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FOREWORD 

TltiK L:i thL• lntt•rfrn I{L~port on Coul·ravL FOidJ!l-70-C:-OOt,t,, uul>rrdtlt~J In 

partial fulflilmc•nt of the contnlc.:t work :Jt:ttl'rnvnt. Tldu Jnlt:rim n•port 

dl•scribes t:lw rP·t.llU~ of th(• Task 1\ L.tbor:•tory uffort and the Tusk I~ RubHcale 

effort conducted under the "End Burning TedmoJogy l'rogram" Juring tht~ pcr.iod 

Hay 1970 through September 1971. A final report coveri.ng the Task C full-Hcale 

rnutor teHt and th(• expanded luborat:ory <!fforl: wl.ll be I:HHwd at tla• completion 

of the program. Till' work on thlH pro,.;rarn w;w performed by the Acrojct Solid 

l'ropul:;lon Company und1~r tit(~ tr.!dtnic:tl dir('ction of Mr. l{ir:\,ard E. Smith, 

repreHenting the Air Foret• J{oeket l'ropul:-~ ion l.ilborntory, Solid Rocket Divitdon, 

Edwu ruH AFB, California. 
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AHSTHACT 

~llgratlon of mobile HpccJ.ea from tilt• propvllant Into Llw l.lm•r nnd 

insuli.ltion wa::; found to be the main cause nf b11rnlng rate.• variabil:Lty in the 

interphase which contributes to nonuniform surface rcgrcHsion in end-burning 

motors. Higrution of thc:-lC mob1 J e speeieH wns :-lignif f.c:tnll y lnld.bitcd through 

the u:·H.! of highly cr0sf:IHnk(!d l1ner/barr lor nyHlct;'H wll:l.ell contained bonding 

fillers. Ut!llzat:Lon of the Uncr/barrl.c.•r HyHtem applit~d to hl.ghly permeable 

inHulation mntcri<tls .resulted in no dctectahlt• lntcrplwHe burn:l.ng rate vnri.­

abHity under the conditions tested. '11tc propellant!'! Hclcctcd for evaluation 

were an IITPB/UFAP system using a liquid burning rate catalyHt and a polyether­

urethane (C-1/Pl') propellant utilizing a solid burning rate accelerator. 

Other propellant factors, such ns partlde or:fentat1.on and propellant 

dilatation were shown to be insignHicant in causing Interphase burning rate 

variabi.li.ty. Under ecrta in conditions ,,f f 1 ow and v:lbrn t i.on, n high-viscosity 

unplastic:lzcd IITPB/UFAP propellant formtd:tt:fon exhlbitccl pnrtJcle classification 

which caused burning rate variabi Uty f.n tl1e lnterphnHe. 

Stnt1At leal ann LyH lH of the burning r:Jl{• data ohtalrwd from propellant 

grains prepared by a var icty of casllng t{•cl!n i.ques revealed r;o burning rate 

variability which could be attributed to thl• c;tst method uflcd with the IITPB/UFAP 

and C-1/PU propcllantH Hi.'l<.•eted for evnluntlon. These findlngn were verified in 

cost grains up to l(, inches In dlnmeter. 

Laboratory n's••lt~; Wl!rC 'll'rlfll•d ln l.'tHI-burning motor test f:lrlngs of 4-

and 8.)-ln. dla grninH. X-rny monitoring of ('il•,hl l'nd-hurnlng motor letH fi.rfnr,s 

(4 l'Dch of C-l/l'tJ nnd 111'1'11/l'FAP propcllnnt )',rnlnH) nt tlw C:ltlna Lal<c N.wal Wl•nponn 

Center showed tlwt the burning surf:tcl' rt')'.rt•s:;lnn wn:-: uniform nnd neutr.1l preAtmre­

and Lhntst-tlm<! Lrac(•s W(!rc obtaim•J. 

A computer p1·ngrnm hils IH't!ll pr(•pnrC'd to pn•dict tht• pl'rformnncl' of l'nd­

hurnln~·. motor::. 'l'lH· pro)•,r:un lH IHt:-Jvd on llll• rl':HtllH nf Huh:H';tll' motor l<'fll 

firing!; :w well n~; tllc•or(!tkal ennsldt•r:ttlnrw. 

II 
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I. !K fRODUrlltlN 
-~- ·-- -·---·-· 

This interim report descri.bes the results of the Tnsk A labo:::-atory effort 

and the T~sk B subscale motor tests conducted as part of Contract F04611-70-C-0044, 

"End Burning Technology", for the Rocket Propulsion Labor a tory (Edwards Ai. r Force 

Base, California) by tlte Aerojet Solid Propulsion Company (Sacramento, California). 

A final report covering the Task C full-scale motor tests and the expanded labora­

tory effort will be issued nt the completion of the program. 

II. OBJECTIVES 

The objectives of this program arp: 

1. To identify th2 important individual propellant, liner, and motor en­

vironment parameters contributing to irregular end-burner surface regression, 

especially in the propellant/liner interphase. 

2. To quantlta~ively establish the effect contributed by ench individual 

cause. 

3. To develop in the laboratory methuds permitting their ~Uminntion or 

control. 

4. To demonstrate in subscale and full-scale motor tests thnt the devel­

o~ed solutions apply to motor conditions, i.e., that the pressure vs time perform­

ance of end-burning grains can be predicted, and thnt neut•ality can be obtained. 

III. SUMMARY OF RESULTS 

A. TASK A, LABORATORY INVESTH:ATION OF CAUSES OF NONUNIFORH BUI{NlNC; 
SURFACE REG~ESSION 

Migration of mobile species from the propellant into the liner and 

insulation wns found to be the principal cnust• of burning r<tte vari.1bility in the 

interphnHc which contr1.buteR to nonuniform burning surface r('grcssion in end-burn­

ing motorR. The nnture of the migrating Rpcclc determines the type of intcrph~sc 

Pngc .1 
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III.A. Tusk A, Ltboratory Investigation of Cttuses of Nonuniform Burning 
Surface Regression (cont) 

burning rate variability, i.~., migration of un inert propellant plasticizer such 

as IDP causes an increase in burning rate of up to 10% adjacent to the liner/insu­

lation while migration of a liquid burning additive such uo Cntocene produces a 

decrease in the interphase burning rate (as much as 20%). 

As a result of work done on this program, approa~.:.:tes have been defined 

which will permit the design of end-burning motors with acceptable neutrality of 

pressure and thrust. Three methods for control of interphase burning rate vari­

ability caused by migration were explored and found feasible: 

1. Balancing the concentration of inert plasticizer and liquid burn­

ing rat~ additive in the propellant so that migration of both species produced no 

net change in burning rate. 

2. Incorporation of liquid burning rate additive and/or plasticizer 

in the llner/insulation ~o eliminnte tl1'~ tendency of these species to migrate from 

the propellant. 

3. Use of a barrier with low permeability to the migrating species 

between propellant and insulation. 

Two barrier materials with low permeability to both plasticizer and 

liquid burning rate additive were tested and fourtd to be effective in preventing 

interphase btJrning rate variability. These were an NPGA/MNA/DER-332 polymer filled 

with glnss beads and u modification of tl1c liner SD-886, an epoxy-polyurethane com­

position. The latter material, designated SD-886-1, was selected for use in the 

Task Bond Task C motor tests. In addition to itq capability to resist migration, 

SD-886-1 also provides excellent bonds to the IITPB and C-1 polyurethane propellants. 

Dcagglomcration and/or ~ttritinn of fine oxidizer particles was found 

to be a factor affecting the bu~k burning rate of the propellant, btlt did not of 

itself affect variability of burning rate in the interphase. The amount of 

Pnge 2 
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III.A. Tusk A, Lubo~~tory Investigation of Cnuses of Nonuniform Burning 
Surface R0gresslon (cont) 

deagglomeration was shown to be a function of the viscosity of the propellant 

during mixing as well as the mix time. These results indicate the importance of 

optimizing the mix cycle for a specific formulation to maximize bur'ling rate and 

minimir~ batch-to-batch variability. 

Under certain conditions of flow and vibration it was found that 

classification of tl1e oxidizer particles in the uncured propellant can occur with 

resulting burning rate variability in the interphase. Of a uumb~r of formulations 

examined, only one (a high viscosity unplasticized HTPB propellant) showed these 

classification effects. 

Other propellant parameters evaluated included orientation of solid 

particles, dilatation, and microvoid formation. Statistical analyses of the data 

indicated that these parameters were not significant contributors to interphase 

burning rate variability. 

The results of the laboratory studies were confirmed in scale-up and 

casting parameter investigations involving casting of 4-, 8.5-, and 16-in.-dia 

molds. Based on statistical analyses of the burning rate profiles, a vacuum cast­

ing technique with vibration and free fall of the propellant was selected for pre­

paration of the subscale and full scale motors. 

From six basic propellant formulations evaluated in th~ laboratory 

studies, two were selected for further testin~ in the Task ~ and C motor tests. 

These were MIP-3391, a C-1 volyurethane propellant containing n soli.d burning rate 

additive with no UFAP;and ANB-3~92, an HTPB/UFAP propellant with 1 wt% Cutocene as 

the burning rate additive. 

Pngc 3 
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III. Summary of Results (cont) 

B. TASK B, SUBSCALE MOTOR TESTS 

A total of eleven 3KS-1000 size (4-in.-dia grain) subscale motors were 

tested at Aerojet to evaluate the effects of propellant\.,rmd motor variables and to 

confir~ the findings of the Task A laboratory effort. Motor design variables such 

as L* and nozzle entrance angle were found to have no effect on end-burner perform­

ance. Subscale motors contnining both ANP-3391 and ANB-3392 provided neutral per­

formance when the barrier liner SD-886-1 was used. With a liner which was permeable 

to the migrating species (SD-896) progressive ?ressure- and thrust-time traces 

were obtained. 

Based on the results of the Aerojet firings, a selection was made of 

propellants, liner, and motor configuration for confirmation of end-burning motor 

neutrality in e.ight subscale motor tests condur.ted at NWC (China Lake) with X-ray 

motion picture coverage in addition to pressure and thrust instrumentation. Four 

motors were tested with each propellant formulation (AI~P-3391 and ANB-3392), all 

motors used the SD-886-1 barrier liner. Performance of all eight motors was 

excellent, the neutrality of the pressure- and thrust-time traces was confirmed by 

the X-ray motion pictures which showed an even uniform burning surface regression. 

Two lOKS-2500 size motors (8.5-in.-Jia grain) were tested to evaluate 

the effects of further scale up in motor si~e. One motor was cast with each pro­

pellant formulation. The first test (with ANP-3391) resulted in a motor burnthrough 

due to a faulty closure seal, but the second test showed good neutrnlity. 

Based on the results of the Task B subscalc motor tests as well as on 

theoretical considerations, a computer program has been prepared to predict the 

performance end-burning motors. The program is complete b11t additional rcflncments 

arc being made to improve prediction capability. 

Pngc 4 
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IV. JECHNICAL DISCUSSION 

A. TASK A, LABORATORY INVESTIGATION OF CAUS:~s ')F NONUNIFORM 
SURFACE REGRESSION 

In the Task A laboratory investigations, th~ critical factors affect­

ing the surface regression characteristics of end-burning solid propellant grains 

were det~rmined, and methods were devised for control of these factors to ensure 

neutrality of end-burning motor pressure- and thrust-time characteristics. Labora­

tory scale work was performed to define the effects of propellant parameters and 

interactions with the liner/insulation in the interphase, and selected propellant 

formulations were then scaled up for investigation of effects of casting methods 

applicable to the Task B subscale and the Task C full-scale motors. Bond evalu­

ations were also conducted to permit final selection of propellants and liners 

for use in the Tasks Band C motors. Details of this work are summarized in the 

following sections. 

1. Propella~t Parameters and Effects 

The critical propellant parameters evaluated were: 

a. Deagglomeration of fine oxidizer particles during mixing 

b. Orientation of solid particles 

c. Classification of solid particles 

d. Migration of liquid components into liner/insulation 

e. Dilatation 

Six basic propellant formulations were investigated to assess th~ sig­

nificance of these parameters. The six formulations were selected to permit evalu­

ation of the effects of binder type, plasticizers, solid and liquid burning rate 

catalysts, oxidizer particle size, and propellant viscosity. As th~ critical p~ra­

meters were defined, the number of propellnnt formul:ltlons t.rere r~duced. Two for­

mulations were selected for testing in subseale (5- nnd ~-in.-dla) end-burning 

motors (Task B) for confirmation of tlw laboratory findings. 

Page 5 
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IV.A. Task A, Laboratory Investigation of Cnuses uf Nonuniform Surfac~ 
Regressi0n (cont) 

The formulations used in the laboratory studies were based on carboxy 

terminated polybutadiene (CTPB), hydroxy terminated polybutadiene (HTPB), and 

polyurethane (C-1/PU) binders. Compositions are presented in figure 1. As shown, 

the C-1/PU formulation contains Cu0202 as a burning rate catalyst with 7~ oxidizer 

as the fine portion of the oxidizer blend. All of the other formulations contain 

0.5~ UFAP and, with the exception of Formulation 2. 1% Catocene as burning rate 

catalyst. 

a. Formulation Adjustments 

The six basic propellant compositions described above were 

adjusted to a burniug rate of approximately 1.5 in./sec at 1000 psla while main­

taining adequate processing and cure characteristics. 

The preli~inary adjustments were conducted in 1- and 10-lb 

laboratory propellant mixes. Burning rates were measured in a microstrand burner 

using 0.60 by 0.30 by 1.3-in. strands. Previous tests with a Wl!ll characterized 

propellant (~~B-3066, used in Minuteman) showed that the microstrand burning rates 

(MSBR) agreed well with solid strand rates (SSBR) determined in the standard Craw­

ford bomb (Figure 2). The microstrands were prepared for testitlg by microforming 

from a small piece of cured propellant to the correct thickness and width but 

slightly longer than the finished length of 1.3-in. The strands were then indi-

vidually restricted with a rapid-cure epoxy adhesive and cut to exact firal length. 

The tests were conducted in a closed bomb at an average pressure of approximately 

1000 psig. Highly reproducible results were oht;tined dS indicated by data in Fig­

ure 3 for ten firings of an HTPB/UFAP propellant (ANB-3392) which indicates a 

standard error of only 0.87.. 

The processing characteristics of tne r-ropellants were assessed 

with a R0tovisko viscometer. Viscosity buildup at infini.tL' she.:n· stress and vis­

cosity ds a function of applied\shear stress were dctermin~d. 
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IV.:\. Task A, Laboratory Investigation of Causes of Nonuniform Surface 
Regression (cont) 

A summary of the results of this tailoring effort is shown 

below. The target burning rate was achieved with four of the six formulations; 

processing considerations limited the burning rate of the CTPB formulation to 

approximately 1.1 in./sec at 1000 psia. fur the highly plasticized HTPB formu­

lation (4% IOP) more than 28% UFAP would be required to meet the 1.5 in./sec 

burning rates. 

Binder Oxidizer Blend Wt % Wt % ~SBR, in./sec 
Number Type Unground SSMP MA UFAP Catocene IDP ---- at 1000 psi 

1 C-1/PU 30 70 (2) 4 1.44 

2 HTPB 58 41 0 3 1.57 

3 HTPB 72 28 1 0 1.88 

4a CTPB 65 35 1 5 1.10 

4b HTPB 72 28 1 2 1.54 

4c HTPB 72 28 1 4 1.13 

(1) Each formulation contains 72 wt7. oxidizer and 14 wt~ spherical aluminum. 
(2) Contains 2 wt% Cu0202. 

A summary of t~e formulation adjustment effort for each 

propellant is presented below. 

(1) C-1 Polyurethane Propellant 

The C-1 polyurethane propellant (C-1/PU, No. 1 in Figure 

1) utilizing the solid burniag rate additive, copper chromit(• (Cu0202), is a modi­

fication of the propellant developed on the HART/ZAP motor programs. The burning 

rate, 1.44 in./sec at 1000 psi, was achi~ved in an 88 wt% total solids formulation 

containing 72 \,rt% oxidizer (70/30 ~1A/unground blend), ll• wt% spheroidal aluminum 

(~60~), and 2 wt% of Cu0202. The binder (IDP plasticized) is composed of B-2000 

(polyether pr0rolymer), TP-4040 (polyctlter crosslinkcr~. C-1 (oxidizer handing 

agent) and IIDI curing agent~ Minor adjustments in the crosslinker level wer~ made 

to achieve the desired mechani~al properties. This formulation was d~slgnated 

ANP-3391. 

Page> 7 
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IV .A. Task A, Laboratory Investigation of C;\rt•·;cs of Nonuniform Surface 
Regression (cant) 

The processing characteristics of ANP-3391 were v~ry 

good as indicated by data in F'igure 4 which compares the viscosity buildrtp of this 

propellant to that of the other five basiv formulations. After 4 l1ours from cur­

ing agent addition, the viscosity of ANP- 1391 was approximat~ly 30,000 poises. 

(2) HTPR Propellants 

(a) No Burning Rate Additive 

A series of HTPB formulatiottS with no Catocene 

burning rate additive was mixed to evaluatP. the effect of IDP plasticizer level 

and MA/UFAP oxidizer ratio on the burning rate. The propellants all 'contained 86 

wt% total solids (72% oxidizer and 14 wt% H-60 spheriodal aluminum), and the binder 

was composed of R-45 HTPB cured with TDI. Based on the results 1..>f these tests a 

formulation containing 3 wt% IDP plasticizer and an oxidizer blend ratio of 58/42 

MA/UFAP was selected for further evaluation. This fonnulation is typical of high 

burning rate propellants with no burning rate add i. t. ivt'. The burning rate of this 

formulation was 1.57 Ln./sec and the viscosity \vidle InitiaLly low, increased 

rapidly. At 3 hours from curing agent addition the viscosity was approximately 

45,000 poises, but increased to >200,000 poises after 4 l1ours. The oxidizer 

blend of 58/42 HA/uFAP yielded a burning rate of 1.57 ln./sec at the 3% IDP 

plasticizer level. This formulation (N1..). 2. in Figun.' 1) was chosen for further 

evaluation since it met the burning rate rcquiremetlt and exhibited satisfactory 

as-cast processability. 

(b) Unplastici?.cd l'rupt•llant 

An unplasticizt.•d IITI'B prop(~llant cont:Jining 1%. 

Catocr>ne (Formulation 3. Figure 1) had thl:' hf.giH•Sl hurnlng rate or lhL' s~ries, 

1.88 in./Hec at 1000 psi. This propellant contains 86 wt% total solids ,·omposed 

of 14 wt% spherical aluminum and 72 wt% oxidIzer ( 72/28 blend of SS~IP .mJ UFAP). 
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IV.A. Task A, Laborato:y Investigation of Causes of Nonuniform Surface 
Rcgressi~n (coot~ 

Because of the cure cataly~is attributable to the Catocene burning rate additive 

and the rapid cure reaction associated with an unplasticizeu binder, isophorone 

diisocyanate (IPDI) rather than TDI was used as the curing agent to improve the 

potl~fe and processing characteristics. However, even with IPDI this nonplasti­

cizcd formulation (Batch lOGP-1549) showed a rapid viscosity buildup; greater than 

60,000 poise at 4 haurs from curing agent addition (Figure 4). 

(c) Propellants Containing Both Plasticizer 
and Catocene 

HTPB propellant systems containing both IDP and 

Catocene are represented by Formulation 4b and 4c in Figure 1. Propellants con­

taining 2 and 4 wt% IDP which provide burning rates of 1.54 and 1.13 in./sec at 

1000 psi, respectively, were formulated using the snmc binder system described 

above (R-45 HTPB cured with IPDI). The oxidizer blend used was 72/28 SSMP and 

UFAP. 

The processing characteristics of both propel­

lants were excellent (Figure 4); viscosities fot•r hours from curing agent addi­

tion were less than 20,000 poises. The burning r~tc of Formulation 4c was below 

the desired 1.5 in./sec at 1000 psi. This low rate probably resulted from a com­

bination of the higher TDP content and tlte verv low viscosity which was found to 

inhibit deagglomeration of the UFAP. Formulation 4h was designated ANB-3392. 

(3) CTPB Propellants 

Propellant 4a (Figure 1) wns prepared using a CTPB 

binder. To improve processability, 5 wt% IDP was used. Tot:tl solids level was 

86 wt% (14 wt% spheroidal aluminum), and th1..• oxidizer blend was 65/35 SS~IP/UFAP. 

The prJlymer was HC-434 CTPB and the curin~ agents a BISA/~lt\PO combinntion. The 

propellant mix thickened noticeably after curing agent additlun, prohnbly due to 
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IV .A. Task /\, Laboratory Investigation of Caus(!S of Nonuniform Surface 
Regression (cont) 

the interaction of the BIS/\ and the high surface area UFAI' particles. l•'urther 

vacuwn mixing produced some reduction in viscosity but proc(~ssing characteristi~s 

were marginal at this solids content. The burning rate of the CTPB/BISA/MJ\PO 

propellant was 1.10 in./sec at 1000 psi. 

b. Studies of Propellant Effects 

(1) Particle Deagglomcration 

Ground oxidizer in gencrnl and lJF/\P in particular 

tends to form soft agglomerateg during storage. C:cner.ally these agglomerates 

are broken up during the relatively high shear prupellant mixing, and for propel­

lants containing large amounts of fine-ground oxidizer (MA c>r UF/\P), the propellant 

burning rate was found to increase witl1 increaslng prop~llant mix time. 

,\!though pn,rH..>l lant burning rntc• is 11 good indirect 

measurement of the extent of deagglomcration of the UFAP, n corroborative method 

was developed involving a direct determination of particle siu• distribution of 

the oxidizer in the propellant mix. In this procedure a sample of thl' uncun~d 

propellant is extracted with cl1lorobenzenv to separate the (Insoluble) oxidizer 

and aluminum from the (soluble) binJt•r, plastici7~r, and burning rate additive. 

The solids mixture is thoroughly disp•.mscd in the chlorohenzeuc in a sonic: agita­

tor and then allowed to stand undisturbc>d for a speci fled length of t itnl' (0. 5 hr). 

The supernatant liquid containing the t.:FM' dispersion Is dec;mtL•d of!" from tlw 

coarser oxidizer and aluminum particles \.rhich have Sl~ttled out. Stand<Jrd ~ISA 

particle size measurements can then be rn<Hic on both fractions of propt•llant solids. 

This technique has proven to be a valuabl(• tool in assessing tlw (•ffL•cts of oxidiZl'r 

deagglomeration and classification. Tlw rl•pr,;Judbllity of tlw u•st is ~uod as in­

dicated by the results of duplicate measun•J!ll'llt:> from a s!nglP hHtdl of propl•ll;mt 

(Figure 5). 
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IV.A. Task A, Laboratory Inve~tigation of Cause~ of Nonuniform Surface 
Regression (cont) 

(n) C-1/PU Propell~nt 

The C-1/PU propellant ANP-3391 (1 in Figure 1) 

utilizes large amounts of MA ground oxidi?.er rather than UFAP to attain the de­

sired burning rate. The effect of extended mixing on this propellant is shown 

in Figure 6. When the extended mix occurred before the HDI curing agent was added 

and the mixture is viscous, an increase in burning rat~ was observed with in­

creased mix time. When the mix time wns extended nfter HDI addition (luw mix 

viscosity), there was no change in burning rate. These results are indicative 

of the strong effect that propellant viscosity has on particle deagglomeration 

and/or attrition. 

(b) HTPB Propellants 

The effects of mix time on the propellant burn­

ing rate and the particle size of CFAP t•xtracted from the four HTPB formulutions 

are tabulated below: 

Burning Rate nt 1000 psig/UFAP 
I' article Size (~) 50% pt i'ISA 

- --~-- Extended Hix Time: ···-------- 2.0 hr SS~IP XA UFAP Catocene IDP 0.') hr 1.5 hr ---·--· ... ---- ·1-.-4-~l3-. !,1 1) -~-. 31 I 3. 1 ( 1) ~-.-;;_-;;_-.~< 1) 
58 42 0 3 

72 28 1 0 1.81/0.67 1. 88/0. (,2 1.97/0.58 

72 28 1 2 1.55/0.69 1.59/0.64 1.64/0.51 

72 28 1 4 1.11/0.84 1.13/0.6n 1.10/0.56 

Av~ particle size of ncnt UFAP wn~ 0.56~ 

(1) Mixture of UrAP and ~~ 

The UFAP was extracted from the remaindl•r of the propellant solld1-1 by the t~ch­

niques described above, and the p:trticl~ sl?.e (50% pt) was determln~d ln the MSA 

particle size analyzer. 

P:tge 11 
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IV .A. Tank A, Laborntory InvestigHtion of GauHcH of Nonuniform Surf:1ce; 
RegreHsinn (cont) 

For the propellant containing no Catocene burn­

ing rate additive there was a small increase in burning rate (between 0.5 and 1.5 

hr mix time) and a small d~crende in average particle size os the mix cycle was 

increased. The particle size measurements on this propellant were less conclusive 

because most of the MA ground oxidizer was present along with the UFAP in the de­

canted supernatant liq:1id Rnd the avera~e measured particle sizes are comparatively 
large. 

The higher viscosity unplasticized propellnnt 

(with 1 wt% Catoccne) showed significant increases in burning rate and significant 

decr~ases in UFAP particle size with extended mixing. Furthermore, HSA particle 

size analyses on the coarse fraction of extracted solids (SSMP plus aluminum) in­

dicated that some attrition of the SSMP fraction l1ad occurred (Figure 7). Similar 

increases in burning r~.t:.e and decreases in particle size were observed with the. 

propeJ.lant containing 2 wtt IDP. 

For the formulation with 4 wl% 101' there was i,o 

apparent increase in burnin~ rnte with cxtcnued mix time although :.1 reduction in 

,neasured UFAP particle size did occur. 

(c) CTPB Propcllnnt 

The CTPB propd lant (4a in Figure 1) showed no 
effect of cxtcndcu mix time on burning rat~: 

_Ex t_e_n.cL. ~.1.12'!.3~ .• ~.11-~ ~~Sl3J< .. J1..t_12.Q.9_.P.:'?}E.., __ ~ry-~./._~-~.~ 
0. 5 1.08 

1.5 1.11 

2 1 .08 

Interaction of tlw CTI'B polymer with the h1y,h r-~urft1cc arNI IJf!,\P nwy h.1V(' inter­

fered with the pnrticle Ri?.e measurements of th(• Uft\1' l':<tractt•d from thL• propel­

lant so thnt no meaningful ~lSi\ d11tn were obtulnt•<J. Bt>t~illl!'ll' ,,f th(• difflcultit•H 

with processing and cure of this prupcll:mt, no furtiH?r work W<.JS don'' wlth CTI'R 

formulations in the Task i\ effort. 
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IV .A. TuRk A, Laborntory Investigation of Ccw&eH of Nonuniform Surface 
Regression (cont) 

(2) Migration 

While dengglomcration of the UFAP was found to be a 

Ltnnt factor affecting the bulk or average prq,,ellant burning rate, migra-

t:~ .·n of Uquid burning rate additive (Catocenc) and/r· r plasticizer into the liner/ 

insulation was ~hown to be the major cau6e of burning rate variability in the inter­

phase. In eve.luating the effects of miBration of thvse mobile species, propellant 

was cast agains~ the insulation or liner and cured. Vnriations in propellant btlrn­

ing rate a~ a function of distance from the insulatft,n or liner interface were then 

determined using the microstrand burning rate tcchnlcJue described above. 

In Figure 8 arc shown burning rate profiles for IJTPB/ 

UFAP propellants containing 1 wt% Catocene and lDP levcla of 0, 2 and 4 wt% cast 

against a 30-mil thick layer of SD-878-2, a liner which readily absorbs IDP and 

Catocene. As would be expected, the migration of 1DP and Catocene have opposite 

effects on the burning rate. Migration of the former tends to increase the rate 

while migration of the latter lowers the rate. As shown in Figure 8 the eff~cts 

were balanced out with a propellant containing 1 wt% Catocene and 4 wt% IDP. 

The opposite cffuct on burning rate is observed 

(Figura 9) for ANP-3391 (C-1/PU) propellant cast against Rocketdyne's R-151 insu­

lation. Here the main migrating species is IDP plasticizer (a solid burning rate 

catalyst is used), and the result ih an increase in burning rate in the propellant 

LntcrphaHe. 

Thes~ r~sults indicate thnt migrntion of the mobile 

species can lWVl' :1 large influence on nonuniform burning fr~Jnt regression in end­

burning motors. :tethods for control of migration and/or elim ln;ation of thcAe 

interphaAe burning rate gradients nrc di1;cussed in Section IV., A., 3. of this 

report. 

P11gc 11 
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ReRression (cont) 

(3) P;artidc Oriental: lo11 

The irregular :;lwpcd solid pilrtidt!S (mddl:.-er, alumi­

num) in solid propcllnntfl become oriented with respect to tlwi.r long wds in the 

direction of propellant flow during the cas tinr opt.•ra t lon. The extent of orienta­

tion and the degree to whi<'h the prop,.'llnnt propertii..!H llrt! afft!cted it:J dcptmdent 

on the aspect ratio (L/U) of the particle~. In ~ome propc~llnnl t:JYB terns, changes 

of 10 to 15% in burning rate (nniaotropy) a:-;c:ribable to particle orientation have 

been observed. In the work described bclo..,,, the propellants were cust ar1inst a 

tntally impermcnble bnrr.l.er (<•1uminuan foil) to prt!dll<.h! migr:Jtion of tlw ... obile 

ingredients. 'l'hu& any changes in burning rate would bt• cnLsf.!d by orient<Jtion 

effects. 

Orientation :;tudics wl th the lfTI'B/UFAl' propt.'llant, 

ANB-3392 (4b in Fi~urc 1), rcvenl<!d thut al ignnwnt of the t•oaa·sc oxidiwr particles 

does in fnct oc:cur. 'lowever, no signiflc01nt ;ml:-~otropic: charllctt.•risti<.'li in either 

burning rnte or mechanical propt~rtle~:~ w~-'L'L' rWl:L!J. The particles were oriented by 

pressure casting the propellant into a tubl· 24 lndws long by 1. 5-in.-din. After 

cure, burning rates (~SBR) and micrott.•nsi lL• properties WL'rl' mt.•asured in both hori­

zontal (H) and vcrtlc<~l (V) directions at tlu• top, naiddlt.• ;md bottom of the tube. 

Photomicrographs r(.'Vcaled :;ignificant orf,•rltation of the co:.anw u:<idlzer. flow­

ever, as shown b<..Jow, rro dircetionnt Jlff(!n•nct•!l wcr•_. found in either burning r<lll' 

or rneclwnieal prorwrtie~;;. 

" . ··-· _ J~o-t. t_o!!!.. ___ ---· .... 
Tube Position ------- ______ _. \' II ?~J~i_f.f. 

~SBR at 
psi, in.h:<!c I.:; I 1 .t. 8 -2. () 

~lodulw-J, JHd 1 'JOH 1256 -4. I 

,_ ________ - ..... - ----· ..... ..-.. 

V • Vertic:al 
II"' llor!.zontnl 

:·11 dell(' ..... - ...... J:(.~l .... - ..... ... .. . . . .. ·-·. -- . -~ .. ·-· . .. 
\' li .. , 

f) 1 f f \' II /. Ill f f /. 

. '"'~- .. -.• 

1 • 4 ') I ,11H -o. 7 l.ld l.td o.o 
I :!J1 7 1211.'1 -5.2 121J 7 1 'jJ 7 +J.l 

Thb1 Ltck of anbwtrupl£~ occ·urreawv is I Lki.>ly dill~ ln lhv fit•·l that till• hunllll!t l'olll' 

Ls controll<.!d by tht! IJio'AP, :md ~~~l' I!Fi\1' p;art(,·lt•'-l, ht't'iltiHt• of il low :IH(W,'I I';H{u, 

do not orient sufficiently to ctliHh: 1111itwtropf,· lwrnlng rtlll' hclwv(,,,., 

1111)\1' [1, 
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Tests were also conducted with the C-1/PU propellant 

(/\NB-3391) with the following results: 

Bottom Middle ----- Top 
Tube Position v H % Diff v H % Diff v H % Diff 

MSBR at 1000 
psi, in./sec 1. 54 1.49 -3.4 1. 51 1.49 -1.3 1.52 1.45 -4.8 

Hodulus, psi 2355 2175 -8.3 2576 2305 -11.7 2430 2562 +5.4 

V = Vertical 
H = Horizontal 

These data indicate that this non-UF/\P-containing formulation may show a small 

degree of flow-induced anisotropy. However, additional evidence that neither of 

these formulations exhibit significant aniPotropic behavior was obtained in the 

casting studies on large scale (up to 16-in.-dia) grains described in Section IV., 

A., 2. of this report. 

(4) Particle Classification 

It is conceivable that in propellants containing mix­

tures of very coarse and verv fine particles, conditions of vibration and flow 

adjacent to an interface could exist which would result in classification of the 

particles, e.g., the UFAP particles could filter tl1rough the spaces between the 

coarser particles and concentrate next to the Jnterface. A priori., it was believed 

that vibration would facilitate classification. Siuce flow orientation of the 

particle "'as shown to have no effect on the properties of these propellants, tests 

were conducted to determine if flow classification could cause burning rate vari­

ability in the interphase. To evaluate conditions condt1cive to particle classifi­

cation, propellant was csst so that it flowed down on inclined plane and collected 

in a reservoir: 
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Propellant 
Stream 

Point of Maximum 
Classification 

Castings similar to the above were made with and without vibration using the C-1/ 

PU and the HTPB/UFAP propellants. The mold was lined with an impermeable barrier 

to prevent migration. Microstrand bttrning rate data on specimens taken at the 

bottom corner of the reservoir and in the bulk of the propellant showed the follow­

ing results: 

Propellant 

C-1/PU 

HTPB/1% Catocene/0% IDP 

HTPB/0/~ Catocene/3% IDP 

HTPB/1% Catocene/2% lDP 

Change in MSBR 
Between Bottom Corner 

ond Bulk of Propellant 

Vibration No Vibration 
-·- -

ox 0% 

+4.1% +0.4% 

0% 

0% 

Only the unplastidzc>d HTPB/UFAP (no Cntocene) pro­

pellant showed a significant difference in burning rate. It also appears that 

vibration plays a significant ~ol~ in particle classification as evidenced by a 

ten-fold increase in burning rate ~ariability compared to the sample cast without 

vibration. The burning rate profiles for this propellant and the 2% IDP p:asti-
~-

cized propellant are shown in Figures 10 anc..l 11. respectively. 

Pnge 16 
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To confirm this apparent difference, these two pro­

pellants were again prepared and cast in a similar fashion into aluminum-foil 

lined molds. To facilitate removal of the solid particles for direct measure­

ment o~ particle size, no curing agent was used in the batches. The propellant 

was sc.mpled at the point of impingement and at distances from the bottom corner 

ranging from 0.1 to 0.6 in. 

No change was observed in the UFAP particle size 

distribution at the various samping positions (Figures 12 and 13). There was, 

however, a difference in the coarse particle distribution for the two propellants 

as shown in Figures 14 and 15. In Figure 14 the distribution curves for the coarse 

fraction of the particles show no trend with respect to sampling position in the 

lOP-plasticized propellant. However, for the unplasticized formulations (Figure 

J.S) the sample taken nearest the interface shows a higher concentration of fines 

than do the other positions which are all grouped within a relatively narrow·band. 

These particle size analyses of the coarse fraction of solids confirm the in~er~ 

phase burning rate behavior of the two propellant systems and indicate that particle 

classification may be a factor affecting interphase burning rate variability of the 

unplasticized HTPB/UFAP formulation. 

(5) Dilatation Effects 

Dilatation, or the formation of vacuoles adjacent to 

oxidizer particles, ~an occur in propellant under certain levels of stress and 

strain. Continued growth of the vacuoles can lead to the release of the entire 

polymer matrix frrJm the oxidizer .surface (de\>'::Jtting) with nn appreciable effect 

on the burning rate. To determine if dilatations would be n L1ctor in interphase 

burning rate variability, ANP~3391 (C-1/PU) nnd ANB-3392 (HTPR/UFAP) propellan~s 

were prepared with and without oxidizer bonding agents. The dilntation strain 

level was determined for eac~ modification. Microstrnnds of each formulation were 

then prestrained to this dila'tation strain level, encapsulated with a rigid epoxy 

resin, and fired in the microstrand burner. The burning rates of th~ propellants 

Pnge 17 
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at the dilatation strain level are shown in Figure 16. No effect of strain on 

the burning rate was noted except where the oxidizer bonding agent was not in­

cluded in the formulation. The presence of the oxidizer bonding agent limits the 

formation of vacuoles or tears to the binder matrix during dilatation. Without 

the bonding agent the weak binder-oxidizer bond fails and v~cuole formation adjac­

ent to the oxidizer surface results in an increase in burning rate. 

Based on these data it is concluded that if the strain 

level in a motor approaches the dilatation strain of the propellant, reinforcement 

of the binder-oxidizer bond (bonding agent) may be necessary to prevent burning 

rate variability. 

2. Scale-Up and Casting Studies 

The results of the laboratory work described above indicate that 

the major contributor to interphase burning rate variability is migration of mobile 

species. To confirm this conclusion, twn of the propellants (ANP-3391 and ANB-3392) 

were scalbd-up in batch size and cast into subscale (4- and 9-in.-dia) and full­

scale (16-in.-dia) molds for evaluation of effects of scale-up and casting tech­

nique on interphase burning rate. All molds were aluminum-foil lined to prevent 

migration. 

A 60-lb batch of each formulation, ANB-'3392 and ANI'-J391 was cast 

into 4.5- to 5-in.-dia molds by a variety of casting techniques. Thl'Se were: 

Cast 1'1ethod -~~s-0!' JL..!~~-~1~1- Vibrilt ion 
-·--~--·---·-···-

Vac1..1Um, free-fall 2 in. dia orifice :-ll) 

Vacuum, free-fall 2 in. di..:.t orifice Yl'S 

Bayonet 2 in. din or if icC' ;o.;o 

Bayonet 4 in. di:.l multJ-urifiCl• ,, 
t."tO 

Vacuum, free- frtll 4 in. dia multi-or I fin• No 

Pnge 18 
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After propellant cure, microstrand burning rates were measured normal to the grain 

surface in the areas shown in Figure 17. These data are shown in Figure 18 for· 

ANB-3392 and in Figure 19 for ANP-3391. 

To provide an improved basis of comparison of the burning rate· 

data obtair.ed from the different casting methods, the data were normalized by 

dividing the individual burning rates by the average burning rate obtained over 

the sampling surface. These data are presented in Figure 20 for ANB-3392 and 

Figure 21 for ANP-3391 where the ratio of each data point to the mean value is 

shown for each sampling position in all the casting methods examined. As indi­

cated by the data, no consistent pattern of burning rate variability across the 

grain attributable to a particular casting method was observed. However, an anal­

sis of variance was performed on the pooled data shown in Figures 20 and 21 which 

revealed that although there was no statistically significant difference in the 

ANP-3391 data, there.was a difference ~n the ANB-3392 data. This difference could 

not be correlated with the casting methods used, and it was postulated that it was 

the result of small temperature fluctuations in the microsLrand burner during test­

ing of the strands. The temperature sensitivity of burning rate of ANB-3392 is 

much hjgher than ANP-3391 (Section IV., A., 4., b.) which could explain why no 

differences could be detected with this latter formulation. 

To substantiate this hypothesis, the data for ANB-3392 were cor­

rected for temperature effects based on control strand firin~s routinely cond••cted 

prior to and during each series of tests. This analysis was performed on data oL­

tained from the top and bottom of a grain prepnrcd by bayonet casting through a 

4-in.-dia multiorifice head (no vibration) and another grain which was vacuL .. cast 

through a 2-in.-dia orifice with vibration. The uncorrected data (Figure 22) showerl 

a significant difference in the variance analysis, while tlte data corrected for 

temperature effects (Figure 23) did not. Bnsed on these results, improved tempera­

ture control equipment was ins'talled on the micros trnnd burner . 
. j 
' 
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These statistical analyses verify the earlier observations that 

there is no appreciable variability in the burning rate profiles in grains of thes~ 

particular propellants that can be influenced by the casting method used. 

Based on an analysis of these test results, a vacuum casting with 

vibration technique wa~ tentatively selected for processing the subscale and full­

scale motors. To confirm that this method would not introduce withinrgrain vari­

ability in burning rate for these motors, 4-, 8.5-, and 16-in.-dia grains were cast 

from 30-gal batches of ANB-3392 through a 2-in.-dia orifice. Microstrand burning 

rates were measured normal to the surfaces across the diameters of the grains. 

The burning rate profiles (Figures 24, 25, and 26) showed no effect which could 

be attributed to propellant or casting parameters. 

Analysis of the regression lines through tht• data points showed 

no significant differences from the mean values. 

3. Liner Interphase Parameters 

The results of the laboratory investigations of propellant formu­

lation effects and the scale-up and casting technique st1Jdles provide strong evi­

dence that migration of the liquid burning rate additive (Catocene) and/or plasti­

cizer into the liner/insulation is the chief cause of burning r<Jte variability in 

the propellant interphase. It then becomes necE>ssary to define methods for pre­

venting migration or compensating for its effects while maintaining good bonds 

between propellant and motor insulation. 

a. Balancing Concentration of ~lobile SpE.•cil•s 

The liner sn-878-2 hns bcl~O used SIICI:l'ssfully at Al•rojet 

with a number of HTPH formulations ANH-33Y2 bonds to this llnE.•r wf th il strength 

exceeding ttw cohesive strength of the propellant. llowevE.•r, the tcnd~~tH.'Y of this' 
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liner to absorb Catocene and plasticizer from the propellant with correspond~~~ 

changes in interphase burning rate (see Section IV., A., 1., b., '"!; is an un­

acceptable characteristic. 

One method of minimizing or eliminating migration into this 

liner is to incorporate the Catocene or plasticizer into the liner itself prior 

to casting with propellant. This approach was demonstrated with ANB-3392 propel­

lant cast against SD-878-2 liner containing Catocene in amounts equivalent to 

1/4, 1/2, or equal to that in the propellant binder~ Mlcrostrand burning iates 

measured across the interphase (Figure 27) shm·J this method to be effective in 

minimizing burning rate gradients due to migration of Catocene. 

Although this test was conducted with the liner only (on 

aluminum foil) it would he expected that t~w principle could be extend·:!d to in­

clude addition of plasticizer or Catocene to botlt liner and insulation in a motor 

bonding system. 

b. Barrier Coats 

The tendency of the mobile Npecies in the propellant to 

migrate is a direct function of the permeability of the 1 iner and insulation to 

the migrating materials. This permeability is related to tlte polymer structure 

and cross link density and varies wid~ly among different liners and insulations 

as indicated by data on absorption of I DP <tnd C<ttocc•ne (F i~ure 28). Two of the 

least permeable materials are the SD-H86-I lint•r and an t.•poxy material composed 

of NPGA/MNA/DER-332 with glass beads .ts a fillt·r. 

The low perme;thility of tlws£' materials suggests tlHtt they 

could be used as barrier coats on tlw insulation to inhibit migrati?n of plasti­

cizer or burning r<tte additive. To evaluatt• the ;tdvantages of such a barrier, 

3() mil coats of each material we~c ~pplh~d to 1{-1 'll lnsul.ttion <tnd C'ast wlth 

ANB-3392 propellant. As shown by dnta in Fi~tlrl' 29, both matl'ri~Jls t~fft•ctlvdy 

l'ngl' 21 
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eliminated burning rate decrease in the interphase. The burning rate increased 

in the interphase with ANP-3391 (C-1/PU) was likewise eliminated (Figure 30) by 

use of a 30 mil barrier coat of S0-886-1. 

The R-151 used in the <~hove tests wau 0.10 in. thick. Bar­

rier evaluation tests were also performed t.rith thicker .(3/8 ln.) sections of R-151. 

Burning rate profiles of the R-151/ANP-3391 system are presented in Figure 31 for 

the interphases compoi~d of R-151 (3/8 in. thick) with 0, 15, and SO mils SD-886-1. 

Analysis showed no significant difference between the mean value of the burning 

rates and the regression line for either thickness of SD-8&~-1 (Figure 31). The 

data for the interphase containing the uncoated R-151 insulation show the effect 

of migration in that the burning rates are above the +3a limits of the R-151/ 

SU-886-1 system for a distance of 0 to ~250 mils from the interface. 

Similar tests were performed with ANB-3392 propellant 

(Figure 32). The R-151 was coated with lS, 30 and SO mils SD-886-1. The regres­

sion line deter~ined from the combined data sl1ows n slope significantly different· 

from the mean (Figure 32). Regression analyses run on the individual interphase 

burning rate profiles show that the slope is significantly different from the mean 

only where the SO mil thick coating of S0-886-1 is used. It is believed that this 

discrepancy is due to temperature variation dttring strand firing, since it is un­

likely that a thicker coat of SD-886-1 would promote burning rate variability. 

Further confirmation of this supposition is found in the fact that the burning 

rates show a slight increase near the interface rather than cl decrease (which 

would occur if migration of Catocene had taken place). 

Since the permeability of the barrier and its capability to 

inhibit migration could depend on the physical and cher..ical properties of the cured 

b1nder, n series of tests was condutterl to evaluate tl1e effects of SD-886-1 liner 

proc~sslng variables on migration of plastici.;wr ft·om AN~-'3391 propellnnt. The. 

processing variables examined were liner tltlckness (30 and 50 mils), cure temperAture 
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(135 to JA~·F), and cure time (6 to 24 hours). Microstrand burning rates were 

measur~d acru~s the interphase of molds containing SD-886-1 liner prepared under 

the above conditions and .cast with ANP-3391 propellant. The data (Figure 33) 

show no significant effect on interphase burning rate in spite of this wide vari­

ation in liner processing conditions. 

Although these barriers effectively inhibit migration of 

plasticizer and Catocene under the conditions tested, this solution may not be 

completely satisfactory in preventing burning rate variability because the bar­

riers do not have a zero permeability but rather possess low permeability. Thus 

changes in burning rate may occur during long term storage, particularly at ele­

vated temperatures. Since migration of these materials is governed by diffusion 

equations (such as Fick's law), the magnitude of the change in burning rate with 

a given barrier will depend on temperature, time, and concentration of the migrat­

ing species. 

To gain a preliminary assessment of the effect~ of storage 

at elevated temperature on the effectiveness of the SD-886-1 liner barrier, inter­

phase burning rates were measured in ANB-3392 propellant cast against R-151 insu~ 

lation with and without the barrier. The measurements werP. made after storage of 

the specimen for 38 days at 80°F and after storage for 17 days at 80°F followed 

by 21 days at 135°F. The data (Figure 34) indicate that migration does increase 

in the sample without the barrier as a result of the elevated temperature. How­

ever, the interphase burning rates of the samples with the barrier show no vari­

ability, indicating that the barrier is still effective under these conditions. 

There appears to be an upward shift in the burning rate of the propeilant as a 

result of 135°F storage; this effect was confirmed subsequently in other storage 

tests described in Section IV., A., 4., b., (3) of this report. 

Based on the above data, it is cbncluded that the use of a 

low permeability barrier to inhibit migration is a sound approach, but additional 

work is being conducted in an;exp~nded laboratory effort to better define the·effects 

of storage conditions, barrier composition, and chemic3l nature of the mobile species 
i ' 

on migration through these low permeability barriers. 
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c. Liner-Propellant Bond 

In addition to minimizing migration of mobile species, a 

barrier coat must also be capable of providing a good bond strength tv the pro­

pellant. Both the SD-886-1 and the epoxy barriers (A-35 washcoat u~ed with the 

latter) do bond well to the HTPB/UFAP propellant ANB-3392 propellant as shown by 

standard DPT screening tests shown below: 

R-151/EpoxyBarrier*/A-35 

R-151/SD-886-1 

* NPGA/!-INA/DER-33?/Glass beads 

Bond Tensile Strength, psi 
-65°F 77°F 150°F 

518 

673 

156 

199 

110 

128 

139 (after 48 hr 
at 150°F) 

The bond tensile strength of the C-1/PU propellant, ANP-3391, 

to SD-886-1 was al3o quite high: 

Tensile Strength, psi 
Insulation/Liner -65°F 77°F 150°F 

R-151/SD-886-1 618 245 145 

These results suggest that good bonds are obtainable with 

either type of propellant to SD-886-1 liner. However, additional tests were con­

ducted using poker chip specimens to better define the bond strength as n function 

of temperature and to compare the bondability of SD-886-1 liner to that of the. 

NPGA/MNA/DER barrier originally evaluated by Rocketdyne. The specimens were con­

structed as follows: me~al/Chemlok-305 adhesivc/ANB-3392 propellant/liner (bn~ricr) 
R-151 insulation/Epon-901 adhesive/metal. A-35 \.Jashco~lt \.Jas useJ on thl:' DER-332/ 

MNA/NPGA barrier material. The propellant thickness was 0.3 in. by 3.5-in.-dia 

and cut back 0.5 in. along the periphery at the liner/propellant interface, so that 
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the effective diameter of the liner/propellant bond interface was 2.5 in. The 

specimens were tested at a crosshend speed of 0.02 in./min at temperatures of -70, 

-45, 77, and li•0°F. Even though the stress was concentrated in the reduced pro­

pellant/liner bond area, the failures all occurred at the propellant/Chemlok-305 

glue line. Thus, the true strengths of propellant/liner systems tested are greater 

tnan th~ measured values (Figure 35). The values for both bonding systems appear 

to be essentially identical. 

Preliminary tests indicate satisfactory bond storage stabi~ 

lity for both barrier systems. OPT ~p~cimcns composed of A~B-3392 bonded to either 

barrier show no appreciable change in bond strength over a nine week storage period 

at 77°F (Figure 36). 

Because of th~ superior hond strength of both propellant 

systems to SD-886-1 and its effectiveness in minimizing burning rate va Jbility 

in the inte.rphase, it w:ts selectt•d for usc in lining the test motors to be fired. 

in the Task B Subscale Motor Test effort. 

d. Microvoids 

. 
One possible cnusl' of un••'VPn burning surface regre~sion 

in end-burning motors was postulated to he microvuids entrapped by an uneven liner 

surface during grain casting. Tn evaluat(.• tills possibility, tht• HTPB/UI,.AP propel­

lant ANB-3392 was cast against clear plastic ln shel!t and cylindrical form. Even 

with a very uneven surface (caused by lettering Impressions in the Jllastic), no 

voids could be observed in a microscopic examlrHlt ion (250X) of the interface. 

From the results of these tests it was concludl•d that microvoids are probably 

not a contributing factor to the unt•vt•n burning surf<tce regression. 

·-··-r 
J 
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4. Propellant Selcc_t_ion f_9_r:_)'m~_k_.l~ 

a. Basis for Selection 

Two propellant systems were selected for scale-up and test­

ing in subscale motors in Task B. These were the C-1/PU system (1 in Figure 1) 

designated ANP-3391 and the HTPB/UFAP formulation containing 2 wt% IDl' (4b in 

Figure 1) which was coded ANB-3392. An important consideration in eliminating 

Formulations 2 (HTPB/UFAP, no Catocenc), 3 (HTPB/UFAP, no IDP) and 4a (CTPB/ 

UFAP) was the rapid viscosity buildup associated with these propellants (refer 

to Figure 4). Formulation 4c (HTPB/UFAP, 4 wti. IDP) was extremely fluid but too 

low in burning rate. The low burning rate as well ns the low viscosity of this 

formulation is a direct result of the high TOP co1~tent. Increasing the IDP con­

tent of the HTPB/UFAP propellants from 0 t•J 4 wt% has n nwrked effect on the burn­

ing rate as shown in Figure 37. 

ANP-3391 was sclr-ctcd bL•causc, in addition to its excellent 

processing characteristics, it has a solid burning rate aeccdc•rator,·Cu0202. Also, 

since there is no UFAP in this formulation, a broader ba!W of formulation charac­

teristics could be examined. 

b. PropC'rtics of SelN~tcd l'rop-.'llants 

(1) Processing l'ropl'rtil'H 

Both propellants hiiV<' t•:<t~c>llent processing char<t<~­

teristics as determined by viscosity measurL•mcnts for pl•rf,,ds up L'' six hours 

after curing agent addition, thus providing ampll• tlmL' to ,·ast llw fuli-:H'llh• 

motors. i\NP-3391 (C-1/PU) wns the more fltlf,J of th(• propL•ILmls \vllh viscusith~s 

of •~..o2000 to 13,000 poises (ll0°F) at 2.) and 6 ht~urs, I"L'SJ'l't'Liv-..Jv, .JilL'l" curin~ 
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agent addition (Figure 38). ANB-3392 (IITPB/UFAP) possessed a somewhat higher 

initial viscosity, 'VlO,OOO poises, which incree.sed to 20,000 to 24,000 at 6 hours 

after curing agent addition. 

The effect of applicu shear stress on viscosity for 

these propellants (Figure 39 for ANP-3391 and Figure 40 for ANB-3~92) indic:.te 

that ANP-3391 was essential!> Newtonian in flow behavior up to six hours after 

curing agent addition. ANB-3392 exhibited near-Newtonian flow behavior for up to 

four hours from curing agent nddition with slight pseudoplasticity at six hours. 

These excellent flow characteristics virtually nssure that sound end-burning grains 

can be cast. 

(2) Mechanical Properties 

The ~nalysis of the mcchnnlcal properties ANP-3391 ano 

ANB-3392 are presented in Appendix A. 

(3) Burning Rates 

The solid strand burning rates (Crawford bomb) of ANP-

3391 and ANB-3392 measured ov«!r the tt~mperature range of -65 to +150°F (shown in 

Figures 41 and 42 respectively) indicated that temperature sensitivities of the 

propellants were 0 .09" F for ANP-3311 :mel 0. 261,/" F for A~B-1392. This 0. 26% value 

is considerably higher than antlcipatl•d; motor firing to def inc tlw correct value 

arc planned. 

Tlw cxcl'llt:llt reproducibility of tlw burnin~ rntes 

as well as visco~dty <.:harncteristics of MIB-3'.!92 prepnrt.~d in bat<.:h mixes ranging 

from 1- to '350-lb i.s lllu:;;troted by data shown in Ffgurl' 43. This highly dct;ir­

nble reproducf.bJl!ty of both burning rate :tnd proc:eHsabiJity w:ui obtained even 

though four diffcnmt ~rind:; of UFAP \w.n• wH•d. 
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Fine ndjuHtmentH to the bt..rnJng rate of this propel­

lant can bt! ensily accompl:ft-.~hcd through small chungcu 1n the Cat:uc,me l'•v(.d, Uuta 

availnble (Figure 44) indicate tlwt burning rat:c•s of npprmdrnalldy 0.) to J.2 in./ 

sec at 1000 psia can be .1chievcd by varying t:ltl• Cntoccnc content from r.ero tu S wt%. 

To cvnluate the tdf,~cts of elevated temperature aging 

on the burnin~ r:•tc•H of th€!HC propellilnts, bulk spcc:lnwnH of ANP-3391nnd ANB-3392 

were stored at 1J5°F for periods of 0, 3 and 6 we<.!kR nnd Hol.ld Htrnnds were fired 

over a pressure range of 800 t') 3000 psig. AH Hhown by tlw data (F:!.~ure 45) ANP-

3391 exhibited estwntinlly no change! in burning rat£! during tlt(.•:H• Htorngc periods. 

ANB-3392, however, did Hhow a smnll incremH.' In burnin14 rtttl· (average of 4.4%) 

during storage wit-h a! 1 the change occurring durlng tht• ftrst thrc'~ Wl'Cks rJt 135°F 

(Figure '•6) . T~h.! i n•: reast•d b u rnl ng r <1 te d l d not t~lw nr,t• tr •. ~ p rl•ss 11 re. (•xponcm t ·, 

Figure 4 7) • 

Tlw lnst.•nsltlv!ty of the burning r:ttt.• of ,\NP-'3391 under 

accelt!rated aging conditions is In ngrct.~ll1t.•nt with prvvlnus t•:qwri(•ncc• wit:h C-1/l'lJ 

propellant utlli7.lng tlH' solid burning rate catalyst, Cu02U2. i\NB-3192 ust•s a 

U~uid burning rat(• acc:t>IC'ratnr, Ciltol~cnv, whlt'll iippilrvntly undtor·gol•H il «''tl'mlr·nl 

or actlvity cllangt• in propt.•ll.mt Htorl'J nt elt!Vat('d tL•rnpvnltures. 

fl. TASK B, SU BSCALE 'IOTOI\ TESTS 

The nb.it!r:tivcH of the Task B ~;ub:·H·alv motor t(~sts Wt•n• (I) to ,:onfirm 

till~ cau:·WH of llfH'Vt!ll burning surf~Jct.• rt!grvssion v:-~tilhl IHIIl'd In tht• Tm;k ,\ labora­

tory ld'fort, (2) dc.•monstrntc rnethodH of burning l'nntrnl 1111d rwrforrn:IIH'l' pn!di1:timl, 

(3) determint~ efff'cts of motor and no?.zle d(!Hi}~n p;lrilmvt•!rH, and U•) provid'• d<tt.1 

baH i~o~ fur work to ht• conducted in T:tHk C. 
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IV.B. Task B, Subscale Notor Tests (cont) 

Nineteen JKS-]000 size motor tests were conducted as part of the Task 

B effort. Eleven of these motors were tested at Aernjet and eight at NWC. 1~e 

specific objectives of each of these motor tests at·e summarized below: 

Test Number _'!'_es ted At ProEellant ANB-
1 Aeroj et 3392 
2 Aero jet Evaluate effects of nozzlt:! entrance 

'3392 
3 Aerojet angle and motor L* 

3392 
4 Aerojet 3392 
5 Aero jet Confirm L* effect with C-1/PU 3391 
6 Aerojet Confirm effect of low Li' 3392 

7 Aero jet Test at +140°F 3392 
8 Aeroj et Stress relieved bonding system 3391 
9 Aero jet 3392 

10 Aero jet Evaluate 0ffect of migration 
3391 

11 Aerojet Stop-fire 3392 

12 NWC 3392 

13 NWC Evaluate flame front r2~ression \ITi th 3392 

14 NWC X-ray mnLion pictur2s 3392 
15 NWC 3392 
16 NWC 3391 
17 NWC Evaluate fl<.~me front regression with 3391 
18 NWC X-ray motion pictures 3391 
19 NWC 3391 

A tabulation of the results of these subscale motor tests is given in Figure 48, 

and a detailed description of the igniter and motor designs and the results of 

the individual tests are presented in the following paragraphs. Also presented 

is an interior ballistics analysis of end-burning grnin performance as related 

to the experimental findings under this task. 
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IV.B. Task B, Subscale Motor Tests (cont) 

1. .!.£..1_1i ter Desii@ 

a. Arc-Image Ignitability ~ests 

Arc-image furnace ignitability tests were conducted on 

ANB-3392 and ANP-3391 propellants. The objectives of the tests were to deter­

mine the threshold ignition energy_requirement (TIER) and tlte low-pressure igni­

tion limit, P*. of the fresh cut surfaces of each propellant. This information 

was needed to desig 1 igniter systems for the motors. 

The threshold ignition energy requirc.~ment is defined as 

the radiant energy required to ignite the propellant witl1 a 0.50 probability a~ 

de~ermined by observation of consecutive fire and nu-fire tests, which have the 

narro~~st possible range of exposure times allowed by ihe ignition characteriitics 

of the propellants. From 10 to 20 tests are conducted per flux-pressure condition 

to determine the ignition l'nl'rgy rcqtJir~ment. The low-pressure• ignition limit, P*, 

is defined as the pressure below whicl1 sustained ignition and combustion does not 

occur. This is done at a constant, arbitrarily chosen exposure time of 300 milli­

seconds, which was selected because it exceeds the action time of m(Jst igniters by 

a wide margin and yet is short cnnugh to preclude total o'lblation of tlw sample in 

the event of a no-firl! test. The ignitability measurpments were conducted at a 

flux level (Q) of 80 cal/cm2-sec and pre~sure levels of 1, 2, and 3 atmospheres in 

nitrogen gas. 

The ignitability data art! pn•scntt•d in Figures 49 :.1nd 50. 

The threshold ignition energy requirement (TIEl{). is tlH.> prouuct of the flux and 

exposure time at a given pressure because thP rauimtt enc•rgy pulse-time profile is 

essentially a square wave. Datn in Figure 49 show tlwt the propt•llants vary only 

slightly in TIER at one atmosphere and :trc• ncarlv cqunl :1t twu ;md thn•e atmospheres. 

In FlJ,.\ure SO it is 8een that the ignitabillty (l.•xposurl! time) of cnch propellant i.s 

a strong function of pressure. Th~ pressure asymptc>te ls ~Hlimatcd to be at five 
' atmospheres. The P* vnlues are not unusually lc1w for fast hurnin)~ propel L<lntR; 
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IV.B. Tusk B, Subscalc Motor 1'£'sts (c.ont) 

however, TIER d<.tta for both propellants (1. '3 ;and 1.4 cal/cm 2 at 2 atw) place them 

in an extremely ignitable category comparl.'d with other polybutadiene and poly­

urethane propellants, such as ANB-3066 and ,\NI'-2932, both of which have TIER values 
2 

of 4.0 to 5.0 cal/cm above two <.~trnospiH·rL•s. 

b. Igniter S0lectiun 

Based on the motor size, grain design, and arc-image testing 

the igniter selected was a pencil-type t'onsisting of a paper tube filled with an 

11-gm charge of BKN0
3 

pellets. 

Standard ASPC 3KS-l 000 motor chambers and hardware wc•rc modi ficd 

for the subsc'-lle end-burning motor tests. The chambPrs Wl..'rc madr~ from 5-in. dia 

steel pipe and W('r<.• hydrotestE'd ;tt 2500 psi. The h0ad L'llu and nozzlt• were assem-

bled to the chamber with a single SC't of til• bolts. ~lotor free-volumL' was adjusted 

for L''c evaluation by varying thl' head t:•nd potting thicknL·ss. Tht• chambers were 

modified to accept t\.Jo Taber prl'sBurc transducers, a Kistler high-fn•quency pres­

sure transducer <.~nd a llv-Cal Asympt11tic calorimeter. Uniformity llf flame front 

regression was to he determined by tht.•rmocouples placed in tlw pt·opellnnt grain. 

The nozzles wen· designt•d for optimum t•xpansion with either a 

45- or 20-degree entrance (with respt.•ct tn centt~rl inc) ;Jnd a 15-dt•gree conical 

t~xit. Si lv('r-infiltratcd tungsten throats wt·n~ fittl•d into ·\T.f graphite inserts 

to precludt• r;lgniflcant erosion. 

Provisions were maJt• for lnstall:tlion of tlwrmoct>uplL'S in thL' 

grain located in staggered axial. and radi;tl pllsitions to allm.,r for ;t semi-(pt<tnti­

t<~tivt• asst•ssment of the sh<.tpc of the• burnin,~ surLtl'L'. lt w;ts pLillnvd to install 

tilt• thermncoupll's ei.thcr prior to casting or bv dt·illing nnJ potting lht• junctil.lllS 

lntu tltt· ('tJn•d grain. 

I' ;1 ~·.v ·11 
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IV.ll. Task B, Subscale Motor Tests (cunt) 

3. Results of JKS-1000 Size Motor Tests 

a. Motor 1 

The first subscc1le test motor fired was to have been part 

of a series of four to evaluate the effects of L* and nozzle entrance angle ~ith 

ANR-3392 propellant. 

The perf0rmance of this 13KS-1000 subscale motor was pro­

gressive, starting at 1400 psia and increasing to 3150 psia at 1.18 sec, when 

the aft chamber seal failed. The nominal pressure was to have been 1900 psia for 

5.5 sec. 

It was concluded that the progressive increase in pressure 

was caused by a pro~~oqsive failure of the bond between the SD-830 potting com­

pound and the propellant. The hurnthrough occurn•d near the location of a Vibra­

damp ring seal that apparently failed. The design of thl· subst•quent motors was 

altered in that the g~ains were fully r~leascd, restricted, and cartridge loaded 

into an insulated chamb~r. 

b. No tor 2 

Hotor 2 used ANn-'D92 IITPI\ propellant with an L* of 630 1n. 

and a nozzle entra1;t:e angle of 45 degrl'L'S. Pr·~.·ssure and thrust-time histories 

are given in Figure 51. The ignition tr;msit·nt \";rs smooth and uniform. Burning 

of the motor was neutral until 4.918 S<'C, wlwn til(• center thermocouple w<ts exposed. 

The thermocouples loc.ated at 1.0-in. radiu:; ;1ncl th~_• lincr/interf<tce (at the smnl' 

axial station as tht! center thcrmoc(luple) "'t•n• v~:posed at 4.980 and 5.058 sec, 

rcspectivelv, indicating thermoc,lupll• rL'strict[,lll failures .:md adding to tht:' 

prl:'ssurc• rise, whi.ch peaked at 2!•0r> psia at ).t"n Sl'''• wht>n Wl'h burnout st<trtl•J. 

The motor thrust trace fo110\.Jt>d thl' prt•ssun• prof I ll• <llld indil:<lll'U ;rn 0Ssl•nt L1lly 

cnnstant throat area. 
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c. Motor 3 

Motor 3 was the same configuration as Motor 2; except that 

the nozzle entrance angle was 20 degrees with respect to thP centerline. Per­

formance was also similar to Motor 2, as shown in Figure 52. The effect of nozzle 

entrance angle was apparently insignificant. A slight pressure rise started at 

about 4.0 sec and leveled off at 4.6 sec. The center; 1.0 in. radius and liner 

interface grain thermocouples were exposed at 5.085, 5.170, and 5.184 sec, respec­

tively, again causing a sharp pressure rise. The maximum pressure of 3550 psia 

occurred at 5.323 sec, when the nozzle insert ejected. 

Based on the results of these first two tests, installation 

of thermocouples by potting into the cured grain was discontinued. 

d. Hotor 4 

The fourth motor used the 45-degree nozzle with the smaller 

L* of 264 in .. No thermocouples were installed in the grain. The initial per­

formance, including the ignition transient, was similar to !'totors 2 and 3. The 

difference in performance as result the L* change was apparently insignificant. 

The remainder of the ballistic performance was exceptionally neutral, with a sharp 

tailoff as shown by the pressure and thrust traces (Figure 53). 

e. ~otor 5 

~·he ANP-3391 C-1 polyurethane formulation was used for the 

first time ln ~otor 5. The grain was btmded to a ~Hcarta sleeve. Grain thermo­

couples were placed in the uncured propellant to assure adequate restriction ~f 

the insulated wires. 

The performance of this motor (Figure 54) indicates .:1 sig­

nificant degree of progressivity in the first second of burning. After nn indi­

catit>n of "rounding over" to neutral burnin~ :1t 1.0 to 1.2 sec, :tdditional 
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progressivity was experienced causing a maximum chamber pressure of 2380 psia at 

2.5 sec.    The remainder of the trace is  regressive,  except for the period of 4.02 

to 4.20 sec.    At 3.885 and 3.995 sec,  the grain thermocouples at the liner inter- 

face and at  1.0 in.  radium was exposed without incident.    At 4.020 sec the center 

thermocouple at the same station was exposed,  causing a 180 psi pressure increase. 

The non-neutrai performance of  this motor was attributed 

to a bond stress-induced failure causing burn front acceleration, with the effect 

of a progressive restriction failure in the period up to 2.0 sec.    The regressivity 

of the last portion of  the trace would be the effect of the burn front returning 

to a more normal  shape, or nearly flat.    The failure at the center thermocouple 

demonstrates  this progressive-regressive behavicr. 

f.      Motor 6 

Motor 6 was fired to confirm the performance of Motor 4, 

using the small L* of 264 in. with ANB-3392 propellant. As can be seen in Figure 

55, the ballistic trace is slightly progressive up to about 1.5 sec and is neutral- 

to-regressive for the remainder of the firing. There is an unexplained momentary 

dip at 1.8 to 1.9 sec. However, the overall curve shape can be considered to be 

neutral, being within + 2%  of average after 0.5 sec. 

Motor 7 

Motor 7 was test fired to evaluate ballistic performance of 

the ANB-3392 propellant at 140°F. The grain was stress-relieved by casting the 

propellant into a (ien-Gard 4030 insulation sleeve lined with SD-886-1. The motor 

L* was 600 in.. 
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IV.B. Task B, Subscale Motor Tests (cont) 

Performance of this motor was not neutral, as shown in 

Figure 56, and the operating pressure was significantly higher than expected. 

The apparent IT derived from the average burning rate was determined to be 0.67%/ 

°F, compared with a value of 0.33%/°F for solid strands over the 80 to 140°F range, 

or 0.26Z/°F over the range of -65 to +140°F. 

The abnormal performance of this motor can be partially 

attributed to surface area variations occurring at small voids within the propel- 

lant grain. Figure 36 also shows a qualitative comparison of void exposure within 

the pressure-time characteristic, indicating that at least the small perturbations 

and the progressive trend relate to burning surface variation. The true tempera- 

ture sensitivity of the ANB-3392 propellant burning rate cannot be accurately 

assessed on the basis of this test. 

h.  Motor 8 

The eighth 3KS-1000 motor fired using a stress relieved 

grain of AHP-3391 propellant. Motor parameters were similar to Motor 5. 

As seen in Figure 57, the ballistic curves are neutral, with 

the exception of a slow ignition transient. The ignition phase, as well as the 

distinct change in pressure level at 1.4 sec, are not immediately explainable. 

Otherwise, the performance is neutral with a sharp tailoff, indicating uniform 

flame front regression. The burning rate in 3KS-1000 motors for ANP-3391 propel- 

lant is slightly higher than the ANB-3392 propellant burning rate obtained in 

previous firings at 80°F, i.e., 2,05 vs 1.94 in./sec at 2000 psia. 

i.  Motor 9 

3KS-1000 Motor 9 was  test   fired  to demonstrate ballistic 

performance of  the HTPB formulation ANB-3392 with a plasticizer permeable liner 

(SD-878-2).    Migration of both plasticizer and burning rate catalyst   into the EPR 
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IV.B. Task B, Subscale Motor Tests (cont) 

insulation results ln-a lover burning rate adjacent to the liner, since the loss 

of the burning catalyst overrides the loss of plasticizer. This behavior has been 

demonstrated with microstrand samples. The effect on motor performance is to cause 

initial burning progressivity as partial surface doming develops, followed by neu- 

tral burning as the amount of doming stabilizes, at approximately the level of 

pressure produced without migration. 

As seen in Figure 58, the test results do not fully sub- 

stantiate the expected behavior.  Between 1.0 and 4.5 sec, the chamber pressure 

is higher than expected, as scaled from Motor 4 using the larger throat diameter 
2 

(0.479 vs 0.419-in. ) with no migration effects. Some of this non-neutrality can 

be attributed to throat area variation, also shown in Figure 58, but back-calcu- 

lations of surface area and a high average turning rate (about 7%) suggest that 

the unusual performance might have resulted from grain defects. The pressure in- 

creases at 1.0 and 3.7 sec correspond to axial locations of groups of small voids 

observed in X-ray examinations, although the void surface area appears insufficient 

to cause the magnitude of pressure increase. The effective grain diameter (also 

plotted in Figure 58) indicates variations up to 0.12 in. in dia, which is con- 

siderably more than the observed maximum variations (from radiographs) of up to 

0.03 to 0.04 in. The expected initial progressivity occurred before 1.0 sec and 

the neutral pressure level after 4.5 sec is close to that expected. Thermocouples 

implanted in the grain 0.5 in. from the forward end at three radial locations indi- 

cated doming of approximately 0.10 in. 

j.  Motor 10 

The tenth 3KS-1000 motor was test fired to demonstrate 

ballistic performance of the C-l/PU formulation ANP-3391 with a plasticizer- 

permeable liner (SD-896). With this prop^Hant a solid burning rate additive is 

used, so that plasticizer migration into tue EPR insulation results in increased 

burning rate at the liner interface. The effect of this on end-burner performance 

is to develop a coning of the burn front and corresponding progressive pressure 
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IV.B. Task B, Subscale Motor Tests (cont) 

and thrust characteristics. Figure 59 shows that this behavior was well-demon- 

strated in this firing with full-duration progressiv!ty indicated.  Thermocouples 

in the grain measured a cone height of 0.52 in. at web burnout. 

The initial operating pressure was predicted to be 913 psia 

on the basis of solid strand burning rate, measured throat area and C . An in- 

crease of 2% in pressure was estimated for the effect of the higher peripheral 

burning rate, resulting in a pressure of 931 psia, which is only slightly higher 

than the actual pressure of 910 psia. This 2% increase in pressure was based on 

the microstrand burning rates and profile across the interface of a section of 

the propellant removed from the aft end of the grain. 

The maximum pressure was calculated in a similar manner 

based on a surface area derived from the thermocouple exposure times. The in- 

crease in surface area was about 8%. The calculated pres3ure, including an esti- 

mate of burning rate gradient was 1135 psia, slightly lower than the measured 

value of 1245 psia. This difference is probably related to inaccuracy in com- 

pletely describing the developed surface area. 

k.  Motor 11 

Motor 11 was planned as a stop-fire so that the quenched 

burning surface could be observed. The motor was similar to those tested at NWC 

using ANB-3392 propellant. The chamber was modified in the aft end to provide 

access for a high-pressure water quench.  The nozzle insert was retained in the 

housing by a ring held in place by eight explosive bolts. The bolts were to be 

fired at an intermediate burning duration, followed by actuation of the quench 

at low pressure. 

The motor ignited normally  J operated at the expected 

pressure level shown in Figure 60. At 3.24 sec the throat insert was ejected by 

firing the explosive bolts. Chamber pressure dropped correspondingly, but burning 
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continued at a very low pressure. The quench actuation was inadvertently delayed 

until 11.91 sec. The quench caused a substantial increase in pressure until 13.06 

sec when motor operation was terminated by ejection and destruction of the grain 

cartridge 

At the time the nozzle insert was ejected, the grain car- 

tridge, restrained by the nozzle housing, was apparently moved aft by the large 

pressure differential during depressurization. This reaction was necessarily 

accompanied by buckling of the aft end of the cartridge phenolic sleeve, thereby 

displacing the location of the holes in the sleeve needed to provide access for 

the quench water to spray on the grain face. Then, when the quench was actuaced, 

the water pressure was applied outside the grain cartridge, causing the grain 

ejection. 

1.  NWC Tests 

Based on an analysis of the results of the subscale motor 

tests conducted at Aerojet, a motor design configuration was selected for a series 

of tesfs at NWC to provide final continuation of the solutions to the problem of 

non-uniform burn front regression in subscale motors.  Eight 3KS-1000 size motors 

were tested; four with ANP-3391 and four with ANB-3392. Motor parameters were the 

same for all eight tests:  L* • 600 in., nozzle entrance angle of 45 degrees, and 

a throat area of 0.138-sq in. The barrier liner SD-886-1 was used in all motors. 

All motors were X-rayed during firing (motion pictures) as 

well as being instrumented for pressure and thrust.  Figures 61 through 68 show 

the pressure and thrust plots for the ANP-3391 grains.  Review of the X-ray films 

has shown that the burn front progression was essentially uniform in all cases. 

In assessing the performance of the ANP-3391 grains, the 

thrust curves (Figures 62, 64, 66, and 68) are indicative of the neutrality achieved 

The initial progressivity up to 1.0 sec is similar to that noted in motors fired at 

Aerojet.  The overall trend appears to be very slightly progressive, with the 
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exception of grain No. 6 of Batch 71-33, where the progressivity is slightly pro- 

nounced. There is no known variation in this particular grain that would result 

in this behavior. It is possible that the thickness of the liner was inadequate 

to prevent plasticizer migration, but there is no specific evidence to support 

this conclusion. 

The pressure curves do not necessarily display the same 

degree of neutrality as the thrust curves. This deviation is attributable to 

nozzle threat area changes, primarily because of aluminum oxide deposition and 

removal, sometimes abruptly, such as shown in Figures 67 and 68, resulting in 

ringing of the thrust stand and oscillation of the thrust traces. 

Figures 69 through 76 show the pressure and thrust plots 

for the ANB-3392 grains.  Performance of the ANB-3392 grains was more uniform. 

Figures 70, 72, 74 and 76, show that the thrust traces are neutral, with grains 

5, 7, and 8 showing a slight saddle shape and grain 6 showing slight overall 

progressivity. As mentioned previously, the variations in the corresponding 

pressure-time curves are attributable to throat area changes (Figure 69). 

4•  Results of 10KS-25QO Size Motor Tests 

Based on the highly successful performance of the 3KS-1000 size 

(4.5-in.-dia grain) subscale motors at KWC, the same barrier liner and generally 

the same motor parameters were selected for scale-up to the 10KS-2500 size (8,5- 

in.-dia grain) motors. 

One 10KS-250Q size motor was prepared with each propellant formu- 

lation, ANT-3391 and ANB-3392.  The motors contained 39-in.-long by 8.5-in.-dia 

grains that were cast in 0.0S0-in.-thick sleeves of Rocketdyne R-151 EPR insula- 

tion lined with the SD-886-1 liner. The grains were bonded to the case only at 

the forward end.  The motor L* was 200 in., smaller than the 3KS-1000 motors but 

similar to that expected in the full-scale motor, and the nozzle was sized to oper- 

ate at about 1300 psia. 

Page 39 

iiiiiiMumi 



j—art*-hiii.i—•XlrtUflttTMlT    ;•.>•»     ifi.l--mmA^JMH 

Report AFRPL-TR-71-138 

IV.B. Task B, Subscale Motor Tests (cont) 

As shown in Figure 77, the first motor (with ANP-3391) ignited 

and operated normally until about 2.0 sec, when the pressure traces started to 

behave erratically. P . apparently was plugged with aluminum oxide and failed 

to register accurately again. P 2 became intermittently plugged until the period 

of 4.6 to 6.05 sec. The motor thrust trace showed relatively normal but progres- 

sive behavior until 6.05 sec, when the nozzle-to-case seal failed, causing a 

progressively larger hole in the pressure vessel (at the gap in the snapring and 

near the P « pressure line), the resultant performance decrease, and 2 to 3 min- 

utes of low-pressure burning. There are some abrupt changes in thrust level at 

several points, but these cannot be correlated with pressure and may be associated 

with a test stand or load cell anomaly. 

The loss of chamber pressure data was attributed to aluminum oxide 

plugging of the pressute pickup. Posttest evidence of plugged pressure ports sub- 

stantiates this conclusion. The pressure taps were located in the nozzle insula- 

tion outside the graphite insert, as there was no practical way of tapping the case 

wall. 

The cause of the seal failure was not readily evident.  The nozzle 

is attached to the chamber with a snapring, the installation of which requires the 

use of a compression ring between the nozvle and chamber insulation. The usual 

precautions were taken in inspection of the mating steel components and 0-ring seal 

A silicone rubber sealant was used ai the insulation interfaces and the internal 

surfaces were ins ected using a mirror alter motor assembly.  On postfire inspec- 

tion the 0.30 in. of IBC-lil case insulation was charred to the steel over a wide 

area, but this is attributable to the excessive burn time.  The silicone rubber 

compression ring was largely intact and bonded to the nozzle, except where the 

leak occurred, which would be the expected condition in this situation.  It was 

concluded that either the compression ring provided inadequate thermal protection, 

or the seal was initially defective. 
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IV.B.  Task B, Subscale Motor Tests (cont) 

Because of the difficulties with the pressure port plugging and 

nozzle sealing in the standard 10KS-2500 hardware, the second grain (ANB-3392) was 

removed from the 10KS-2500 chamber and reinstalled in a heavyweight workhorse 

chamber of slightly larger diameter, but about 12-in. shorter. This action allowed 

pressure measurement through the case wall, greater case insulation thickness, a 

more positive flange-joint seal, and a more elaborate insulation joint interface. 

IBC-111 insulation was cast around the grain to supplement the existing insulation. 

The motor was successfully test fired showing a slightly progres- 

sive thrust-time characteristic, as shown in Figure 78. The more neutral pressure 

curve is ehe result of throat erosion.  The silver-infiltrated-tungsten was severely 

scalloped on the entrance contour, with the pattern extending past the initial throat 

plane. This behavior was apparently caused by momentary deposition of unburned 

aluminum exaggerating the local heat transfer rate. 

The initial operating pressure was very close to the predicted 

1300 psia. The subsequent non-neutrality of the thrust is not readily explained 

on the basis of what is known about the grain.  X-rays of the grain previously 

showed scattered small voids, but there is no evidence of significant area vari- 

ations either from voids or from non-uniformities in diameter. 

5•  Interior Ballistics Analysis 

Establishing the capability to predict the performance charac- 

teristics of end-burning motors is an important objective of the program.  An 

analysis of the interior ballistics of end-burning motors based on theoretical 

considerations as well as the results of the laboratory and subscale motor tests 

is the first step in achieving this capability.  Based on this analysis, a com- 

puter program describing the ballistic performance has been prepared and ehe;ked 

out, although refinements to the program are still in process. 
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Analysis of the interior ballistics of the end burner is divided 

into seven sub-sections dealing with specific problem areas: 

1. Ballistic analysis 

2. Ignition analysis 

3. Nozzle erosion/deposition 

4. Heat losses 

5. Aluminum combustion 

6. Ablation 

7. Burning rate gradient 

i 

The ballistic analysis is basically a composite of the transient 

mass and energy balances chat considers mass addition from the igniter, propel- 

lant and insulation (items 2, 6, 7 above), and energy losses as result of heat 

losses and incomplete burning of aluminum (items 4 and 5). The effect of these 

on the pressure depends on the nozzle flow area (item 3). In the analysis, com- 

bustion effects are assumed to occur that are shown below: 

Factor 

Ignition 

Nozzle size 

Heat losses 

Ablation 

Burning rate 
gradient 

Aluminum 
combustion 

Mass Balance 

Adds flow.  Initiates flow 
from propellant. 

Influences pressure. Depo- 
sition of condensed oxide 
and thermal expansion is 
followed by shearing of 
molten oxide and eventual 
erosion of nozzle. 

Initial flux to insulation 
to provide ablation. Radi- 
ation dominates gap. Radi- 
ation and forced convection 
dominates insulation loss. 
Forced convection dominates 
nozzle losses. 

Mass addition - dominated 
by radiation heat flux and 
convective flow. 

Affects burning area as 
well as burning rate. 

Removal of oxides affects 
I . 
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Energy Balance 

Energy gain 

Influences L* and 
aluminum combustion 

Energy loss 

Losses decreased by 
energy return with 
insulation addition 

Energy loss affects L*. 
C* and I also affected 

s 
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Many interesting facts are shown during the analyses. First, 

the bag igniter tends to lose some 30% of its initial charge through the nozzle. 

Ignition does not appear to be affected, however, because of the high ignitabi- 

lity of the propellant. 

In calculating the heat losses, the Bartz method was first used 

to calculate the convective heat losses as well as to estimate the boundary layer 

thicknesL. This classic method, however, was found to be too costly to utilize 

and several simplifications were introduced to reduce computer run time. Prelimi- 

nary results indicated that the boundary layer thickness, 0, in the nozzle appears 

to grow such that the actual nozzle diameter is affected by several percent. When 

the burning rate is lower than for the case used in this program, boundary layer 

buildup appears as a real problem because of the relatively small nozzle. Generally, 

G grows with chamber length. With center-perforated grains the A also increases 

with increasing chamber length and therefore will change proportionately to G. How- 

ever, in an end burner 0 can grow as the burning surface recedes, whereas A remains 

constant, depending on the chamber diameter, hence the problem of an increasing 0 

is unique to the end-burner. 

Next, the presence of a  gap around the grain (resulting from stress 

relieving systems) can provide a significant contribution to L* and depends on the 

actual dimensions allowed by the tolerance. Although this effect might contribute 

significantly to a delay in the chamber fill time, it does not appear capable of 

explaining the very slow ignition period« noted. 

Calculations regarding the sloughing off of condensed aluminum 

oxide in the nozzle were completed using the Vidya program. The calculations in- 

dicate that the rate of nozzle area change is the right magnitude to acccunt for 

the changes empirically found. 
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IV.B.  Task B, Subscale Motor Tests (cont) 

Thermodynamic calculations of mixtures of ablative and propel- 

lant gases have shown that the higher I  of the HTPB propellant is effectively 
sp 

reduced by addition of ablation products. Also, the calculations showed that the 

thermodynamic properties are sufficiently pressure and temperature sensitive that 

detailed statements regarding these properties in the computer description were 

needed. 

6.  Ballistic Analysis 

After the computer program description was completed the program 

was checked out. Plots prepared from calculations showing predicted performance 

effects are presented in Figures 79 through 82. A baseline performance curve was 

calculated so that the separate effects of various factors could be compared. This 

baseline case assumed no heat losses or ablation, all aluminum burned at the sur- 

face, no changes in throat area, and constant surface area. The baseline calcu- 

lations were for the tw- L* values tested, 630 and 370 in. (Figures 79 and 80). 

The baseline cases naturally predict pressure rise times proportional to L*. When 

heat losses are included a shift in time of about 5 miliisec is introduced and the 

operating pressure is decreased by about 35 psi, or 2% during ignition, and about 

double this over the entire firing cycle. However, the actual performance is sig- 

nificantly different from this simple baseline, although the final pressures are 

essentially correct. 

Experimentally it was found that the effect of changing L* is 

quite small.  Considering the various possibilities that couTd account for this 

it is concluded that heat losses, ablation, changes in throat area or slow igni- 

tion could not account for the observed insensitivity to L*.  Further, the calcu- 

lated baseline rise rate itself is too high by a factor of two. Therefore, it is 

apparent that the aluminum combustion is the most likely candidate for the reduced 

ignition rise rates observed in the 3KS-1000 size motor firings. 
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IV.B. Task B, Subscale Motor Tests (cont) 

A preliminary estimate of the effect of aluminum combustion with 

and without heat losses is given in Figures 81 and 82 for the two values of L* 

(370 and 630, respectively). In Figure 81 the experimental case represented by 

3KS-1000 size motor firings 4 and 6 (see Figures 53 and 55) are also given for 

comparison. The motot firing data show a slower ignition rise rate up to about 

0.125 sec and then a secondary pressure rise phase up *•*> about 1 sec and then 

equilibrium. Using aluminum burning and heat losses this secondary pressure rise 

phase is well simulated. However, the predicted ignition phase still shows a 

pressurization rate faster than actual. To explain this difference, the other 

factors affecting performance will be evaluated, but it is believed that the slow 

pressurization rate might have to be explained by hypothesizing a slow burning 

rate during ignition. 
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1 

Prepolymers 

B-2000 

CTPB (HC-434) 

CTPB (Telagen) 

HTPB (R-45) 

NPGA 

PBAN 

Crosslinker 

TP-4040 

MMA 

Curing Agents 

HDI 

IPDI 

TDI 

BISA 

MAPO 

DER-332 

Bonding Agent 

C-l 

FC-157 

Poly(1,2-butylene)glycol 

Carboxy terminated polybutadiene, 
Thiokol Chemical Corporation 

Carboxy terminated polybutadiene, 
General Tire and Rubber Company 

Free-radical initiated hydroxy-terminated 
polybutadiene, Sinclair Oil Company 

Neopentyl glycol azelate 

Terpolymer of polybutadiene, acrylic acid 
and aerylonitrile, American Synthetic 
Rubber Co. 

Polypropylene oxide adduct of 
trimethylolpropane 

Methyl nadic anhydride 

Hexamethylene diisocyanate 

Isophorone diisocyanate 

Tolylene diisocyanate 

Butylene imine adduct of sebacic acid 

Tris(2-methyl aziridinyDphosphine oxide 

Diepoxide of tus-phenol-A 

2,3-Dihydroxypropyl-bis-(2-cyanoethyl)amine 

Aerojet proprietary item 
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V.  Glossary of Terms (cont) 

Burning Rate Catalysts 

Cu0202 

Catocene 

Insulation 

Gen-Gard V-4030 

R-151 

IBC-III 

Ammonium Perchlorate 
Oxidizer 

RRD Ung 

SSMP 

MA 

UFAP 

Plasticizer 

IDP 

Other 

A-35 

erf 

H-60 Aluminum 

Copper chromite, Harshaw Chemical Company 

Nonvolatile liquid ferrocene derivative, 
Arapahoe Chemicals, Inc. 

EPR material, General Tire and Rubber Co. 

EPR material, Rocketdyne Division of 
North American Rockwell 

Castable PBAN-epoxy insulation material 

Rounded rotary-dried unground, 
Average particle size • 180 microns (u) 

Slow-speed Mikropulverizer ground, 130u 

Mikro Atomizer ground, ^7u 

Ultra Fine Ammonium Perchlorate, M).5u 

Isodecyl pelargonate 

Washcoat composed of trichloroethylenc 
ferric acetylacetonate and TDI 

Error fuaction 

Spherical aluminum powder, 6Qu 
particle diameter 

Mine Safety Appliance Co. 

Microstrand burning rate 

Solid strand burning rate 

Sodium salts of sulfonated hydrocarbons 
extended with paraffin oils 
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V. Glossary of Terns (cont) 

Symbols 

u 

c* 

DPT 

I 
s 

I 
sp 

K 

L* 

Mechanical Property Symbols 

aT 

€ 
m 

m 

Micron 

Characteristic exhaust velocity 

Double Plate Tensile 

Impulse 

Specific impulse 

Port to throat ratio 

Ratio of motor free volume to nozzle 
throat area 

Shift factor 

Reduced strain rate 

7,  Elongation (at break) 

X  Elongation at nominal maximum stress 

Initial modulus, psi 

Nominal maximum stress 

Time to nominal maximum stress 
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Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

AP 
PSiq 

220 

230 

240 

230 

280 

240 

240 

220 

220 

240 

Average Pressure, 
 ßsJü  

1010 

1010 

1010 

1010 

1030 

1010 

1000 

990 

1000 

1000 

Burning Rate at 
1000 psig, in./sec 

1.54 

1.54 

1.52 

1.55 

1.53 

1.53 

1.56 

1.53 

1.55 

1.55 

X = 1.540 

o = 0.0125 

V = 0.8% 

Strand Dimensions: 0.6- by 0.3- by 1.3-in. 

Reproducibility of Microstrand Burning Rate Determination, ANB-3392 Propellent 
(Batch  70-141) 

si 
Figure  3 
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APPENDIX 

A series of tests were conducted for the purpose of characterizing the 

mechanical responses and failure behaviors of the ANP-3391 and ANB-3392 formu- 

lations. Resulting data that have been summarized in tabular form and plotted 

in a manner found to be most applicable for use in stress analyses and struc- 

tural integrity evaluations are shown in Figures la through 17a. A brief descrip- 

tion of the types of tests performed and the significance of the data are pre- 

sented below. 

The propellant's coefficient of thermal expansion determines the magni- 

tude of the strains developed in the grain upon cooling from the cure tempera- 

ture. It is determined experimentally from measurements of density at various 

temperatures by means of a buoyancy technique. The volumetric coefficient is 

obtained directly from the slope of a density-temperature plot and the linear 

coefficient is taken as one-third of the volumetric value. 

Various types of modulus data are required for an analysis. For calcu- 

lating stresses produced during long-term storage the appropriate relaxation 

modulus, taken from a "master relaxation curve" is used (Figures 5a and 13a). This 

curve is generated frbm the results of relaxation tests conducted at various 

temperatures.  The test involves applying a small, fixed strain to a specimen 

and measuring the decay of the stress with time. The "master curve" is constructed 

by empirically shifting the individual log modulus vs log time curves along the 

time axis until they superimpose at a selected reference temperature, usually 77°F. 

The amount of shift required for each curve determines the shift factor, a_ (Figures 

4a and 12a). 

For determination of the bond shear stresses produced by motor firing the 

pertinent modulus values are obtained from uv  -vial tensile tests performed at 

various rates and temperatures. The data, pic ced in the form modulus vs log re- 

duced strain rate, ea,^, (Figures 7a and 15a) can be used to obtain the appropriate 

modulus for any desired firing conditions. J     X 

Page 1 
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APPENDIX (cont) 

The uniaxial tensile data can also provide an indication of the propellent 

strain bearing capabilities for storage and firing at various temperatures by con- 

structing plots of elongation vs log reducted strain, ea , (Figures 6a, 8a, 14a, and 

16a). The applicable rates can be determined by dividing the expected strain for 

cooling or pressurizatlon by the time required to reach thermal equilibrium or 

the time to reach maximum pressure. 

The propellant's capability to withstand long-term stress can be assessed 

from uniaxial tensile data through use of plots of log maximum true stress vs log 

reduced time to maximum true stress. This plot also provides the parameters re- 

quired for cumulative damage analysis. 

13 
Page 2 
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Cure Temperature, °F 

Cured Density (25°C) 
g/cc (lb/1n.3) 

Volumetric Cure Shrinkage, % 

Liquid - Solid 

After gel 

Glass Temperature, °F 

Coefficient of Thermal 
Expansion, 1n./1n./°F 

-100 to +32°F 

+30 to 150°F 

Heat Capacity, Cp, 
Btu/°F/lb 

Thermal Conductivity* 
Btu . ft^.hr^.^F/ft)"1 

KpC 

where thermal conductivity 

ity 
-3 

ANP-3391 ANB-3392 

no 110 

1.825 
(0.0658) 

1.756 
(0.0634) 

0.55 0.57 

0.25 (es t) 0.25 (est) 

-135 -131 

5.4 by 10 

5.9 by 10 

0.288 

0.171 

-5 

-5 

K « thermal d1ffus1v1ty 1n ft^hr"1 

p * density, 1n lb.ft" 

C » heat capacity 1n Btu.•F"1.lb"1 

Propellant Propercies Summary 

5.7 by 10 

5.9 by 10 

0.296 

0.175 

-5 

-5 

m 
Figure   la 
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The following data are presented: 

Effect of Test Temperature and Strain Rate on 
Un1axial Tensile properties 

a» vs Temperature 

Master Relaxation Curve 

Em vs ea. 

eb vs eaT 

E0 vs caT 

°m/Eo vs caT 

True Stress vs t /a_ m ( 

Mechanical Property Summary Sheets for ANP-3391 Propellant 

Figure 2a 
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The following data are presented: 

Effect of Test Temperature and Strain Rate on 
Uniaxial Tensile Properties 

aj vs Temperature 

Master Relaxation Curve 

e_ vs ea- rn 

cb vs caT 

Eo vs EaT 

True Stress vs t^aj 

Mechanical Property Summary Sheets for ANB-3392 Propellant 

Figure 10a / 
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