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nichrome ribbon heating element on aits onter surface,
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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 heat
from a motor tube to its contained propellant affected the propellant
grain and its peripheral ethyl cellulose inhibitor. The Sidewinder
I1C sustainer grain of X-14 propellant was subjected to a temperaturce-
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
standard 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 requircinents
beyond the capabilities of existing local surveillance ovens. Need for
a special clectric heating element to be {itted over the grain was evident,
Power requirements and a survey of controls available dictated the use
of a nichrome-ribbon heating element of approximately 3 ohims resist-
ance.

For the first four tests, the nichrome ribbons were wrapped divect
ly on the exterior inhibited surface of the grain.  This was found to bhe
unsatisfactory. In all subsequent tests, the grain was placed ina close
fitting, very-thin-walled steel tube. The nmichrome heating elerment
was wrapped around the insulated external surface of the tube. Thermo
couples, connected to the steel tube and to the heating element, enabled
permanent recording of temperature versus times A Variac ano oo ra -
ture recorder, located remotely from the gram, were used to control
the heat applied to the gram. During testing, the graim was suspended
with 1ts longitudinal axis vertical man nsulated jacket to prevent heat
loss to atmosphere during heating. To cool the grain, the power was
shut off and the graimn lowered into a cooling jacket by use of a pulley
svstem remotely controlled from the Varac site. Varmac mampulation,
with cooling at the end of a heating cvole, enabled erther the gra,
mmhibited surface or the steel-tube temperatures o conform o a pre
programmed temperature-time curve Jdrawn on the recorder chert prnor

e

testing. A\ recording armmmeter sannitane sasin plotted e Lre
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time curves corresponding to the temperature versus time curves.
Figure l{a) schematically shows the arrangement of test apparatus,;
Fig. 1(b) through l(e) show the component parts.

Thermocouples, placed at predetermined locations depending on the
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 6075 inch and a
second 0.052 inch thick were tested on an infrared spectrophotometer
which measured the percentage of transmittance versus wavelenpth.
As shown in Fig. 2 and 3, the 0.0075-inch-thick samnle allowed
transmission of appreciable radiant energy. but the 0,052 -inch-thick
sample allowed only a negligible amount. Since the 0,.052-1nch-thick
sample came from a freshly wrapped grain, it appearced reasonable to
assume that energy transfer from either the motor tube or heating
clement to the propellant would be essentially all conduction,

In an additional test, ethyl collulose tape was wrapped on a 5 anch
diameter aluminum tube sunulating an actual gram wrapping.  Tape was
wrapped on the tube both with and without ELBA solvent Fhermooouples
were placed under the tape and the tube placed in anoven When the
tape reached 265°F, bubbles appeared, indicating cvaporation or horthng
of solvent. Between 265 and 350°F, the tape <ottened to the extert that
some of the thermocouples placed hetween the tape and tabe surface
sheared through and moved away from the tape. A\t 402 o 415 1, the
tape turned browr and softened to the cor sistencoy of bearing vrease,
After cooline, the tape was evervwhere smooth and amiformly bhoroed
to the alunonm tabe

WRAPDPING HE CTING ELEMENT AROUND GRATN

Fhe pratn for the Sirst test was spiralls wrapped with coevan
adiacent Tos nchowsde nrchrome mbhhons Hlos e 332 i ch weee <o
ot Niberglass tape over the grann tenoth as showr oo B Phernoo
couples were fastenct i the valless o0 the pranr perforatioas o e
depth i the propedlan: cratn webo at the soertao e ot the o iban e
A (F221) 0GP o BGH RS FREl Ao BTy BanlrIARDARED s “otfo0a 085 £330~ dand S AUA0S LIA SO 8 R i 3h, 9 gent
ST e e s A ' ' o L b } o by o [l '

Creshiy o wrar o © Pal N 530 Mt RTINS : i,
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FIG. I{b) Lowering Grain Into Insulating Jacket,

FIG (o). Test Arca Showrgb Coptrod Begsi: g,
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FIG. 1(d) Temperature Recorders.

<~ : _

coordiny ared Cortrad [atr et




NAVWEPS REPORT 7905

"1031q14U]

YOPUI-GL00 0 B Yy8nioayy sABasuryg

SHOHIIW "HloNn3D

o

1
1S

leIpEY

0oL

006 aGoal

-

8

0




NAVWEPS REPORT 7905

Sl vl

00

el

1031QIYUT Youl-760 "g ® YBnoayl ssaaugy WEIDEY

cl

e TDIA

SNOMD A ‘=_S* 373, uN
o) 6 8

_ . — — \.\’I)J. ‘

I-W2




NAVWEPS REPORT 7905

NICHROME RIBBON

A FIBERGLASS TAPE

FIG 4. Nichrome Heating Element Wrapped on Grain

i a 130°F oven for 18 hours, following which it was suspended in the
heat-insalating jacket, also conditioned at 130°F, and subjected to
application of electric heating in accordance with Fig 5

Figure b1s a family of curves showing the temperature versus
radial distance inward from the outside of the grain corresponding to
the four different heating cvoles  This illustrates the temperature
gradient resulting from low propellant thermal corductivity, The
grain temted after P9 nanates, the last recorded temperature beng
320°F. This was undoubtedly not the highest temperature before
1enition because of the imited number of temperatures that could be
measured, and the recorder. at that tine, was not geared for masnninn
printing speed.

Becanse of the differential expansion Letween gramn and mchrome
clement ang the low softening temperature of the proasn tnhibitor, there

were some doubts abont havine applred the mchrome heatine eloment

1
directiv to the anhibited cren surface. Fooore 7 <shows the offeots o

inhibitor expansion and softemine Therer teovoncdergtion was inen
modifving the method for travsms e heat to che prasn, o etare tests,
Fhe first tost was made gsine a4 tresh prar . <o veediny tear s S hired
grtasr s rern cved Troan o Scdewsnder 1O motore Fhe oo Jater orass & veryg
represe: tative S mbale e fiel Qe crnmies b Behec B % sarnih] et ek o
ot aitreelve erin e e i st e imie (0 WD) etk bty
had o cureed,

I"ests tham, o 00 SRR SO L S SR S PO A ST T AL S
T Liv,e g ey 3 ' I Peo 0 vt \CRGRY N
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FIG. 7. Grawmn Showing Extrusion of Inhibitor Between
Nichrome Ribbons.

motor tube having a heating element wrapped around 1ts ontside surface,
Since these earlier tests demonstrated that severe imhibitor damage
resulted from temperatures between 275 and 3507F, a less sever
temperature versus time program was developed to determune th
maxinum thermal treatment a gram could withstand.,

HEATING GRAIN IN LOOSE FITTING TUBE

Fests 1O and T made sse of a tabe machined from the sustas er

section of a Stdewinder TC i stor tnhe The machinned wall *hickr vas
was 0,010 cnchand the Tergth was 21 5 s ches, Thermooouples
(Noo 24 pape) wvere moanted alory the external tobe sarface as sh e
B 8 S tins were soloer s eeeng oy the cahie Ve wee D]
whioh the thermoe suple vinction, siiier solder, and tob e ety were
tused together Two la ers Hf class oS iation woere wrapped e thy
CnLeTLAL L e S Irt e e v o thae e e e L, b

SERR: i PRI ) T e I I I O :
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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 irsulating jacket, current was
regulated by a Variac, and temperatures were recorded as in previous
tests, except that the temperature versus time program of Fig. 11l 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 275 instead of
350°F.

Using this cquipment in Test 10, a grain was subjected to two cveles

with the highest thermocouple reading within #5°F of the temperature -

time program of Fig 11, Following this test, examinration of the graip

NICHROME  # BHONS VL ACHD
BETWEEN CiAMP BLOCK AN
LG OF COPPER BAND

CAND
A
o a Fbegp e Y{
PONME R CARLE / E— . - .
Bl TED HER] y ""|V' . ,)].
- [ j VA | i !
/ \[_ BRI EANT o Gl i
e o,
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FIG. 11. Tentative Allowable Heating Cvele for the 5.0-Inch
Rocket Motor Mk 24 Mod 0

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

In Test 11, the grain of Test 10 was given three full cvoles repeat
g the Test 10 procedure.  Examination of the graim revealed three
tvpes of inhibitor deterioration: pock marks, «racks, and bhlisters,
Cracks, approximately 20, were 1,16 to 5, 16 mnch long, 0 006 to 0 012
inch wide, and 0,005 to 0.020 inch deep. There were I8 bhirsters with
diameters ranging from 14 to 3 ¥ anch and heights approsnmatels 00015
inch above the normal surface  The pock marks and blisters are showr,
i Fig 12,

Tests 10 and 11 accelerated the snhibitor aging This was
particularly emphasized aflter three cvcles of Test TV A review f the
current demand during Fest T andicated that the enerey sapnboed o) the

i vy
LI S B AP

system was the sante as that «opplied o Tost 10 Fabtde 0o,
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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 grain, 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 1l in that 12 had a smaller I. D, and used 30-gape instead of Zl-gage
thermocouples.  Wall thickness, thermocouple placement, and heating
clements were the same as before. The grain was given two full cyeles
following the procedure of Fig. 11. Since Tests 10 and 11 indicated
a heating cfficiency much less than 100%, a sensing element was placed
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 heating element,
Heating efficiency was obtained for cach minute by squaring current
values from Test 12 for that particular minute, multiplying this by
2 645 ohms (resistance) and dividing this product into the corresponding
mmstantancous power as givenan Faigo 130 For Test 12 the averape
heating effictency for the first 15 minutes of heating was 49 1% Heat
losses across the Tl 2-inch arr gap between the motor tabe and the
inner wall of the heat insulating jJacket were sufficient to cause the 1nner
wall temperature to be only 10 to 35°F lower than the gramn temperature,

The anformation of Table 1 proved that heating the grain i the
tight-fitting tube of Test 12 permanently reduced the gram onatside andd
inside diameters, shightly reduoced the werght, and shightlv ane reased

the pramn length Ihe wisaal appearance of the pran showed o stranpe
condition st s hihior \eoarea Joorohes weiae e o b2 r o hes L
ST T, TR &1 S TR R PR P U 0 T S - S K (PR S BRI TSR TR A ©ohy
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BOD

HEATNG TiME Mo,

FIG. 13, Electric Power Theoretically Needed for Heating Gramn

pock marks having one or more pin holes  Pock-mark count was

approximately 240 per square inch and pin-hole count approximately
BOO per square inch. Pin holes were approxumately 0 009 imnch
010 inch deep.
and possibly plasticizer, cvaporated out of the peripheral imhibitor

causing the pock marks and pin holes

diameter by The conditton suggested that solvent,

FESTING OF AVER (GE FITTING GRAIN

he Toosest and tightest expected Srs between pratn and motor b
had been used to sumulate speaal condittons of acrodoamic heatinge, T
Fest 130 ananhibited gram havooe a o500 anch O D
tube having an 1T D of 4 830 1nches,

MW s :,)l.'lu el g
the tubel thermoconples, g

heating clement were wdentical 1o those o Test 12 esoept tor the 1he

[.D his prain was piven two heatinge cvoles s acoordans e aath

Fruo Tl sabseguent mspection showed to pock mmarks, racre,
hales, ar Biserers o the peripheral iohiiamae Joo e WA b e
et Daosr TR e e meassentiert s et e e 20 =uoy W et ey
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heating cycles, a total of five cycles for tae grain., Upon grain inspec-
tion, after Test 14, no intibitor damage was found. Five additional
heating cycles were given tais assembly in Test 15, bringing tite total
up to 10 cycles for this grain. Inspection after 10 cycles sowed
blisters, cracks, and pock marks 1n tie iniibitor outer surface. Tnoirty
blisters had diameters rancing from 1/8 to 1/+4 inc.:; four ranged from
I/2 to 3/4 inch diameter; and two oti.ers .ad areas approxamately 11/2
to 2 1/2 square inches. Heig-ts of blisters ranged between 0,015 an.

0. 040 inch, Pock mark diamcters were 1/32 to 3/1t inc™, deptas

0.00! to 0.005, and distribution about 50 to t .¢ square mmc it e
affected arcas.  The mfubitor also contamed several undrea cracks
0.003 to 0.031 inch wide, 1/32 to 3/8 inc. lonr. and 0.00t to 0. 040 e
deep. Only four or five cracks had t e larger dimensions, (Notean
Table 2 that tne grain O.D. and lengtir ¢ anced during t oo test,)

SUMMARY OF RESULTS
GRAIN DIMENSIONAL CHANGE AND ITS INNPOR I'ANCE

Reduction of O.D. and increase of len t resultin, atter Tests |2
and 15 were caused when the motor tube hinatea racal expansion oot ¢

crain,  Tors resulted ina pe mianently decreasea O P, ane increases
gramn lengti . For large diameter rams omtiall athins tie b s ter
tubes, O.D. and [ D. decreascd and lenct ancreased. A comclusion s
tat a Sidewinder 1C motor carcied by a plane cruvsins ton vnusuall

long periods at higher speeds would produce cran canenstonal o anses,
This would warrant furtoee =0 2 aveas of salet are hailhistie poer-

formance of the nussile.

TIGHTNESS OF FI'T AND INHIBITOR DANMAGE

The 0t of e cram an t e tube appearod gV atilie e
mabitor danave caused by aerodyvnamae eatine, Inoabet e o
occurred pooanatter woat b e desree o
VERODYNANTC PR AN TING AN INEIBL T OR
PETERIGR AV TION

N . ' Lest N Gioate YT et o
DU MRS B F TNt el e T [ ' [ L

' S R E b Pt e ' ' L
et AN ! [ oo~ e . M . it Vot
' Pl o0 . v L : ! ! ’ : ‘ ' . ’
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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.

CUNCLUSIONS 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 exposce the propellant. Ten cyceles,
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 that 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 acrodynamic-heating study, using a maximum of 30
amperes, to get the required heating rates. Application of this method
for studying liner deterioration when heating either short scctions or
scaled-down models of larger missiles appears to be possible

[t is recommended that a heat-barrier material be applied to the
external surface of a motor for use where temperatures reach 275°F or
hipher,  Application of a thin coating of Teflon, or equivalent, to the
inner surface of a motor-tube wall would prevent the grain inhibitor
fromadhering to the tube.  An environmental test program should bhe
undertaken in which several grains subjected to a series of heating
cveles could be fired in motors to evaluate effects of acrodvnami
heating on ballistic performance,
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