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INTRODUCTION 

Tests of inert Sidewinder 1C missiles,   carried by supersonic air- 
craft,   have shown that motor-tube temperatures were increased con- 
siderably by aerodynamic heating.    This  raised the question whether the 
sustainer propellant grain could endure repetitive aerodynamic-heating 
cycles over several missions. 

The objective of this study was to learn how the transfer of heal 
from a motor tube to its contained propellant affected the propellant 
grain and its peripheral ethyl cellulose inhibitor.    The Sidewinder 
1C sustainer grain of X-14 propellant was subjected to a temperature- 
time relationship simulating an aircraft intercept mission. 

TEST APPROACH AND EQUIPMENT 

Work began with an experimental determination of the heat - softening 
temperature of the propellant inhibitor and the percentage of radiant 
energy transmitted through it.     The next phase  consisted of finding 
the heat  requirements  to produce the desired temperatures.     The 
standarrl motor tube was a heat sink,   which would hinder the fast 
temperature  rises desired.     Even if the thick-walled motor tube were 
eliminated,   full-sized grain tests presented heating-rate  requirements 
beyond the capabilities of existing local  surveillance ovens.     Need for 
a special electric heating element to be fitted over the gran, was evident. 
Power requirements and a survey of controls available dictated the use 
of a ni chrome-ribbon heating element of approximately   5 ohms   resist- 
ance . 

For the first four tests,   the nichrome  ribbons were wrapped direi t 
ly on the exterior inhibited surface- of the gram.     This was  fouiul to be 
unsatisfactory.     In all  subsequent  tests,   the grain was  plac cd in a   i lose 
fitting,   very-thin-walled steel tube.    The nichrome heating element 
was wrapped around the insulated external  surfai e of the tube.      I'hermo 
couples,   connected to the  steel  tube and  to  the  healing e lemenl, ena bled 
permanent   recording of  temperature versus  time.  A   Vari.u   and I' i;ipi IM 

lure  recorder,   located   remotely from  the  gram, .'.ere iiset] in cuntrid 
the heal applied to the gram.     During testing,   the ^rain was  suspended 
with its  longitudinal axis  vertical   in an insulated  jacket  to prevent  heal 
loss  to atmosphere during heating.     To cool  the grain,   the  power was 
shut  oft and  the gram  lowered  into a  cooling  ja( ket  bv use o(  a  pulley 
system  remotely controlled from the Varia«   site.     Varia(   manipulation, 
with cooling at  the end of a  heating < yi le,   enabled  either  the   14 ran, 
inhibit ed  surfai e or the  s teel -tube tempe ratures  to ( onfo rm  t" a  pre 
programmed  t empe ra tu r e -11 m e  curve  drawn  on  ihe   recorder  ih.t ri   or:    r 
; o 1 e s t m u ,      A   r e c o r d 1 n 1^ a m m e t e r   ■-; m u 11 a n e e 1 s 1 ■.   p 1 o t! e d  1 ■; r r > ■ 1.!   ■.•.'■■-.' 
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time curves corresponding to the temperature versus time curves. 
Figure 1(a) schematically shows the arrangement of test apparatus; 

Fig.   1(b) through 1(e) show the component parts. 

Thermocouples,   placed at predetermined locations depending on tht 
particular test,   gave temperatures at those  sites.    Characteristics and 

findings of individual tests are given in the succeeding paragraphs. 

TEST RESULTS 

THERMAL PROPERTIES OF THE INHIBITOR 

When preparing for the first test,   it was not  known whether or not 

radiant energy could be transmitted through the  translucent  inhibitor to 
the propellant.     Two ethyl cellulose samples,   one 0   0075  inch and a 
second 0.0SZ inch thick were tested on an infrared spedrophotometer 

which measured the percentage of t ransm ittance versus wavelength. 

As shown in Fig.   1 and  J,   the 0. 0075-inch-thick sample allowed 

transmission of appreciable radiant energy,   but  the 0. 052-inch - thick 
sample allowed only a negligible amount.     Since the1 0, 052-inch-thick 

sample came from a freshly wrapped grain,   it appeared  reasonable to 
assume that energy transfer from either the motor tube or heating 

(dement  to the propellant would  be essentially all  conduction. 

In an additional  test,   ethyl  cellulose  tape was wrapped on a  "i   inch 

diameter aluminum  tube  simulating an actual  grain wrapping.      jape was 
wrapped on the  tube both with and without   El,HA   solvent       Thermoi ouples 

were placed under the  tape and  the  tube  placed  in an oven       When   the 
tape  reached Z65°F,   bubbles appeared,   indicating evaporation or   boiling 

ol   solvent.     Between Ib'^ and   ^0'f.   the  tape  softened  to  the extei 1   tli.it 

some iil   the  1 he rmocouple s  plated  between  I lie  ta pe a nd  lube  sp r fa i e 
sheared  through and moved avvav   from  the  pipe.      At  Tbi  to -1 H ' E,    the 
tape  turned brow:   and  softened  to  the i m si st em v ol  bearing grease. 

Alter COOIU.L;.   the tape was evervwhere   smooth and ur.iformlv bonded 
to the a bun i num  tube 

WRAPPING HE .TING ELEMENT   VRUUNDGRXIN 

The  cram  1 > f  thi    first   lest  was  spiral]-,   wrapped with  seven 

ad ja i ent   !    >   i IU h - w ;de n 11 h roip, e   n bb u, s  pin s on e   <    A!   inch   w: oe   ■-.' r: 

ot  11 lie r i4la s s  pipe over  the  iirain   lentith as   slvwi    :n   EIL;     •!        .' heru.o 
coup]es wi- re la sten.ed :n the '. 111 <■ •.■ s   ■:  : hi   L;ra ;;   pe rfo ra; Pu .   ,i:  ir. PI 

deptli  IP  the  propelian:   LIM::: weil,   at  the   mterlni e    p  :he  p ;■ ipclla; t 
su r la i e and pe r i idle ra :   mh; in to r.   and    <:.  the    • ;t s ; de   p  An    ;; In np , .: 

lie   s      n 

• PP.   w :ni; 

■ l,,     ■ .  i. ■ 
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** 

m&m 

FIG.   1(b)      Lowering Grain Into Insulating Jarkct. 

m 

li -^ 

FIG    !(.)■ 1 i' ^ !    . \ : i' Sh iw.i. c < ' u.I IM!   M-,: M-.i; 
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EIG.   1((1)      Temperature Recorders. 

^j FW 

IC,     1(e)       !•;:,., •;•;, ,T1  U,.. nrfiii;U ar.ri 
I' ■':   11   Sir  . 11; i ■ I   ' s 
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NICHROME  RIBBON1 

FIBERGLASS TAPE 

FIG    4,    Nifhromo Heating Elcmont  Wrapped on Grain 

in a   1 5()0F oven for  18 hours,   following which it was  suspended in the 
heal-insulating jacket,   also conditioned at   M0CF,   and  subjected to 
application of electric heating in accordance with  Fig     5 

Figure  b is a  family of curves  showing the  temperature versus 

radial  distant e  inward  from   the outside ol   the  grain  corresponding to 

the  four different  heating cvcles       This   illustrates  the  temperature 

gradient   resulting  from   low propellanl   thermal   corduc t ivit y.      Flic 

grain   ignited after   lll  minutes,    the  last   recorded  temperature  being 

5 20 0F.      This was  undoubtedlv  not   the  highest   temperature  betöre 

ignition  IHM aus e ol   the   limited  number o I   t em pe ra t u re s   I ha I   i on 1 d  be 

measured,   and  the   rei order,   at   that   time,   was  not  geared  for  maximum 

printing  speed. 

Because ol  the d i 1 fe r e r.t i a I  e.xpan s :n n  between  Ltrain and nil hronie 

element  and  the   low   soltenmg  temperature ■>:' the   Lirain   inhibitor,    there 

were  some tloubts about  having applierj  the im hronie  heatiiiL; element 

ihrei tlv to  the  irihibited  gram  surfai e.    P";.:'.re  7  shows   the  eil'e, is o| 

i n h t b11 o r  e\pa n s i o n a n d   softening        I h e r e;    ;■ i •,   > on ,■ • r i e r. 111 < ■ n  '.'.. i -   L i •. e n   I 

mociitvint; the melho,] tor trarsmittn g heat  to "he  ^cain  :•    luture tests. 

["he   tirsl   test  was  ma lie  using a   Iresh   t'rai: .   sin . erdir.L;   tes's   utilr/erl 

g I .111   s    ]• e i:;   ' \ e Sidew ;:; a 11 

r e p r e s e; t ,11; 'Ce    •'.   m id e ra I e !•,   aged   u r a   : s   ;:   w ho !". a   ; )a r ! : a 1   mitral 

ol   mt reel. 

hat! oci a r 
(.:  M)i 
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FIG,   7.    Grain Showing Extrusion of Inhibitor  Hctwccn 
Nie hronu' Ribbons. 

motor lube having a healing rU'mcnt wrapped around  its outside surlai e 

Siiuc these earlier tests demonstrated that  se\-ere  inhibitor damage 
resulted from  temperatures between Z7S and   'Ml"!-',   ,1   less   seven 

temperature versus  time program was developed to determine llu 
maximum  thermal  treatment  a  gram eould withstand. 

m-;ATING GRAIN IX  l.üO.SK   FITTINC;   lUl^H 

Tests Id and 1 1 marie use of a tube mai h'.ned from the sustan r v 

sei tion ••>( a Sidewir.de r IG m Uor tu!)e The mat hmed wall Ihn ki ess 
was  0. 0 ! 0  : :u h and  the   length wa s  ._'. 1     ^   .s ;;., he s .     The rmo, ouple s 

No     14   gaLte) '.vere m rmfed aiorg  the   external g 
in   Fig.   8,     Ju;.. t; >ns we re  s; h er 
wh.i h the  therm u   uiple   iu;-.i tio;..    s;i 
tused togt-ther.      lu  i  ia'.ers   it   ^bass 

e \ : e ma !   tube   - . r : a . e  ,i nc;    '-.er  the  ' '• 

Hie   s u i 
■h' 

111 e I ,    and 

a i i- a s   s h 

a   weld 

■  metal  •.-. 

;.a : i in we r <■   .i,- ra nueU 
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maintain the round shape of the thin-walled tube,   copper bands were 
cemented tightly to the tube and partially clamped (Fig.    10)      The grain 
and tube assembly were placed in the insulating jacket,   current was 
regulated by a Variac,   and temperatures were recorded as in previous 
tests,   except that the temperature versus tune program of Fig.   11 was 
chosen for use in these and later tests      The program of Fig.    11  differed 
from that of Fig.   5 in that the highest  temperature was ^7^  instead of 
350oF. 

Using this equipment in Test  10,   a grain was subjected to two cvcles 
with the highest thermocouple  reading within ±:S0F of the temperature - 
time program of Fig     11.     Following this  test,   examination of the grain 

, AMI 

HI 0( « 

MCHRtm KIBHONS I'i AC: P 

HI IWEEN f, A MC Bl OCK AN I 

:   IG OF  COPPf R BANO 

Pi Wi R  CAHl 

BCI ' 1 t)   Hi R 

1A N D 

!■ U 
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300 

LL 

0 

10 Hi 

HI AI INC   IIMi   , MIN. 

I 
?0 

FIG.   11.     Tentative Allowable  Heating Cyrlc fur the S.O-Iiuh 
Rocket Motor Mk 24 Mod 0 

revealed a group of several dozen "pock marks" on the peripheral 
inhibitor.     These areas were   1/8 to  3/16 inch in diameter with depths 
between 0   003 and 0.007 inch,   the majo'Vitv being 0   (HM  im h deep, 

In Test   11,   the  grain of Test   1 0 was  given  three full  c vi les   repeal 
ing the Test   10 proeodure.     Examination of the  gram  revealed three 
types of inhibitor deterioration:    poc k marks,   i  ra< ks,   and  blisters. 
Cracks,   approximately 20,   were   1, 16 to ^, 16 inch long,   0   Olid to 0   0 1,'. 
ituh wide-,   and  0. COS  to  0.020 inch  deep.      ["here were   IK blisters  with 
diameters   ranging from   1/4  to   i   K  inch and heights approximate! v  D.Ol'i 
inch above  the  normal   surface       The  poc k marks  anrl  blisters are   sldwi, 
in  Fig     12. 

Tests   10 and  11  accelera ted the mhibilo r ayin^      This wa s 
part icula r 1 v empha s iz eti afte r t hrec i v» les of  T e s;   11.     A   r e-, i r-x   >'. the 
current  demaiui dunnt;   Test   11   indicated  'ha;  the   ei.cr^v   supplied  : i  the 
system was   the   same as   that   s-i-ipl; ed   ::.   ['i s t   1 !'        la hi i     i   s , n . 11, a r : / e ■, 
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FIG.   12.     Blistered and Pock Marked Side of Grain Resulting 
From Five Cycles. 

the changes in grain dimensions  resulting from the tests.    Outside and 
inside diameters of the grain were changed little because the  loose fit 
allowed room for thermal expansion. 

HEATING TIGHT-FITTING GRAIN 

In Test  12,   a gram,   having an outside diameter (O, D. ) of 4.800 
inches,   was placed in a stainless  steel tube having an inside diameter 
(I.D.) of 4   805 inches.     The tube of   Test   12 differed from that of Tests 10 
and 1 1 in that  12 had a smaller I. D.   and used 30-gage instead ol  2 l-gage 
thermocouples      Wall thickness,   thermocouple placement,   and  healing 
elements were the  same as  before.      The  grain was  given  two  full  i yrles 
following the procedure of Fig.   11.    Since Test s  1 0 and   11   indii at ed 
a heating efficiency much less  than   100%,   a  sensing element  was  plai ed 
on the  inside wall of the heat - insulating  jacket  to  record wall   tempera 
ture of the   jacket during the  test. 

Table 2  shows the values of current  through the healing elemeiil. 
Heating  efficiency was  obtained for each minute  by squaring i urnuit 
values  from Test   12 for that  particular minute,   multiplying this  by 
2   b4ci ohm s (resistance) and dividing this prodin I  into I he  i o r respond] m.; 
instantaneous  power as  given  in  Fig.    1 i.     For  Test   12  the average 
heating efficiency for the first   15 minutes of heating was 4'*. I "'n      Heal 
losses  across  the   I   I , 2 - inch air  gap between  the  motor  tube  and  the 
inner wall of the heat  insulating   jai ket were  suffn lent   to  i ause   Ihe  inner 
wall temperature to be onlv   10 to   55°F lower than the  grain  temperature. 

The  information of   Table   !   proved that  heating the  gram  in  the 
t ight-fitt ing tube of Test   12 permanentlv  redin ed the  gram uutside and 
inside diameters,   slightly   redu< ed  the weight,   and  shtthtlv   irn  renm-d 
the gram  length       The visual appearam e of the  grain  showed a   sirai.^e 
i oiul; t int;   ;:,   ; t -   ;;.h; bit or       An area   2  ;o he-,  wide   :■:    '   1    .'   :o lo-   .   : ,; 
i on ta '. n ed  hundreds    •'.   i >■ '■ k tc. a r K ^   i ;.o   ^ ;: .a '.,  10 ;.  h ■. • -  ■.'. .' h  M.a :   .      :   'In 
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800 

10 

HE AUNG   tlMi , M1 

FIG,   13.     Elortric Power Theoretically Needed for HealniL; Gram 

,;»    pork marks having one or more pin holes      I'm k-mark t ounl was 
approximatelv ^40 ]n'r square inch and pin-hole count approximatclv 
H00 per square inch.     Pin holes were approximately "   ""'' nu h 
fliameter  by  .010  inch deep.     'i"hc  condition  suggested  thai   solved, 
and possibly plastic i/.e r,   evaporated out of the peripheral  inhibitor 
causing the pock marks  and pin  holes 

TKSTING OF AVFR  .GK FITTING GR \I\ 

The  loosest and  lightest   expei ted  Ills  between  gram and motor  lube 
had  beer, used  lo  simulate  spei lal   ( onditions  of aerodvnamn    healing.     In 
Test   1 v   an inhibited gram havmg a  -FHOil   nu h O   I)    was  pla, ed  m a 
tube ha vmg an I   I)    of 4   8 in u^ hes, the tube,   the men ouples,   ace 
healing   clement   Were   id eilt n a i   to   I h IS e    il    Fest    1 .!   eXi  el)t   !n r   the   I  ;be 
I. I)       I'his   cram was   given  two heating  . v« !es   ;i. ai i ordain e will; 
Fig .    1 1       Sul)^ equeni   m spi' i t; on  showeri r,o p. x k ma r k s ,    i  r.ii k s ,   um 
Idles,     ir bb.^'er^   :;■   the  p.rmhera;   mhibi' ir       I:,   lb  -:   : •).   the   cm   :   .i: 
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heating cycles,   a total of five cycles for tr.e grain.    Upon ;jrain inspec- 
tion,   after Test 14,   no inhibitor damage was found.     Five additional 
heating cycles were given tais assembly in Test 15,   bringing the total 
up to 10 cycles  for this grain.     Inspection aller 10 cycles  showed 
blisters,   cracks,   and pock marks in the inhibitor outer surface,     T;iirt\ 
blisters  had diameters  ranging from 1/8 to 1/4 inc.:;  four ranged from 
1/2 to 3/4 inch, diameter; and two others  '.ad areas approximately 1  1/2 
to  2  1/2 square inches.     Heig'ts  of blisters   ranged between 0.015 an,: 
0, 040 inch.     Pock mark diameters were 1/32 to   5/It   mc' .   depths 
0. 001 to 0. 005,   and distribution about 50 to t   e square mc     m t   e 
affected areas.     The inhibitor also contained several     uncireci cracks 
0. 003 to 0. 031 inch wide,   1/32 to 3/8 IIKV   long,   and 0. OOi   to 0. 04t   nu   , 
deep.    Only tour or five cracks  had t- e larger dimensions.     (Note in 
Table 2 that the grain O. D.   and leiitith c   an Lied during t   e test. ) 

SUMMARY OF RESULTS 

GRAIN DIMENSION AL CHANGE AND ITS IMPORTANCE 

Reduction of O. D.   and increase ol   len   t     resulliiv,   alter   1'ests   12 
and   15 were caused when  the motor tube   Imnlen   racial   expansion  ■>    I   e 
urain.      Las   resulted  m a  pe   manentU   decreased O. D.   ano  im reaseo 
gram  lengt: .     For  large diameter     rams  initialh    litlm.   ti.    tl     in in   mr 
lubes,   O.D.   and I.D.   decreased and  lengt     itn reased.     A i   aulusi. n  is 
t1 at  a Sidewinder  1C motor carried bv a  plan'1 i ruismj   m.   unusnall 

■riods   at   higher  speeds would prociuce  jrarn omiensie.i;a 1  i    aiii'es long   | > t 

bios would wai'ranl  lurl..er 
lormance o 1  tlie missile. 

(:  ha 11; s t n   ne r- 

TIGIITNESSOF hl h AND INHIBITOR  DAMAGlh 

he. e   : 1 I   ut   t . , e   _ ra ; I!   Hi   t    e   tube   a pjjea red   I 

iiv ibilor dam. aee  e a used bv  aerodvnamii      e.iti n 
oc cu r red no m.i 11 e r w . at  I   e decree   o  ; 11. 

\h;iU>DVN.\M iC 11 ihA i :NG   WD iNHIHi 1 ( >il 
Pih IhHlUK \ i ION 

;  11     ei-, i ■ r \ .i 'i, e   'ii.l   ' ie i . i:;  i      i' e. ;    '; -   ::       a   • ■ ■ 
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Pock marks and pin holes probably formed as solvent boiled or 
evaporated.    Existence of cracks after the last five cycles of Test 15 
suggested that repeated heating and cooling resulted in a dried out,   and 
less resilient,   aged inhibitor. 

CONCLUSIONS AND RECOMMENDATIONS 

The tests of this  study have  shown that the grain withstood   10 of the 
cycles of Fig.   11 without cook-off or autoignition,   and without causing 
damage to the inhibitor sufficiently to expose the propellant.     Ten cycles, 
however,   probably resulted in a marginal grain,   perhaps unacceptable 
from the  standpoint of unbonded area.     Bonding requirement drawings 
for the sustainer grain of a Sidewinder  1C have specified thai no 
single unbonded area be greater than  1   1/2 square inches. 

The thin-walled tube and nichrome heating element used in these 
tests enabled an ae rodynamic-heating study,   using a maximum of 30 
amperes,   to get the required heating rates.     Application of this method 
for  studying liner deterioration when healing either short  sections or 
scaled-down models of larger missiles appears to be possible 

It is  recommended that a heat-barrier material be applied to the 
external  surface of a motor for use where temperatures   reach ZTS^F or 
higher.     Application of a thin coating of Teflon,   or equivalent,   to the 
inner  surface of a motor-tube wall would prevent  (he  grain  inhibitor 
from adhering to the tube.     An environmental  lest program  should be 
undertaken in which several  grains  subjected to a  scries of healing 
cycles  could be tired in motors  lo evaluate effects of aerodynamic 
heating on ballistic performance. 

NEGATIVE NUMBERS OF ILLUSTRATIONS 

Fiu.    1(a),   None;   Fig.    1(b),   I.OMIU;   Fig.    i(i),   I.OS.JIID; 

Fu.!.    1(d),   1,054117;   Fig.   1(e),   I.DR.JllK;   Fsg.   .!,   Xm.e; 
Fig.    ^   N'one;   Fig    4,   1050337,   Fig.   ^.   None,   Fig.   (•. 
None,   Fig     7,   I.nsnosi.  Fig    K,   None,   Fig.   '*,   N me. 
Fit,.    1U,   None,  Fig.    ii,   iNmie;   Fig,    1 ,N   FoMlV«. 
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