 psi tube pressure.

LI



To find the gas temperature at the nozzle:

(k- li
T2 = T0 (

~
.) ~, 

k / = 4515 °R (4)

Equations (2), (3) and (4) were solved successively to close in on the
given solution .

To obtain the gas velocity in the tube, the principle of conservation of
mass was applied.

V3 = f..~. 2. = 6300 ft/sec

To find the gas temperature in the tube

1k - I
(P3\ ~~~~~T3 = T0 I,J~j J = 4300 °R

The adiabatic wall temperature , which is the true driving potential , is
not significantly lower than the temperature (T3) calculated .

The following empirical equation was used to find the convection heat
transfer coefficient.

h = .023 ~~~~ Pr 
-2/3 C~ pV 340 Btu/hr ft °F

Radiation heat transfer was analyzed and found to be negligible.

Using the calculated values for T3 and h and assuming appropriate material
properties for the launch tube, the approximate tube wall temperature after
.008 seconds was determined to be 550°F.

A summary of the results of the analysis of the three rocket systems
listed in Technical Requirement No. 6005 is given in Table I.
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TABLE I

I

GIVEN: ROCKET #1 ROCKET 02 ROCKET #3

P0 2500 2200 6150 psi

~
. 

~~~~
. k 1.21 1.20 1.18

To 5740 5350 6310 R

Dl 1.8 1.96 1.71 in.

D2 5.8 3.11 2.5 in.

D3 8 14 3 In.

Burn Time .25 .30 .008 sec.

g 32.2 32.2 32.2 ft-lb~/1bi sec
2

R 64.4 64.4 64.4 ft Ibf/lbm •R (

Assume :

p3 20 50 500 psi

Results:

V2 8600 6700 7000 ft/sec

V3 7400 1000 6300 ft/sec

h 640 115 340 Btu/hr-ft ‘F

T3 2400 2850 4300 R

1550 1050 550 F

SUBSCRIPTS

o - chamber
- - 1 - throat

2 — nozzle
- - 3 - t u b e

t

-t - I_ _ _ - ---—---~ ~~~~~~ —.-— —----.—-~~~~~~~~ —-.-.-~-~—-------.~---—----.-—-—
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From the results of the thermal analysis It would appear that thermal
damage should be less significant for high impulse , short burn time rocket
systems than for the larger, slower systems. For most resin systems
considered in this study, brief exposure to 500-600°F should not result in
any permanent damage. The Epon 828/NMA resin system, for example , is some-
times post cured at near 500°F to increase its heat distorsion temperature.
Examination of launch tubes which have been subjected to an exhaust environ-
ment similar to rocket No. 3 indicates no obvious evidence of therma l
damage (i.e., charring or discoloration). Laboratory tests were run by
Brunswick on tubes of similar construction , and the surface condition of
the fired tubes could only be duplicated by alumina grit blasting . Torch
tests on these tubes and others, reported on in more detail later in this
report, resulted in discoloration , blistering and, finally, charring of the
resin, none of which was apparent on the fired launch tubes. Photographs
of a fired launch tube and tube sections subjected to laboratory tests are
included as an appendix to this report.

It is possible that heat softening may have contributed to the erosion
in the fired tubes, and that some amount of surface sublimation may be
taking place , and it is likely that in rocket systems similar to no’s. 1 and
2 in the Technical Requirements the thermal effects would be significant.
However, these analytical and experimental results do raise some questions
about the validity of a pure thermal test for the evaluation of launch tube
materials in some applications .

MATERIAL SYSTEM SELECTION

As part of the original program plan , a matrix of potential materials
for winding and liners was generated. This matrix is given as Table II.
As the program progressed, the orig inal matrix was continuously revised and
expanded. Two general approaches were considered. The first and preferred
approach was to define a winding resin which would result in a composite
which met the program objectives. As an alternative approach , a liner
material to shield the ovcrwrap from the rocket exhaust environment was
considered.

The criteria for selecting resin systems for winding was based on the
consideration of heat dist~rtion , flammability and toughness (abrasionresistance) as well a~ cost and processability.

From preliminary results obtained at MI CO M on 2.75 inch diameter launch
tubes, it appeared that a thin (approx. .020”) gel coat liner offered a
considerable amount of protection to the tube surface, and liner material
evaluation was a significant part of this study . Included in the criteria
for liner material selection was: heat distortion temperature , flammability,
abrasion resistance , thermal conductivity and auto-lubrication . Increased
thermal conductivity of the liner material would increase the thermal
capacity, and thus reduce the surface temperature of the tube, while auto-
lubrication (e.g., graphite) may reduce abrasion .

A summary of the matrix and liner materials evaluated in this study is
given in Table III. The alphabetic code was.assigned to facilitate tabulation
of test data.

- -

~~~~~~~ —.- .. ~~~



- - 
- ~~~~~L~~~~~~~-~~- -~~~ 

-- -

k ~O
• k k Ii ~~~t- 4.’E

~~~~~~~ k ~~~~~~~ o C) a . .
‘~~ ‘‘ C ~ 4) ..4 ..i . $.) 0 Z fi F-(I) U. .~ s U. ... ...l ..-, .~~ .~~ .~~ ..a ~e 0 4) • C

F- 0 U. 0 I~ fl ll~ F- N ~ ~
-. I-. 00 0 0 4) 4) 4) ~l) fl 1. >. ) ~~~~~ —~ C) •.4 V~i~ u~ 0 Lt) ~~~ ~~~ e-~ ~. ~~ C ‘.-• .C .C ). 4.’ eJ

X u u o e o o o ~~ ~X ‘—
j — ‘~~~ 

. . . u ‘~-. c a. a. a. o • .. .~ ~~ vo ‘— n.a.~~ .’e. ”~ ~u i . u~ u~~~a.o z o~~~’..o c~ ~~~t’1 4) ...4~ 44
C F - 0 4 ) V V i . ULU .-J 0 0 0 > .C) .r~J 0Iu.4 • m ~~e~~~~~~~F-— z  ~~~U O - — 4 ~~~~~l ~A .C . C 4) U k
4) C.c .C .C V~~~~~~~~~~O Q O 4 ) .~~~e.’ oc~~a~~o C ) vv~ ~ (~ 0 ~. .. > 1 .  DC..-. ~ C

= z z_ J _.J LI Z Z Z ~~~~~~~~~ I - F - u~~U..- ~

4)
— ..

~~~~ U
— 0<  )( )( )C )< >C )•< 4)
N I- UJ
0
— I-
U <U F-

U,
— S ‘4 F-
— (fl .< ~~ ).< ~< 

t.( ~< >~ ).( )
~~ >( 4.’)( IU LU

~ 
£
~..

~~ 4) ...
~ ~‘ .-‘ ..-. a a. ‘-~ •0I.. lu • .-4 0 4.’ V~~ Sfl .C E (I) 0 C 4) 1)

LI .r4 4J~~.l O 1 ) O~~~ V~~~~~~ ’ U 4 C—. ~) U S C ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~F- U. O 4 ) a. c1 ’ ) k 1 .  ~. S ~~~~~~~~~ 4) V)
Z .O .0 4 J < L~~I4 Q.C -4~~4~~~~~C)

14 •- ~~ ~,. t4 N 4.’ W 1. ~~~. ~~~U U U < ~~~ i-’. ~~z -S. ~.. ~. ~~ ~~ ~-S 14 4) (J 54 4.’ >SN N N  “~~~~ C —0 0  0 N N N 0) ~~ 0 U) XZ 0 0  0 0 ‘4 X >.. 0 5.. 0 .~ 0
— 4 ) 4 ) 4 ) 4 ) 1 ) 4 )1 5 S 0 0 0  t 0 0 K . ~4 O D C 4 U I .

C C C C C 1*. IA. 1.5. 0 L) U U. a. ‘—‘ 0 — 0 ~~ •.4 .~4 544• -~ O O o o o o ~~~ a~~~ a. a~ — — a . . - .~~ 4)
Z Z Z Z Z Z. J —) ..J < .-~~<~~~~~ .) u): > O~~~

: u
N ’O~~~~~O C ’ . - N N N  N N N N N N N N~~~~ N NQ) - 4 N . . 4 .-4 0) 0 ) 0) 0) 0) 0 ) 0 ) N0) 0 )

)C 0 N C r~ 0 00 0  0 0 0  0 0 0 0 0  0 0  4.’ 4)
— I s 0~ .-4 54 0 i  ‘ I  ~ i i I~~~~~~~~~ i 0 ’~~U. U. U 14 ..4 ~~ Li, U. I).. U. U. U. U. Ii. U. U. U. U U. U. .4  54I-. ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
< .-) .J .U: ).~ I-. )~C ~~ ~) .-) ~~ .J _~ ..) 

_) -~ -~ ..~ .~ -~ ~a m
z U)’)

.04

I-

I-.0 N t ~~~~~~~~ O N ~~~~O) o.-.N,~~~ tn)o t-.~~~a)o —Z — .-s — — — 1 — — — — N
U, 

A •- -- 
~~~~~~~~~~~~~~~~~~~



11
• TABLE III
• SU*IARY OF MATERIAL SYSTEMS EVALUATED

MATERIAL CODE MATERIAL DESCRIPTION

Matrix Materials

A Epon 828/Nadic Methyl Anhydride/Benzyldimethyl Amine

B Epon 828/Nadic Methyl Anhydride/ATC-3

C Apco 2447 (Novolac Epoxy)

D Dow 7575.02 (CTBN Modified Epoxy)

E Epon 828/NMA (Tube Provided by MICOM)

F Xyloc 235-C

Liner Materials

G Epon 828/Aliphatic Amine/Cabosil

Epon 828/Aliphatic Ami~ e/~~~esto3 Cloth

I Epon 828/Aliphatic Amine/Chopped Graphite

J Resin C/Cabosil

K Resin C/Asbestos Cloth

L Resin C/Chopped Graphite

M Resin A/Graphite Cloth

N Resin C/Graphite Cloth

O Polane (Polyurethane)

P Resin A/Cabosil

Q Resin D/Cabosil

R Barium-Mica (Supplied by MICOM)

.7



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

-
% TUBE PROCESSING

Tube specimens in this study were fabricated to detailed processing
documents. The tube overwraps were all wound with 20 end , Type 801 E-glass
at 2 70° wind angle and 14 rovings per inch . Four layers erc applied to an

• approximate thickness of .040 inch. An attempt was made to hold the liner
thickness to around .020 inch , but the actual thickness varied depending on
the nature of the liner material. The more viscous materials tended to
result in thicker liners . In all cases an uncured gel coat was applied to
the mandrel surface prior to winding to eliminate dry fibers from the inner
tube surface and to improve the bond between the liner and the overwrap for
the lined tubes.

EXPERI M E N TAL EVALUATIO N

Most of the test work was carried out using the same 3.110 inch
diameter tubes which were eventually shipped to MICOM for further evaluation .
A few materials were subjected to preliminary evaluation using flat laminates
and NOL rings , but the ones selected for shipment to MICOM were also evaluated
as tubular specimens. A summary 01 tubes shipped to MICOM is given in Table
IV. Several other resin systems were considered , but because of various
processing impracticali ties and cost disadvantages , they were not selected
for experimental evaluation .

Evaluation of each material system was performed using the test fixture
shown in Figure 1. The fixture was designed to pass the specimen through a
con t~ o1led thermal or abrasive environment prcdt:ccd by an ~xyacc ty~ enc tcrch
or a grit blast nozzle. In Figure 2 .is a photograph of the test fixture in
operation. The grit used in this test was 100 mesh alumina. The test specimen
can be passed through the environment at varying speeds by means of a DC motor
and variable power supply. After two combined torch and grit blast tests
using the f ix ture , it was decided that the abrasive environment was too severe
for the fixture and all further grit blast tests were run using a hand held
gun and a fixed period of exposure.

Hardness of the specimens was measured using a hand held Barcol Inpressor,
Model 934-1. Ablation was measured by measuring the specimen thickness before
and after testing. Some difficulty was encountered in measuring specimen
thickness. Because irregularities in the outside surface were occasionally
of the same order of magnitude as the ablation being measured, accurate
measurements were not always possible.

RESULTS
F A summary the results of the torch tests and grit blast tests is

presented in Tab. V. For every specimen the amount of ablation (thickness
reduction) was measured , and a Barcol h ardness test was performed before and
after each torch test. In addition , pictures were taken of each of the
specimens and are included in Appendix A.

___________ a



TABLE IV
SU*tARY OF LAUNCH ThilE srEctMLNs SHIPPED TO MICOM

S/N MATRIX LINLR MAThIRIAL

002 Epon 828 None
Ciba 906 Hardener (NMk)
ATC-3 Accelerator

003 Apco 2447 None

006 Epon 828 Chopped Grap hite Fiber
Ciba 906 Hardener (SMA) E pon S~ S
BDt4A Aliphatic Amine

012 Dow XD-7818 None
Dow XD-7575.02
Epoxide 8
Tonox 6040

013 Epon 828 Polane (U rethane)
Ciba 906 Ha rdener ( NI¼IA )
BDMA

014 Epo~ 828 Epo n 828
Ciba 906 Hardener (NMA ) Ciba 906 Hardener (NMA )
BDMA BDMA

Filler (Cabosi l)

015 (Baseline) Epon 828 None
Ciba 906 Hardener (NMA)
BDMA

017 Epon 828 Dow XD—7575.02
Ciba 906 Hardener (NMA) Dow XD-7818
BDMA Epoxide 8

Tonox 6040

019 Xyloc 235 None
(P roprietary Hi gh
Temperature Resin)

020 Epon 828 Apco 2447
Ciba 906 Ha rdener (NMA) Chopped Graphite Roving
BDMA

02 1 Epon 828 Epon 828
Ciba 906 Ha rdener (NI4A) C iba 906 Ha rdener (NMA )
BDMA ATC-3 Accelerator

Cabosil

022 Epon 828 Apco 2447
Ciba 906 Hardener (NMA ) Cabosil
BDMA

.7
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F IGURE 2

Photograph of Torch Test in Process
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The b.~se1ine tube  as ‘. t et ined  by M ICO M was Type 801 , E — g l n s s  w i t h
Shell Chem i .~a 1 Co np any ’s Ep on 82S . The acce lera tor /h ar d ener  sy s t e m  used
wi th  828 f o r  th~ bn~- o l  in c  tube was m e t h y l n a d i c  a n h y d r i d e / h e n z v l d i n e t h y l _
ami ne. To c a l i b r a te  he e f f e c t s  of the torch  t e s t ,  t I s O other  “b a- - e l  m c ”
resin s y s t e m s  were  t - v . i l i a t  J — One w i th  a h igher  heat  d i st o r t i o n  te~ perature
(Apco 2447 Novo lac L~. xy) and one w i t h  a lower  heat  d i s t o r t i o n  tc- reraturc
(Epon 828 and m e t h y l n a d i c  anhy dride/ATC-3) . The r e su l t s  of torch t e s t s  on
these three systems without liners are g i v e n  below .

ABLATION HARDNESS
ILD.T.  j~~ DUCT 10N IN TUI CKN L SS )  BFF ORE AF T LR

(2) Epon 82 8/ATC-3/ NMA 150 °F. .001 67 .5 59.5
(3) Epon 828/BDMA/NMA 250 °F. .000 73 .3 65.2
(2) Apco 2447 350°F. .001 72.0 (38.0

A l l  tests were perf ~’rmed wi th  the  nozzle 2” from the specimen and the  spec i men
moving through the flame at 1.3 feet/second. The numbers in pa r cn thesese
ind icate the number of specimens tested at this condition. There S I t S  very
little scatter of these data (see Table IV) . Al though the r e su l t s  do not show
ablat ion to be s i g n i f i c a n t  for any of the resin systems under these  test
conditions , there is an i nd i ca t i on  of a reduct ion in surface  h ardnesS .  As
might  be expec ted , the h i gher.heat distortion temperature resin system showed
the smal les t  decrease i n  hardness.

MATRI X MATERIAL EVALUATION

As noted in Table II , several resin systems were considered for evaluation
as a matrix material. The final selection of four (not including the baseline
resin system) was based on a preliminary screening evaluation which considered
processabi l i ty  and cost as wel l  as performance po t en t i a l .  A brief discussion
of those systems e l i m i n a t e d  from consideration under this program and the
reasons for the i r  e l i m i n a t i o n  fol lows.

-
• Triazine A - T r i a z i n e  is a high temperature resin system made by Mobay

Chemical Co. Severa l resin cas t ings  and NOL r ings  were fabr icated wi th  t h i s
mater ia l  but because of excessively h igh  cure shr inkage  and processing diff i-
culties , it was deemed unsui table  for f i l a m e nt  w ind ing .

Polyimide - Poly imid e s  show some amount of fu ture  promise for use in
fi lament w i n d i n g .  They have the inherent d isadvantages  of high cost and a
vacuum bag cure r equ i r emen t .  However , Brunswick  has an ac t i ve  in-house
program underway to investigate pol yimides for filament winding, and it is
possible that  processing techniques may be developed whIch w i l l  make poly im id es
more practical  for hi gh volume f i l ament  wound parts.

Aluminum Phosphate - AIPO4 is an inorganic material for which Brunswick
has d ev eso p L -d . ~~~~~ ~~: use in h igh  temperature , g lass  reinforced radomes .
it  was considei e4. fo~ ~~~~ b tubes because of i ts h i g h  temperature res is tance
(approx. 120f ” } )  • bu~ h - ~ . tse of its relatively complicated processing require-
ments and lo~ ~tb tsi on re~ istnnce , it was e l imina ted  as a v iable  candidate.

• 
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Of the four resin systems chosen for further evaluation as a m atr ix  -

•
material , two we re high temperature systems and one was an abrasion?esistant (toug hened) epOXy . The four th  was another anhydr id e  cured Epon828 system itn iuded as a comparison wi th  the b asel ine system.

Apco 2447 Novo lac Epo xy - This r esin system appears to offer the bestpotential for h i gh  temper ature (500 °F) f i lament wound appli cations . It isa relat ively h i g h  st r en gth  system that  is eas i ly  adapted to f i l a m e n t  winding.Re~u l t~ of the torch te c t Ind icated on ly  a sl i ght reduction in hardness af terexposure to the flame.

High t emperature s t r eng th  retent ion test data developed by Brunswi ckis given below whic h indicates  that  at 550°F , the re is oni>’ a 34% loss intensi le  strength.

AP~O 2447 NOVOL C R1: SIN TENS I LE STRENGTh
ROOM TEMP . 350°F. 400°F. 450 °F. 500°F. 550°F .

Stress 47 .000 psi 38 ,000 psi 34 ,000 ~5i 33,000 psi 30,500 psi 31,000 p s iStd. 0ev. 2,550 psi 2 ,926 psi 3 ,304 psi 2 ,002 ps i 2 ,022 psi 2 ,371 psiC.V. 5% 8% 10% 6% 7% 8%
Visual examination of th specimen fo l lowing the  torch test indicatedthat considerable darkening of the resin had taken place. However, becauseof the high temperature performance and processability of this resin, furtherconsideration of Novolac epoxies  is warranted .

Xyloc 235C - Xyloc is manufactured by Ciba (eigy for hi gh temperature(to at least 400°F) applic ations . It must be vacuum bag cured and diffi-culty was encountered in maintaining resin content due to a significantdecrease in viscosity at elevated cure temperatures. The specimen did notperform well under grit or torch testing . This may ha v e been due , in part ,to the low resin content. Grit blasting resulted in the errosion of thematrix well into the first fiber layer. Torch tests resulted in discolora-tion, blistering , and a reduction in surface hardness. Improved processingtechniques must be defined before this system can be considered for launchtube applications .

Carboxy l Terminated Butadiene Acrylonitrile (CTBN) Modified EpoxyResin - ~TBN modified resin systems are recommended where a toughenedfracture resistant matrix is desired . During cure of the epoxy smallolastonerjc particle s precipitate out and act as crack arrestors in thematrix. It was felt that if abrasion were the primary form of attack , thenthis “toughened” material mi ght be attractive . The effect of grit blastin gon the ~TBN matrix was surprisingly severe. The composite was eroded throughthe first ply of fiber (.010 inch). The therma l test results wore darkeningof the resin and a reduct ion In hardness.

Epon 828/NMA/ATC-3 - This is a relatively low heat distortion anhydridecured system. I t s performance in the tests was similar to the baseline syste m .

7’
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Based on these bench test results , none of the matrix materials
t evaluated under this program offer  any significant  improvement over the

baseline material . However, it must be emphasized that these bench tests
do not duplicate rocket exhaust environments present in actual launch tubes, and
a material should not be eliminated because of these test results alone.

LINER MATERIAL EVALUATION

The function of a polymeric liner in a launch tube is not entirely
clear. From results obtained at MICOM and Brunswick on actual launch
tubes, it appears that a relatively thin layer of resin on the inside of
the tub e provides considerable protection to the overwrap . In fact , it has
been demonstrated that a tube with a liner of a material with a lower heat
distortion temperature than the matrix material wi l l  perfo rm better than
the sam e tube without the liner. Three mechanisms were considered as
potential functions of the liner. From a thermal standpoint, the liner
may be providi ng a hi gher specific heat surface, thus reducing the surface
temperature. The homgeneity of the liner may also make it less sensitive
to thermal shock than a composite surface . Protection from abrasion may
be provided due to the lower modulus of the liner as compared to the composite.
The consideration of these mechanis dictated the choice of materials
evaluated under this portion of the program.

Each liner material will be briefly discussed includii)g the results
of testing.

Epon 828/Ali phatic Amine/Cabosil - This is a room temperature cure
resin system and is similar to the TETA cured system tested by MICOM . The
MICOM test results indicated that this liner suffered no apparent damage
when subjected to rocket firing. Under the torch test, there was discolora-
tion, and a reduction in hardness from 62 to 52. The apparent increase in
specimen thickness may have been due to the difficulty in obtaining accurate
thickness measurements. A combined torch and grit blast test was run on
this material which resulted in .007 inch ablation and a net increase in
hardness , probably indicating that much of the liner was blown away and the
hardness measurement was being effected by the overwrap. This test is
obviously more severe than MICOM ’s rocket firing. The appearance of the
ablated surface was similar to the unlined launch tube tested at MICOM.

Epon 828/Aliphatic Am ine/Asbestos tape - Asbestos tape has been
occasionally used as a shield for composite structures in regions where high

— temperature rocket exhaust impinges directly on the surface. In most launch
tubes the use of asbestos could probably be limited to the aft portion of the
tube where thermal exposure is greatest. Exposure of the specimen to the
torch test resulted in a small amount of measured ablation (.003 inch) and a
significant reduction in surface hardness. A combination torch and grit
blast test resulted in considerable ablation, exposing the asbestos fibers.
The low cure temperature and relatively low strength of the resin system
were probably detrimental under these test conditions.
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Epon 828/A lip ha t i c  Amine/Chopped Graphite - The degree to which a
su rface can absorb heat whi le  m i n i m i z i n g  wa l l  temperature is determined by
the spe~ i f i c  heat and therma l conductivity of the wall material. Most
resin systems are characterized by reasonably high specific heats but very
low therna l conductivity. High conductivity f i l l e r s  can be in trod uced
into the resin to increase conductivity. For this study chopped graphite
fibers w ere blended in the resin (8% by weight). In addition to improved

• conductivity, it was felt that the graphite may offer some surface lubri-
cation in actual launch tubes . Results of the torch test indicated a
pos sible improvement in hardness reduction (63 to 59 compared to 62 to 52
for no graphi te). Gri t  b l a s t ing  resulted in a du l l ing  of the surface and
.004” ablation but the liner was still intact.

Apco 2447/Cabosil - Because of its bet ter  high temperature strength ,
Apco 2447 was considered as a liner material . The torch test , again ,
resulted in considerable darkening of the surface with little hardness
reduction. Two specimens from the same tube were torch tested with differing
results , sugg esting that the effect of the torch test on Apco 2447 may be 

t
somewhat irratic.

Apco 2447/Asbestos Cloth - The addition of asbestos cloth to the
Apco 2447 l iner  appears to be de trimen tal to the liner ’s performance.
Besides the usual darkening, the surface was badly abla ted and marked wi th
small pit s. The pitting suggests that the surface may be subj ected to
thermal shock. These results are consistant with other asbestos cloth
tests and , to some extent , with graphite cloth. It appears that a high
v~~j~ cor te~ t in the liner is a r~q’tirevnent.

Apco 2447/Chopped Graphite - The results from a chopped graphi te f i l led
Apco 2447 liner were similar to previous results using chopped graphite.
The torch test resulted in a darkened surface and the grit blast in a dulled
surface. There was li ttle , if any, ablation.

Epon 828/Madic Methyl Anhydride/Benzyldimethyl Amine/graphite cloth -

In the original program definition , it was felt that a graphite cloth liner ,
besides providing the benefits of chopped graphite , would provide some
additiona l reinforcemen t for the tube. Torch test of the specimen resulted
in some localized surface damage where the weave of the cloth neared the
surface of the resin. Grit blasting removed the thin layer of resin covering
the cloth and exposed the graphite yarn. These results reiterate the need
for a high resin content liner.

Apco 2447/Graphite cloth - The results of a Apco 2447/graphite cloth
liner were similar to the Epon 828 system discussed above. Irratic hard-
ness data was due to the irregular surface of the ablated cloth.

Polanc (Sprayable Polyurethane) - If abrasion is a significant problem
in launch tubes, then it follows that a tough elastomer might make a good
liner m a t e r i a l .  A tube was fabricated by applying a sprayable urethane to a
mold released mandrel and overwrapping with the baseline tube. The only
effect of gri t  b l a s t ing  was a du l l ing  of the surface. The torch test
darkened •thc surface to the point of charr ing.  A urethane with higher tempera-
ture capabili ty should be considered for future studies.
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Epon 828/Nadic Methy l A n h y d r i d e / B e n z y l d  imethy 1 Am i  n~~-’Cabos ii — As an
addit iona l experi menta l  control , the baseline Lpon 828 resin system with
Cabosil was evaluated as a l iner  m a t e r i a l  and performed w e l l .  The oni
effect of the torch test was a slight darkening of the  resin . The grit
test dulled the surface ~.li ghtly but r e su l t ed  in  no s i g n i f i c a n t  ablation .

CTBN Modi f i ed  Epo xv/C abosi l  - Because of its alleged toughne’.~- , CTHN
modified epoxy was considered as a l imie r  m a t e r i a l .  The torch  tes t  r e s u l t e d
in a darkening of the sur face  but no s i g n i f i c an t  e f f ec t  on hardness .  The
gri t  test , once again , du l l ed  th e  surface w i t h  no measurable  a b la t i o n .

Bar ium-Mica /E poxy — This tube was not wound by Brunswick but pr~~’i dcd
by MICOM for eva lua t ion . The Barium—M ica filler was an at tempt to ~ake the
tube surface less s ens i t i ve  to rocket exhaus t.  The l i ne r  in the tube provi’.led
was very thin ( a few thousandths) and did not provide protection from grit
ablation. Grit blasting exposed the first fiber layer. The torch test
resulted in very little discoloration of the resin , but some l igh t  areas
indicated the p o ssibi  11 ty  of subsur face  d e l a m i n a t i o n . A t h i c k e r  l i n e r  of
this type may be worth further consideration.

CONCLUSIONS

Therma l analysis results indicate that at least some rocket l aunch tube s
may be adaptable to an all composite design . The wall temperature associated
with high impulse , low burn t ime rocket sys tems appears to he low enough
(appro x. 55Ø 0 J )  to a l low the use of an epoxy on the inside d iamete r , however
s lc’w~r, long him t im~’ syst ~as may r~qu Ire ~oac ex t ra  p ~~ t ian u t ~~ aend of the launch tub e to survive repeated firit ig s .

• F rom the resul ts  of the screening tests , it appears th at a l i n e r  ma ter i al
is necessary to achieve the goal of reusabi litv . A l t h o u g h  the t e s t s  perform ed
are qualitat ive in nature , based on these r e su l t s , a h igh t emperature matrix
mate rial alone does not show much promise of success. In add i t i on , proc e ss ing
and cost disadvantages of most of these high t empera tu re  sy stems make them
impractical for high production rate filament winding .

The tests performed for this study did not s u f f i c i e n t l y  d i s c r im ina t e
between l iner  ma te r i a l s  to a l low f i n a l  s p e c i f i c  recommendat ions to  be made.
However, from test results and intuit ion , it appears that a relatively good
strength retention under exposure to heat combined with .ubr.msion resistance
is the prime requ iremen t of a l i ne r  m a t e r i a l .  O f the lim ier materi als i n v est  i-
gated , Apco 2447 and l poti S2S/ s~L\ w i t h  or without f i l l e r s  (chopped g r a p h i t e  or
Ba rium-Mica) seemed to o f fe r  the best po ten t i a l  for fu r the r  i n v e s t i g a t i o n .

The use of fabr ic  ma te r i a l s  (i .e .,  asbestos tape and graphite cloth) in
a li ner was det r imental  to the l iner  funct ion . I t  appears tha t a h igh res in
content layer of several thousandths of an in ch in t h i c k n e s s  is necessar to
provide adequate protection to the tube surface. 
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Filler i~aterial such as graphite and barium-mica may offer advantagesbut a more d i s c r i m i n a t i n g  test , such as an actual rocket f i r ing,  is necessa ry
to ful ly evaluate their effect.

RE COMME ND ATIO N S

Results of this study indicate that reusable composite launch tubes are
definitely a possibility. The experimental results point out the difficulty
in s i m u l a t i n g  a rocket exhaust environment in the laboratory . it is recommended
that t h i s  work he continued , us ing actual rocket motors as the test vehicle.
Emphasis for future  work should be placed on liner materials , with increased
consideration of manufacturing techniques. In addition , some considera tion
should be g iven to the overwrap design. Optimization of the wind pattern
is not only impor tant  from a strength consideration , but low angle (near
longitudinal)  f ibers  on the inside may be more res is tant  to abrasion from
the rocket b l a s t .

Using the resu l t s  of this study ( including MICO M test results) as a
starting point , the follow-on program should allow for an iterative selection
of materials and designs. If possible , experimental evaluation (rocket
motor tests) should be carried out concurrently with material/design selection ,
so that the selection process can reflect prior results.

For maximum resul ts, it is recommended that this follow-on study consider
only material/design systems which use established processing techniques.
A parall e l , but separate, program could be undertaken which considers a more
exotic materi al requiring a more extensive nrocess development effort , such
as polyimides. This would allow the main investigation to proceed undiluted
by materials requiring an inordinate amount of time and effort.

More specific recomiunendations can be made when the results of the tests
performed at MICOM are available for review. The MICOM tests and evaluation
are somewhat different from those reported here and should provide additional
information on the relative merits of the various material systems .

1~ 



_ _ _ _ _ _- -~~~ - - ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --
~~~~~~~~~~~~~~~~~~~

--- —•
~

• • - --~ 
- - • - - -

;t

REF ERENCE S

Principles of Heat Transfer, F. Kreith

Handbook of Heat Transfer , Rohsenow ~ Hartrett

Rocket Propulsion Elements , 2nd Edition , G. Sutton

Handbook of Tables for Applied Engineering Science, CRC

.2c

—



~ I~$iT OF SY’11301s

A Cross Sec t ional  Area of F l o w
Cp Specific Heat

D Diameter

k Specific h eat Ratio

M Mach Number
P Pressure

Pr Prandtl Number

R Gas Constant

• h Convection Heat Transfer Coefficient
V Gas Velocity

• p Density

Li Viscosity

SLJBSCRI PTS

o Pertaining to the Rocket Chamber

Pertaining to the Rocket Throat

2 Pertaining to the Nozzle Exit

3 Pertaining to the Launch Tube
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Torch Test Grit Blast Test
S/N 001 Matrix: A Liner : None

Torch Test Grit Blast Test

S/N 002 Matrix: B Liner: None
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Torch Test Grit Blast Test
S/N 003 Matrix: C Liner: None
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Torch Test Torch/Grit Test
S/N 004 Mat r i x: A Liner: G
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Torch Test 
Torch/Grit Test

SIN 005 Matrix A Liner : H

Torch Test 
Grit Blast Test

S/N 006 Matrix A Linen I
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Torch Test Grit Blast Test
S/N 007 Matrix: A Liner: J
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Torch Test Grit Blast Test
S/N 008 Matrix: A Liner: K
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Torch Test Grit Blast Test
S/N 009 Matr ix :  A Liner: I..
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Torch Test Grit Blast Test
S/N 010 Matrix: A Liner: N
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Torch Test Grit Blast Test
S/N 011 Matrix: A Liner: N
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Torch Test Grit Blast Test
S/N 012 Matrix: 0 Liner : Non e
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Torch Test Grit Blast Test
S/N 013 Matrix: A Liner: 0
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Torch Test Grit Blast Test
S/N 014 Matrix: A Liner: P
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Torch Test Grit Blast Test
S/N 017 Matrix : A Liner : Q
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Torch Test Grit Blast Test
S/N 018 Matrix: E Liner: R 
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Torch Test Grit Blast Test
S/N 019 Matrix: F Liner : None
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Photogr aph of a sectioned three inch diameter launch tube
which has been subjected to a single firing of a rocket
similar to rocket No . 3 in Technical Requirement 6005.
The winding matrix is Epon 828/ NMA with no liner.
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