
UNCLASSIFIED

AD NUMBER
AD525516

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential

LIMITATION CHANGES

TO:

Approved for public release, distribution
unlimited

FROM:

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; APR 1973.
Other requests shall be referred to Air
Force Rocket Propulsion Lab, Edwards AFB,
CA.

AUTHORITY
31 Dec 1978, per document marking; AFRPL
ltr, 15 May 1986

THIS PAGE IS UNCLASSIFIED



t. 

i
!

AI tTHOIrTY:,,.

Best Available Copy

| 
*s~.~, I3'.W



SECURITY
MARKING

The classified or limited status of this report applies
to each page, unless otherwise marked.
Separate page printouts MUST be marked accordingly.

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTIONS 793 AND 794. THE TRANSMISSION OR THE REVELATION OF
ITS CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY
LAW.

NOTICE: When government or other drawings, specifications or other
data are used for any purpose other than in connection with a defi-
nitely related government procurement operation, the U.S. Government
thereby incurs no responsibility, nor any obligation whatsoever; and
the tact thet th- Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data is not
to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights
or permission to manufacture, use or sell any patented invention that
may in any way be related thereto,

.4. 4



CONFIDENTIAL

AFR PL-TR-73-28

(Unclassified Title)

PCDE PROPELLANT FOR BALLISTIC MISSILES

Morton A. Klotz, B. B. Lampert, J. P. Coughlin and R. M. Smith
Aerojet Solid Prupulsion Company

Technical Report AFRPL-TR-73-28

April 197'.

Classified by AFRPL in DD-2D4, dated 11 October 1972, Subject to
GDS of EO 11652, Automatically downgraded at two year intervals,
declassified on 31 Deceiner 1974.

NATIONAL SECURITY ':NFORMATION

Unauthorized Disclosure Subject to Criminal Sanctions

Air Force Rocket Propulsion Laboratory
Director of Scieice and Technology

Air Force Systems Command
Edwards Air Force Base, California 93523

A S 1024

CONFIDENTIAL



CONFIDENTIAL

(Unclassified Title)

PCDE PROPELLANT FOR BALLISTIC MISSILES

Mcrton A. Klotz, B. B. Lampert, J. P. Coughlin and R. M. Smith

Classified by AFRPL in DD-254, dated 11 October 1912, Sut'ject to
!) of [( 1 11652 Automatically Downgraded at Two 'ear Intervals
elL'Id s ifle on 31 December 197 ."

NA1IOf1L SECURITY INFORMATION

Uauthorized Disclosure Subject to Criminal Sanctions

AS 1024

CONFIDENTIAL



FOREWORD
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UNCLASSIFIED ABSTRACT

This program is concerned with the development, characterization,
and ballistic testing of propellants containing PCDE, SYFO, and FEFO.

A detailed theoretical atudy was made of the effects of compositional
variables on the predicted performance of PCDF/SYFO and PCDE/SYFO/FEFO
propellants in order to select formulations for maximum range. The

details are given and discussed. An impurity was found to be present
in PCE in significant concentration. It was identified and two
methods were devised for its removal. The hazard charactri tics ,of ti
ingredients were determined alone and in combination with each other.

Potential antioxidantis w':e scroened for use In propellants, Prellminairy
propellant formulation studies gave propellants with mchanJi'al

properties close to the programi goals and with encouraging .cosittvitics.
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SECTION I

INTRODUCTION

A. OBJECTIVL (U)

(C) The overall objective of this program is the development of a high-

performance solid propellant for ballistic missiles based on the PCDE prepolymer

plasticized with SYFO or a combination of SYFO and FEFO, and the demonstration

of this propellant in large-scale motor firings.

(C) The propellant property goals are:

* A delivered specific impulse in the range of 259-262 lbf-sec/ibm.

* A density as high as 0.070 lb/cu in.

0 A burning rate range from 0.4 to 0.5 i,./sec at 1000 psia
with a pressure exponent at or below 0.6. Based on pre-
liminary system requirement analysis it is anticipated
that a second-stage strategic missile will require a
burning rate of about 0.4 in./sec and a third-stage burning
rate of 0.4 to 0.5 in./sec at 1000 psia.

* Adequate aging s-ability.

• Adequate processing and cure properties.

* Safe manufacturing, handling, and use characteristics.

* Adequate liner-bond properties.

* Adequate combustion-stability characteristics.

• High reproducibility characteristic .

B. SCOPE (U)

(C) The program is divided into three phases. The major objectives of

Phase I - Formulation and Characterization - are the in-depth characterization

of the prepolymer and plasticizers, and of a series of propellant formulations,

culmtnatlng in the selection and preliminary scale-up of two rormulitions,

* See (;lossary
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(C) one with PCDE/SYFO and one with PCDE/SYFO/FEFO. The objectives of Phase II -

Scale-up - are the further detailed characterization of the two formulations,

including process studies in intermediate-scale mixes, systematic evaluation

of mechanical properties, hazard evaluation, combustion instability studies,

firings of 10- and 70-lb motors, and delivery to AFRPL of 15- and 70-lb BATES

motors together with other propellant samples. The objectives of Phase ILI -

Super BATES motors - include the scaling up of one of the two propellant formu-

laLions to full production-size batches for preparation of three Super KAY.,

motors, instrumented analog motors, and test samples to be delivered to AFRI1L

or tested at ASPC.

(U) The approach being used to attain these objectives is illustrated

by the program flow charts in Figures 1, 2 and 3.

-2-
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SECTION Ii

SUMRY

(C) A. A detailed theoretical study was made of the effects of compositional

variables on the predicted performance of PCDE/SYFO and PCDE/SYFO!FEFO propellants

in order to select formulations for maximum range. Within the limits imposed

by practical considerations such as processing, etc., only small changes in per-

formance are found. The optimum propellant formulation will probably contain

78 to 80 wt% solids, 16 to 17 wt% aluminum, a 3/1 HMX/AP wt ratio, and a 2/

plasticizer/polymer wt ratio. The delivered specific impulse in a large :iiik)r

will probably be in the range of 262 to 264 ibf-sec/lbm, with a density of

3
approximately 0.069 lbm/in.

(C) B. The carbonyl band in the infrared absorption spectrum of as-received

;CDE was-'found to be due to the presence of over 4% acetone. The impurity

(C) is removable by either vacuum distillation or treatment with 13X molecular

sieves, but it is not yet known which method is best.

(C) C. Neat SYFO is very sensitive to friction and moderately sensitive to

impact, but is readily desensitized to either by admixture with PCDF or

FEFO. Molecular sieve treatment had no effect on the sensitivity of a

PCDE/FEFO mixture.

(U) D. Four potential antioxidants for use in PCDE propellants were screened

by comparison of DTA data in PCI)E'/FEFO and PCDE/SYFO submixes. The results

were inconclusive, but Neozone ) was selected for current use pending more

thorough evaluation.

-6-CONFIDENTIAL
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kU) F. PCUE)I/SYFO and PC;DE/SYFO/ 'EFO propel lants have XhIbiLted tnechan ica.1

properties close to the program goals, with 110 effort at optimization. 11he

propel lant sens itilvi ties are al so encouraging.

(M F . The results of a small-scale Company-sponsored investigation of the

therimal stahi Iity of PCDE/ VEF/A L/ IIX /All propel -at is reported. In 68 days

at 135'F there was no0 eXotlherm, an no significant loss in weight or Iricreast.,

in hazard, bu. there was evidence ()f iSSUr ing and deterioration of mechV,,% ill

properties.
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SECTION III

TECHNICAL PROGRESS

A. SELECTION OF FORMULATIONS FOR OPTIMUM RANGE

1. Introduction

This task was divided into two parts. The first (Section

1II.A.2) was a detailed study of the effect of compositional variables

on the performance potential of PCDE/SYFO propellants. In this study, in

addition to theoretical specific impulse, the factors affecting delivered

specific impulse were considered and used in predicting propellant

performnce. The recommendations arrived at for formulations for initial

evaluaLion also considered practical constraints such as processability

ard probable burning-rate range.

The second part (Section [II.A.3) was a refinement of these

calculations taking into consideration the effects of modifications of

an actual baseline propellant composition.

UISS
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2. The Effect of Compositional Variables on Performance

a. Constraints

In order to conduct the most effective and economical

program, it is desirable to establish practical formulation development;

limits based on optimum performance, processability, mechanical properties

and aging stability. The limits set L performance nust, in turn, considel

not only specific impulse and density but also Durning rate dchievable,

pressure exponent and the requirements peculiar to each sLage Qf the ballis-

tic missile. The process.hility limits are based on experience. Mechanical

properties limits must exclude potential formulations with too little

polymer and/or binder and must consider the possibility that, especially in

an, upper stage, a formulation with lower solids loading, and Lherefore lower

performance, may provide Superior mechanical properties which can be

used to reduce insulation weight (no boots), and thus permit higher volu-

metric loaditig.

This section describes the process used for limiting the

scupe of fornulation development to perto; on,(vncIntrat ion on tile most

promi.sing formulation range.

A roadnap of the selection procets is As follows:

-9-
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Calculation of
Theoretical Specific Impulse Expected Delivered

Specific Impulse

Consideration of
Aluminum Concen- ,01 Effective Specific g-r

tration and OFR Impulse ( )

Consideration of Range W Recommended Approach

Throughout this analysis the following practical guidelines were

used, based on the propellant target properties in Section I.A.

Propellant Coals Guide Lines Raasons

r and n 2/1 to 3/1 HMX/AP ratio Ease of r and n
tailoring

Mechanical > 22 vol % binder Current technology
Properties based on similar

1 8 vol % polymer propellants

(<3/1 plasticizer/
polymer ratio)

Processing
Properties > 22 vol % binder Current technology

1 plasticizer/ based on similar
- polymer ratio propellants

Storage Stability <3/1 plasticizer/ Increase stability
polymer

Hazard >2/] HHX/AP ratio Reduce friction
sensitivity

<311 plasticizer/ Avoid migration or
polymer exudation

-10-
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1. 'ropellant Performance Evaluation

Within the framework of other constraints as identified

above, tne propellant choice will depend upon the idea] combination n'f

expected delivered specific impulse and density. The result of the tradeoff

analysis is the effeutive specific imulse.

Expected delivered specific impulse is a complex functlui. I

theoretical specific impulse and all of the compositional, thermodynamic

and motor-design parameters which affect 1ecific impulse efficiency.

Chief among these are (1) total aluminum content 
and pro-

pellant OFR which affect aluminum combustion efficienc,, (2) total propellant

mass, firing duration and motor geometry, which affect heat loss, (3) total

Al20 3 content of the exhaust products, average Al203 particle size, exhaust

temperature and motor geometry, all of which play an important role in

determining efficiency losses due to two-phase-flow effects, and (4) active

fluorine content of the propellant, which can have a profound effect on bth

aluminum combustion efficiency and two-phase-flow losses. A theoretical

model which utilizes these parameters for predictions of deliverable specific

impulse is described below and utilized in subsequent sections for pre-

dictions of final motor performance.

In order to select optimum compositions from the many po-

tential ingredient combinations for this application, optimization calcu-

lations of propellant performance as a function of composition were made

UNCLASSIFIED
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on the basis of three-component propellant systems consisting of:

* Three binder compositions with each plasticizer, contain-

Lng PCDE polymer and plasticizer (either SYFO or SYFO/FEFO mixtures) at

fixed ratios of 1:1, 2:1, and 3:1, as well as the unplasticized polymer

for reference.

a Six oxidizer combinations consisting of HMX and NH4 CO4

mixtures in ratios of 1:1, 3:2, 2:1, 3:1 and 7:1, as well as pure UMX.

0 Aluminum metal as the fuel additive and third component.

Each system was then evaluated as a function of binder content (from 12

to 21* weight percent in 3% steps) and aluminum content (in 2% steps from

12% to the maximum dictated by propellant oxygen balance for each binder

content). For each system, the performance parameters evaluated were:

* Theoretical Specific Impulse

0 Predicted specific impulse for a typical large-
motor configuration (I15 s)

0.3
* Effective Specific Impulse based on I5s(P/ )

0 The volume fraction of binder

*The chamber flame temperature

* A detailed discussion of the results of these evaluations

is presented in the following three sections. In the first section, the

effect of composition variables on the theoretical specific impulse is

described. In the second section, the same compositions are examined in

* A lited number of calculations is included for 24 weight percent binder

at an HMX/AP oxidizer ratio of 3/1.

-12-
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terms of the expected delivered specific iapulse using a prediction model

for large-motor applications. Next, specific Ampulse-density tradeoffs

are mace to establish optimum formulations on the basis of effective

specific impulse.

(1) Theoretical Specific Impulse (1p

A preliminary comparison of theoretical I data forsp

three plasticizers (FFFO, SYFO and a 1:1 weight mixture of the two) with

similar data for unplasticized PCDE polymer is shown in Figure4.

The calculations were performed for binder compositions of 2.1 plasticizer:

polymer ratio (except for the unplasticized polymer) and at a constant oxi-

dizer composition of 3/1 HMX/NH4CIO4 mixture, Each of the points plotted

represents the composition (aluminum content) yielding the maximum theo-

retical I at tlu, particular solids loading of interest, expressed assp

weight percent total solids (A1 + AP + IMX).

The plot sho's that peak theoretical specific impulse

increaces with the total solids loading, and that both FEFO and SYFO

plasticizers result in an improvement of theoretical Isp over that of

the unplasticized PCDE polymer.

The peak theoretical I values for all the SYFO,

FEFO, and mixed SYF/FEF0 plastici7ed PCDE binders occur at oure ;M& or a

high (7/]) ratio of RMX to AP, as can be observed in Figures 3

(82. solids) and 6 (79% solids). More information on the poin,s

plotted, including aluminum content, density and volume

fraction binder as well as theoretical I .are included as grit summaries

-13-
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PEiAK THEORETICAL 10 VS. % TOTAT, SOLIDS FOR )IM/AP/3/1 0XIDIZkR
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IPLAK TH'ORETICAI, I' VS % MX IN HIX/AIA
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PEAK THEORETICAL I VS % HMX IN HMXIAP

sps

OXIDIZER AT 79 WT% SOLIDS (U)

274- 13

273 . . I

-- 17

271

O"F2 / ...

c ..... 1 SYF(U 1/1 . -

a.

Ind

Qi t

- 4 SYFO2/

6..6 FEF) 2/1 00

.SYFO 1/1

611t. 70/ t

I in H D(/AP xidier
Figure 6
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in Figure / for the 82Z soLtds systems and In F:[gire 8 for the

79Z solids s;ystems. Also Included In these grids are the corresponding

data ftor the ,i:xed-plastLclzer systems wh eh were not plotted in Figures

j and b. At these peak values of Lhoretical I , SY .') or

the mixtures of FEFO and SYFO indicate only tenths of I units advantage
sp

over FEFO. These spcif Lc impulses are in the expected order as regards

plasticizer-to-polymer ratios i.e. 3/1 > 2/1 > 1./1.

SYFO contains more hydrogen and carbon (fuel value)

and Ia, a more positive heat of format[on per unit weight than FEFO. There-

fore SYFO is expected to yield higher specific Impulse than FEFO with a good

oxidizer such as AP. On the other hand since FEFO has a stoichiometric

ratio of oxidizer (O+F) to fuel (C+I) of greater than one, it benefits from

comb i.nOLa n with a Less than sttichlometrlIc oxidizer such as IIX. Thus FEFO

provide:; very good performance with HIMX oxidizer systems.

At the more practical (less than optimum) HMtX/AP

ratios (3/i or lower) which will probably be uti llzed to achieve burning

rate and pressure exponent targets, SYFO has a more pronounced advantage

over FEW. (1-2 1 n p nits). in fact , wltl; lower HiNX/AP rtitos, PCDE polymer
,S;p

appears bette r than FEF, since there Is a sl ight decctease of I with in-
sp

creami ng "EFW content. For the plasticizers of cern for this program--

KY 0 r the SYFOiFEFO mixtures--the 1 increases In the expected ordersps

with lncreasing plasticzer-to-polymer ratio.

-.17-
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la
I'C)F P'OLYMHR I'RO I',IANTS AT !)t

PEAK 'L'II,0RE"TlCA. ]UZ S2:;O.llm:; (11) wt ./ Al

I . t rachi ndur

________________________________ _______ - I iMX/AI -Wt Ii ,II RiI lo

Plasticizer aiid Ratio 1/1 3/2 2/1 i/1 7/1 100/ -

SYFO 3/1 271.1 272.5 271.2 2713.8 274.6 274.8
18 18 10' I6 14 12
1.951 1.946 1 .912 1.929 1.91", 1.896

.220 .219 .218 .217 .215 .214

SYFO/FEFO = 3/3/2 269.7 271.4 272.3 271.2 274.1 274.9
20 18 18 18 16 17
1.957 1 .941 1.939 1.936 1 .919 ..,3
.223 .221 .221 .221 .219

FEFO = 3/1 268.3 270.3 271.3 2.72.5 273.7 211-
18 18 18 18 18 16
I .94L 1.936 1.934 1.931 1.926 1.909
.224 .223 .223 .223 .222 .220

SYFO = 211 270.9 272.3 272.9 273.6 274.3 )74.4
18 16 16 16 1.4 14
1.947 1.931 1.929 1.925 1.909 1.904
.221 .219 .219 .219 .217 .2L6

SYFO/FEFO = 1/1/1 269.8 271.5 272.3 273.1. 273.9 274.'
18 18 18 16 14 1 ,4
1.942 1.938 1.936 1.921 1.905 1.900
.223 .222 .222 .221. .219 .218

FEFO 2/1 268.6 270.4 27I.', 272.4 273.5 274.2
18 20 18 18 16 14
1.938 1 .945 1. 1) 1 1 .928 1.912 1.895
.225 .220 ,224 .224 .222 .220

SYFO 1/1 270.7 271.9 272.5 272.9 273.7 273.5
18 16 16 16 14 12
1.940 1.924 1.921 1.918 L.902 1.885
.224 2 .222 .222 .220 .218

SYFo/FEFO - 1/1/2 270.0 271.3 2/2. 212.7 273.5 273.7
18 I8 18 16 14 14
1.936 1.912 1.9'29 1.913 1.899 1.8914

.225 .225 .22') .223 .221 .220

FEFO - 1/1 269.2 270.8 271.5 2/2.13 273.1 273.8
18 18 18 18 16 14
1.9J3 1.929 1 .92o 1.923 1.90/ 1.891
.227 .226 .226 .226 .224 .222

Non Planticized 269.6 270.4 270.8 2/1.1 271.2 269.9
16 16 14 14 12 12
1.907 1 .903 I .889 1.886 I .870 1 . 8t5

.231 .231 .229 .229 .227 .226

-18- l"lgtart, 1
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10
sps

1CDI: [InLYEai( PROIHLIANT! AT wt.7 Al
PEAI TItE1RL1CAL I' FOR 197 SOLIDS (1 g)

Vol .frac-bindor

__IX i_ We lht Ratio
I'a ticizer and Ratio 1 1 712 2/1 3/1 7/1 100/O

SYFO 3/1 271.3 212.5 273.0 273.- 274.2 274.2
18 16 1f 14 14 12
1.919 1.923 1.921 1.90/ 1.901 1.885

.255 .253 .252 .251 .250 .248

SYF)/FEFo = 3/3/2 270.0 2/1.4 272.2 273.0 273.7 274.3

18 18 16 16 14 14
1.933 1.929 1.915 1 .912 1 .896 1 Pl l
.257 .256 .255 .254 .252

FFFO 3/1 268.4 270.1 271.1 272.1 273.2 27 .t
1 18 18 18 18 14

1.92j 1.923 1.921 1.918 1.913 1.66',
.. 59 .259 .258 .258 .257 .254

SYFO 2/11 27 272. 272.8 273.2 273.8 273.6

I1n 6 16 14 14 £2

1.92] 1.919 1.917 1.902 1 ..691 1.8 1
.255 .254 .254 .252 .252 .249

SYFO/F;FO l/l/i 270.0 2/1.4 272.0 272.7 273.4 273.8
18 18 16 16 14 14
1. 129 1.925 1.912 1.909 1.893 1.888

.2553

"EFO 2/] 268.1 270. 3 271.2 27.1 273.0 273.7
20 18 i 8 18 16 14

1.9 0 1 .,2u 1 .918 1 .915 1.899 1 .8d
.262 .260 .259 .259 .251 .255

SY'4 /1 270.8 271.7 272.0 272.6 272.9 272.5
16 lb 16 14 14 12
1.91 1.9 11 1.906 1.894 1.889 1.71

.258 .258 .. 27 .55 .255 .253

SYFO/I: O F/1/2 2/0.1 271.1 271.7 272.1 272.9 272.7
I18 10 1 o 16 14 L"2

1 .92.. 1.90? I .9 5 1 .902 1.886 I, :,
.2b1 .259 -259 .258 .256 .254

269.2 270.5 271.2 271.8 272.5 272.9
18 18 18 16 14 14
1.919 1.915 1.912 1.898 1.882 1.87Y
2b3 .212 .26! .2bO .258 .257

N Pu l t'la. tici'L d 269.1 269.7 270.1 270.1 269.6 267.8
16 14 14 14 12 10
1 .690 1.8/t 1.873 1.870 1.855 1.839

. 268 .266 .265 .265 .262 .260
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At the highest HMX/AP ratios the peak I* occurssps

at 14% aluminum or lower. The optimum aluminum content is, of course,

dictated by the availability of oxygen, which decreases as the HMX/AP

ratio increases. Even at the more practical HMX/AP ratio of 3/1, the

optimum aluminum content (in terms of 1* ) for these SYFO- and SYFO/FEFO-
sps

plasticized binders is never over 16% aluminum. In Figure 9 a tri-

angular composition diagram shows lines of constant OFR=I.O for systems

containing aluminum, SYFIO/PCDE polymer = 2/1 and the various oxidizers

concerned. From this figure, one can determine the aluminum content

corresponding to an OFR of 1.0 for a given combination of binder level and

oxidizer composition. Thus, for 7/1 HMX/AP at 79Z solids, the limiting

aluminum content is 18%, and the peak theoretical I occurs at an OFR ofsp

1.14 (14% Al); similarly, for the same binder and solids loading with 2:1

RMX/A' oxidizer, the limiting aluminum content corresponding to OFR=1I.O

is 22Z and the peak theoretical I occurs at 16% aluminum or an OFR ofsp

1:21 with increasing aluminum content. With less energetic binders more

aluminum is required to achieve a peak theoretical Isp

Another indication of the energy potential of these

SYFO-plasticized PCDE binders is that there is only tenths of a unit of

1. advantage of the 82% sulids EUtm~ulatiulls uver the 79% solids propellants.
sps

Thus, if a high-volume-fraction binder is required to achieve mixing,

casting, and mechanical-properties targets, there are minimal losses in

theoretical performance. The advantages of high solids are, therefore,

-20-
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primarily in cost and material requirements.

(2) Expected Delivered Specific Impulse (I j))

(a) Prediction Model (U)

(C) The performance prediction model developed n the

P722 Program (Ref. 1,2)

~~1/2 12
E - 98.30 - 6.198x - 6.732 x/(ih) /2 - .9428 (A/n)

has been modified on the basis of additional experimental data to a frn

which explicitly accounts for the effect of active fluorine i n the prc(pel-

lant composition (Ref. 3),

1/2 1/
E - 98.62 - 15.86x - 6.092 x/(ih) - .5336 (A/i) I/2 + .5 144 (x:)(F),

where x = moles of Al203 per 100 grams of propellant combustion products,

m - propellant mass flow rate in lb/sec,

A - exposed surface area of motor inert parts, in sq. in.

F - wt% active fluorine In the propellant, and

E - specific impulse efficiency, %

(U) The first term of the eqluaLion, 98.62, rpruset,

the limiting efficiency for a propellant of all gaseCus combustion pr"dur:.:

fired in a rocket motor having zero heat loss with a nozzle of 15L--ngle

exit cone. This (as well as all other equation coetficients) was detjivd

from experimental data by a least-squares fitting technique--and agrees

quite closely with the theoretical value of 98.30.

(C) The first, second and fifth terms in c0nbinatlc, ,

98.62 - 15.86x + (.5144)(x)(F), represent the limiting efficietncy of aluui,ini/ed

-22-
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propellants in 6eneral--as a function of both Al 203 content and active

fluorine content. Thus every aluminized propellant has its own limiting

asymptote of efficiency (at infinite mass flow rate) dependent on the

exact Al03 content of the combustion products and active fluorine oontent.
2 3

This facet of the prediction model is in conflict with earlier prediction

models, such as that of Rohm and Haas (Ref. 4), which assume that Al 203

particle size is a function of propellant composition and independent of

motor size, but in substantial agreement with a recent Air Force Survey (Ref.

5) which showed that A]2 03 ' articlc size is principally a function

of rocket motor size or throat diameter.

1/2
(C) The third term of the equation, -6.092 x/(A)

represents the variation in two-phase-flow losses with motor scale-up effects.

Fractional velocity lag Is Inverety proport onal to nozzle length or nozzle

throat diameter or (alternatively) inversely proportional to mass flow rate

to the one-half power under conditions of constant chamber pressure com-

parisons. Total loss due to velocity lag is equal to fractional velocity

lag multiplied by mass fraction of Al203 in the combustion products.

(C) The fourth term of the efficiency equation,

1/2
- .5336(A/h) , represents a heat-loss term, where heat loss per unit mass

is directly proportional to exposed surface area of rocket-motor inert

A.t A
parts and to firing duration, -- or (-. . The corresponding loss in

in m

specific impulse or specific impulse efficiency is proportional to the square

root of heat loss or to (A/ ) / 2 . At infinite mass flow Late the third and

-23-
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fourth terms drop out yielding the limiting efficiency defined by the first,

second and fifth terms.

(C) The fifth term, + .5144 (x)(F). represents the

improvement in specific impulse efficiency due to the presence of active

fluorine in the propellant composition, The observed effect of fluorine is

of necessity related to Al 0 concentration as well as fluorine concentratiir,
2 3

in terms of either (a) improved combustion efficiency or (b) reduced two-

phase-flow losses (or both).

(U) The experimental data upon which this efficiency

equation is based are summarized in Table 1. Included are 2CI.5-4.0

and 2CI.5-11.2 motor-firing data for 5 PBD propellants from an in-house

study (Ref. 6), 2CI.5-4.0 and 2C1.5-11.2 data for one non-Domino

reference propellant, two TVOPA propellants and five P722 propellants from

the P727 Program (Ref. i), and 2C1.5-4.0 and 2C1.5-11.2 data for 5

TVOPA propellants as well as one 6C4.8-11.4 TVOPA propellant firing from the

High-Impulse, High-Density Program (Ref. 3).

(U) It would be highly desirable to extend this

correlation effort to include additional classes of propellants and addition-

al data from other motor sizes. Data which are being tncorporated include:

(U) * 15-lb and 70-lb BATES motor data for DOMINO

propellants as well as conventional propellants.

(U) * Data for smokeless (nonaluminized) fornu-

lations in all motor sizes.

I,

-24-
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* Large motor data for all classes of propellants.

(b) Predictions

Spec if ic-impul se prcdio I ions were made tor

all of the theoretical I calculations discussed in the previous paragr.iph,
sp

based on the prediction model above and a hypothet ical large nitor having ai

exposed inert parts area (A) of 400 square inche.s* and a mass flow rot(-

400 lb/sec. For both SYFO and FEFO as well as their mixtures, the peal,

delivered I predicted for each binder occurs at a high ratio of IIMX/AP

15s

(.>7/1), similar to the theoretical values. Figures !() 1h.,w r.t- 1 3

show the peak 115 S values along with the al imimnuln cullt,,t , e'l-

sity, volume-fraction binder and oxidation-fluorination ratio (OFR-. .......

C+ 1.5 A]

However, the spread between SYFO and FEFO is more iwr'ked than in the thuo-

retical Isp. The active fluorine content of SYFO l-ad.s t o It ighe r e ti i.;j i v9'

and this, coupled with the higher theoretical I values fur SYF-plasLicizedsp

propellants, results in an even greater spread in the predicted 115S(2 - Ikl its).

At both 82 and 79% total zielids the pt:ek pre-

dicted 115 s occurred at the lower aluminum 1,e-vel (12.X of the range calcillatrd

for all binders and all 11MX/AP ratios. Since the two-phase-flow Ios terms

in the efficiency equation are dominating terms and the I15 values fur tLnsc

*The A term refers to actual area of metal or giaphite inuLrts insvrts in

small test motors. For large flight-weight motors the A term Incl,,des

actual throat insert parts plus an equivalent metal surface area f.,r il-

sulated areas.
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I'vA DILVI ED I V.. fHX IN IMX,.AI,
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PEAK DELIVERED I VS. % HMX IN HMX/AP
15S

OXIDIZER AT 79% SOLIDS, 12% Al (U)

264

..--1 - 1 T --- ... .I I I

262 4 4
260
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256 I I
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254 ......
: , 3 FE F0

I . . .. 4 SYFO 2/1

6 F-EFO 2 /I

252
7 YYFJ 1/1

9 FEFO I!L
I . ,

59 6 70 80 90 loo

% lt[ in 1- HMX/AP Oxidize,-

Yi , e 11
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A*

wt.% Al~Uwfi~nYEuto ihCONFiD)ENTIAL VO.facb-,drI g/,c ,
iVol. frac. binder

PrEAK PRUDICTE D DELIVERED I FOR PCDE PROPELLANTS WITH 82% SOLIDS (U) FR .
(New Lfficiency Equatlon with Flunrine Coe,

8I' o,.;ticiz.r nd Hat i 1/1 312 2/1 3/1 7/1 100/0

S = 3/1 258.1 259.6 260.4 261.2 261.9 262.1

12 12 12 12 12 12
1.917 1.912 1.910 1.906 1.901 1,8%i

.216 ."15 .215 M .214 .214
1.688 1. '57 1.479 .1 .388 1.267 3.160

S)'FL 1,LF 3 /3/2 256.1 257.8 258.7 259.7 260.6 261.1

12 12 12 12 12 12
1.912 1.908 1.905 1.902 1.896 1.891
.218 .217 .21/ .217 .216 .216

1. 750 1.615 1.533 1.439 1.314 I .204

FEPO 3/1 253.8 255.8 256.9 258.0 259.1 239.8

12 12 12 12 12 12

1j.37 1.903 1,901 1.891 1.892 1.8 V  I
220 .219 .219 .219 .2)8 .217

1.815 1.674 1.589 1.492 1.362 1.247
SX() -2/1 258.) 259.5 260.2 260.9 261.6 261.7

12 12 12 12 12 12

1.913 1.909 1 .906 1.90$ 1.897 1.892
.217 .217 .' 1 .216 .2!6 .215

1.664 1.536 1 .459 1.370 1.251 1.146

SYFO/FEFO) 1/1/1 256.3 257.9 258.8 259.6 21O0.4 260.8

12 12 12 12 12
1.909 1.905 1.902 L.699 1.893 1.888
.219 .219 .218 .218 .217 .217

1.719 1.587 1.507 1.415 1.292 1.184

IFO :2/1 254.4 256.2 257.2 258.2 259.2 259.7

12 12 1 12 12

1.905 1.900 1.898 1.8941 1.88q 1,884

.221 .220 .220 .22ok .2i9 .218
1.775 1.638 1.556 1.461 1,334 1.223

SYFO 1/1 257.8 259.1 259.7 260.3 260.8 260.8
12 12 12 12 12 12

1.906 1.902 1.899 1,896 1.890 1.885

.220 .220 .210 .219 .218 .218
1.618 1.493 1,-.21 1.35 1.220 1.118

sYFo/''/Fo 1/1/2 256.5 258.0 25b.7 7>9.4 260.1 260.3
12 12 12 1 12 2
19 3 1.899 1.8140 1.892 1.8d/ i.882

.222 .221 .221 . 22 . .219
1.658 1.532 1.456 1.368 1.250 i.146

I- 0 I, ' 1 255.2 256.8 257.6 258.4 2519.2 251.5
12 12 12 12 . [ 12 12
1.900 1.896 1.893 1.890 1.884 1.879

.22 .22 .22 .22 . .220
1.699 1.5f9 1.4)1 1.,61 .'3; 1.174

12 1? 12 12 1? 12

1.885 1.881 1.818 1.87') .

.229 .228 .228 .228 .227__ .226,

PnurinrUTIA II
--29- Figure 12
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1,5s
11EAK PREDICTED DELIVERED I FOR PCDE PROPELLANTS WITH 79% SOLIDS(Gwt.% Al

(New Efficie key r uatio0'i5,wtn Fluorine Coefficient) 0 g/cc
|Vol.frac.binder

HMX/AP ityht Ratio ... F

Plasticizer and Ratio 1/1 3/2 2/1 3/1 7/1 100/0

SYFO = 3/1 259.0 260.2 260.9 261.5 262.1 262.0
12 12 12 12 12 12
1.905 1.901 1.898 1.895 1.890 1.885
.250 .250 .250 .249 .248 .24P

1.628 1.509 1.437 1.354 1.241 1.141

SYFO/FEFO = 3/3/2 256.7 258.2 259.0 259.8 260.6 261.0

12 12 12 12 12 12
1.900 1.896 1.893 1.890 1.F85 1.88)
.253 .252 .252 .25 .251 .25,]1.698 1.574 1.499 1.412r .295 1,1()

FEFO = 3/1 254.2 256.0 257.9 258.0 259.0 259.,
12 12 12 12 12
1.894 1.890 1.888 1.885 1.880 1.875
.255 .254 .254 .253 .253 .252

1.771 1.641 1.562 1.472 1.350 1.242

SYFO 2/1 258.8 260.0 260.5 261.1 261.6 261.5

12 12 12 12 12 12
1.901 1.897 1.894 1.891 1.886 1.881
.252 .251 .251 .251 .250 .249

1.602 1.485 1.415 1.333 1.223 1.125

SYFO/FEFO = 1/1/1 256.8 258.2 259.0 259.7 260.4 260.7
12 12 12 12 12 12
1.896 1.892 1.890 1.887 1.881 1.)577
.254 .253 .253 .253 .252 .251

1.663 1.543 1.469 1.385 1.270 1.169

FEFO 2/1 254.7 256.4 257.2 25F.1 259.0 25'.5
12 12 12 12 12 12
1.892 1.887 1.885 1.882 1.877 1.872
.256 .255 .255 .255 .254 .253

1.726 1.601 1.525 1.437 1.318 1.213

SYFO 1/i 258.4 259.5 259.9 260.4 269.7 260.4
12 12 12 12 T 12
1.893 L.889 1.886 1.883 1.878 1.873
.255 .255 .254 .254 .253 .253

1.551 1.440 1.372 1.294 1.188 1.093

SYFO/FEFO = 1/1/2 257.1 258.3 258.8 259.4 259.9 259.9
12 12 12 12 12 12

1.889 1.885 1.883 1.880 1.875 1.870

.257 .256 .256 .255 .255 .254
1.6 1.481 1.412 1.331 1.722 1.15

FEF" /1 255.6 256.9 257.7 258.3 259.0 259.2
12 12 12 12 12 12
1.886 1.882 1.879 1.876 1.871 1.866

.258 .257 .257 .257 .256 .255
1.641 1.524 1.452 1.369 1.257 1.158

~'nPatczd259.9 25'.5 257.7 22.7.8 257.5 256.4
12 12 12 27 12 10
1.869 1.865 1.862 1.860 1.855 1.839
.265 .264 .264 .263 .263 .260

-30- Figure 13
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einergeLic binder systea increase very slowly with aluminun content.

At the lower, practical, IIMX/AP ratios (3/1 or

lower) the delivered 1153 values fLr SYFO at all plasticizer levels

exceeds :he values for the FEO-plasticized propellant compositions.

Table 1.I Shows the re. uILt. of an extunded r;1nge of calulations

(from 76 to 85 wt% total solids) made with a single oxidizer composiLion

(3/1 IMX/AP) and the six binder compositions of primary interest (3/1, :.'i

and 1/1 plasticizer/polymer ratio with SY1O and SYFO-FLFO mixed plasticizer).

in every case the predicted I for 76X solids is equal to ,.r greater than

that for 79, 82 or 85 solids loadings. In the case of the ali-SYFO-plasti-

cized systems, the trend is quite pronounced and exactly opposite to the

corresponding trend of fO vs % solids (Figure 5), which inidicatos
sps

that the increase of I efficiency with active fluorine content (from PCDE

and SYFO) outweighs the effect of decreasing 1'sps

In the case of the mixed SYFO-FE't) systems (with

lesser amounts of active fluorine) , the corresponding gain ii I efficiency

"ith increasing binder content is in almost exact balance wich decreasing

1. P resulting in virtually constant values of predicted 1!5, over the

ranke of solids loadings from 76 to 85 weight percent. Thus, as far as

delivered I15 s is conceined, there is no loss indicated at the lower solids

lo,lings. However, as described in the next Section, the higher--solids

formulations provide an increase in effective specific impulse due to the

higher density.

-31-UNCLASSIFIEO
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TABLE II

PEAK EXPECTED I15 s ' 12% Al, HMX/AP = 3/1 (U)

Plasticizer/Polymer 85% Solids 82% Solids 79% Solids 76% Solids

SYFO/PCDE 3/1 260.8 261.2 261.5 261.8

SYFO/PCDE 2/1 260.6 260.9 261.1 261.3

SYFO/PCDE 1/1 260.1 260.3 260.4 260.4

SYFO/FEFO/PCDE/3/3/2 259.5 259.7 259.8 259.9

SYFO/FEFO/PCDE/l/1/1 259.4 259.6 259.7 259.8

SYFO/FEFO/PCDE/l/1/2 259.3 259.4 259.4 259.3

CONFIDENTIAL
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(3) Effective Specific Impulse (9)

a. Theoretical

Gordon (Ref. 7) has shown that the relaLive

effects of propellant specific impulse and density in a volume--limited

vehicle may be evaluated by the equation

sIsp~poK (7)KK

where p is t,e density of the propellant, p the density of a reference pro-

pellant, K a fraction between 0 and 1.0 calculated from the design parameters

of a given vehicle, and 0 is defined as the "effective specific impulse".

The tradeoff exponent, K, was defined earlier by

Geckler (Ref. 8) as minus the derivative of log I with respect to
sp

log density at constant burnout velocity

:din I
K = - (2)

L d jnp Vb

where the burnout velocity referred to here Is the overall missile velocity

(not the burnout-velocity increment of a single stage), Since changing the

density of an upper-stage propellant affects, not only the performance of

that particular stage, but also that of all lower stages, the mathematical

expression for evaluation of K in the general case is rather complex and will

rut be covered here. For booster or single stage application, however, the

c(AprCsoion redoces to the simple form !,I'
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K _.. 9 M / M

K . . (3)
ZnR- tn (Mo/Mb)

where M is the propellant mass and the stage mass ratio, R, is defined

as the ratio of the initial mass, Mo (or M + Mb), to the burnout

mass, Mb.

To compute the gain in burnout velocity du

to substitution of a propellant of specific impulse I' and density p'sp

for one of reference specific impulse I and reference density p, onesp

merely substitutes for I in the conventional burnout velocity equation
sp

AVb = Ispl gn M (4)

b

the appropriate value of W2' for the replacement propellant

AV,= R' g zn , (5)b M b ,

while retaining the original mass ratio, where = I (p'/) in

even simpler terms one may write

AV = AV b (Q'/Isp), (6)

which is exactly equivalent to the actual burnout velocity expression

applied to the new propellant
Mp(p'/p) + M

I' g in P (7)
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Fo a petill l. ed~aplO, OLI~l1th the oSO ((I a

miss iI e having a propel I ant mass of 250 1b, with I - 250.0 ar.d density -

18Og/cc and an overall missile mass of 1000 lb. For this example M/M -

0.25, R = 1.333, K - 0.877 from Equation (3) and AV,, (250) (2.174) (Pn

1.333) = 2314 ft/sec from Equation (4). Substitution of an equal vokime ot

denSe propellant having an I of 248.0 and density of l8B90 yields i,

877
248.0 (1.89/1.80)' = 258.84 and AV b  - (258,84)(32.174)(Zn(1.335)) .z19o

ft/sec by Equation (5). For comparison, the exact calculation of ,,V by

Equation (4) (substituting new values of Isp and M ) is AVb - (248.0)

(32.174)(Zn(2 6 2 "5 +750)) = 2395 ft/sec, a difference of only 1 tt/sec." 750
Gordon (Lef. 7) listetd tihu i lhoWing v.lue

of K fur the individual stages of an ideally staged rocket with propellant

sab; I' i k)L S Otu of 0.9 in) *_ ( h .tigU .ild I I : di. t ,t 4

1,1.st Stage 0.10

Second Stage 0.36

Third Stage (.25

Fourth Stage 0.15

For subsequent discussions hero in, this table is siupl ified s ill

turthi.er by uslnlg a K v.luv of 0.3 for Lpper-stag: apli~AttIoS, as a

generality.

(b) Optimizotion of CandidaLe Forraulat ons
for Upper--Stage Applications

Mie eftective speoific impulse, or 0.3' fhr upper

stage, which includes weighing for both densiLy a,1d dulivvred spec ifi,
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impulse, is computed by the term 0.3=I 15s(O/Po )0  The 0.3 exponent for

the density term has been found to optimize this effective specific impulse

parameter at the same compositions that more detailed range calculations

indicate for upper stages. These values for 79 and 82% total solids are

indicated in Figures 14, 15, 16 and 17.

As was the case for the theoretical and deliver,.,

specific-impulse values, the effective, S13 values optimized at very high

HM/AP ratios, particularly for the FEFO-containing compositions. In addition

to yielding higher specific impulse values, SYFO has a higher density than

FEFO and hence the all-SYFO-plasticized systems yield higher upper-stage

effective-specific-impulse values than the mixed SYFO/FEFO- or FEFO-plastici-

zed systems. At the lower HM/AP ratios of 3/1 the SYFO-plasticized compo-

sitions exceed the mixed-SYFO/FEFO-plasticized compositions by about 2 units.

The ranking of the best candidate propellants for the SYFO and mixed-SYFO/

FEPO propellants are presented in Table III. In every case, the best

effective specific impulses are seen to be at high solids, high HMX/AP ratios

and high plasticizer:polymer ratios, but the total variation in performance

levels over a wide range of compositional variables is very small.

For the all-SYFO systems. the 20 best systems fall

within the range of 7/1 to 3/2 in HMX/AP ratio, within a range of 3/1 to 1/1

in plasticizer/polymer ratio and within the range of 76 to 82% total solids.

Basd o I155 p/l8)0.3Based on I1 ( P / . 8 )
0 " as a figure of merit for performance, the maximum

deviation in performance within this range of compositions is only 3.0 units.
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PE'AK EFFECIV1 I158 0f=0.3) FOR UPPER STAGE VS.

IIMX IN Hj!x/AP, OXIDIZER AT 82%' SOLIDS (U)

261~

4- 1- -.) /

2 'EF 3

A 2/1

It KX In IiMX/AP oxidizer

F ~re 14
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PFAK EFFECTIVE I 1s(0l-0.3) FOIR UPPER STAGE VS.

%H N I{IV'IAP OXIDIZER AT 7%SLD U

267-

266

21-4

1 SYFO 3/1

4 SYFO I1

6 FEWO 2/1

__ ____9 FEFO /

%HMX in 1HNX/AP Oxidizer

Figure 15
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4 1 ,| F'R I1''.R-STAGF 'CDI PIH01 r.JI.AIS Wlfl 827 SOIIDS (U) vt. A)

( I -W 1ft I ci env % :quat ioI w 1011 FluoLtine C'e ff :enl ,,ll t , ; A I

N ciast icier and Ratio 1/1 3/2 2/1 3/1 7/1 100/0

263.1 264.4 265.2 ;-!66.0 266.5 .,
14 16 161 14 14

I .9.28 1,9U 1.9 Q2 I 2 ,
.217 .218 .218 .. ]6 .'i . I

-Y.t) F 1t /3/2 260 ,. 8 20 .! ,3 2f. i ., 4h . 2'.0 ' :. 5 .
12 14 14 0 14 1/

2 A2 I.2w ) I..' 3.1-: .I,

1 .79(1 1.488 I */ 7 I .. 'a2 I , '" "

12 12 2 16,
* ,ili / 1 .90) 1 n 1 . 891 .[ -1 1'
.220 .219 ,.19 .Z19 2 221-

1_ _ I . .614 1/, ' .. 1. 492 ., L : .'J",

sylo 2/ 262 .8 264.2 264 . 9 265,t' ?nh, 269.8
It 1 6 14 14 14 32.

I.936 1 .9 11 I ') 1 J 14 ,'.i9)' I . j .0

.220 .219 .218 .217 .217 . 1
- .403 1.308 1,349-- ,-- 7--- .- 67 7' .7:

;YFO/FI FO /1/1 260.8 262 .3 263. 1 263.9 26'.1 2"..)
12 14 14 (; 1I, 1 -

I ,9)9 1.91b I..1 3 " .9/1 .. (b 1 .11(51
21j .220 .Z22 .U21 .219 .21,

1.)19 1..4 63 i. 1I 22 1.206 . ,'

- / 1 258. / "t,' ,4 261 . . ' . *( . ,
12 12 :12 2 I-

I . 'US .90( 1.. d' . 1 .4 1.. !2 1 .
221 .220 .2I0 .220 .222) .21

1.775 1.638 1.556 1 .4o1 1. 163 .

Fo- 1/ 262.3 263.5 24.2 .Th, .69,0 2o4.-
16 16 14 0 14 12

1.928 1.924 1.910| 1 .910 1.9 2 I
.221 .222 ..2...2 1. .. 2 ) .. ')

1. t0.275 1 . i14 .1 1 3 8 " S1:

Y' 1/1/2 2b0.8 262.2 2.8 2h1 1.6 264.2 ,.

14 14 1h 14 14 -.
t.914 1.910 l.9 3 1 .904 1. 8. .

223 .222 .223 ,222 .22 1 -t
1.562 I.411 I..'.9 1,.'70 1.13$ IL

2-I 2 l/I 259 .3 260.8 2t) .I 262. . 3.1 "t I.
12 12 1:, 16o 14

1 9 01 . 69ti) I A) 1U i, .9- 12 1. go .

22 3 .222 .22 1 . 22. .'2
I . 99 1 .)(,9 1 . 1i6d 1.211 1 . 1I , I I

I,, la tici zc.d 26 .5 2t 1 4 261 .8 b 2t, .4 2t,(i

16 14 14 14 14 i12

1.9("" 1.892 1.8b9 1.7,b .666 81 .. ,,
... _ .230 .229 .229 22
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LAIN0. 3 FOR UPPE-STAUL. PCDE PROPELLANTS W1*Ui 79Z SOLIDS (U) wt.% Al
knew Efficiency rquation With Fluorine Coefficient) Vol.frac.binder

LOFR .. .

H_ /AP Weight Rario 
o

Plasticlzer and Ratio 1/1 3/2 2/1 3/1 7/1 100/0

SYFO - 3/1 263.5 264.7 265.3 265.9 266,2 265.7
16 16 14 14 1 14
1.927 1.923 1.910 1.907 1.901 1.897
.253 .253 .251 .2S1 .250 .249

1.375 1.287 1.329 1.25/ 1.158 1.070

SYFOiFEFO 3/3/2 260.9 262.2 263.0 263.8 264.6 264.7
12 16 16 16 14 14
1.900 1.918 1.915 1.912 1.896 1.891
.253 .255 .255 .254 .252 .251

_ _ _ _ 1.698 1.343 1.286 1.220 1.209 1.117

FEFO 3/1 258.1 259.7 260.6 261.5 262.5 263.1
12 12 12 12 16 16
i.P94 1.890 1.888 1.885 1.902 1.897
.255 .254 .254 .253 .256 .255

1.771 1.641 1.562 1.472 1.178 1.093

SYFO 2/1 263.2 264.3 264.9 265.4 265.6 265.0
16 16 16 14 14 12
1.923 1.919 1.917 1.902 1.897 1.881
.255 .254 .254 .252 .252 .249

1.354 1.268 1.21.4 1.238 .141 1.125

SYFO/FEFO = 1/1/1 260.9 262.2 262.9 263.3 264.2 264.2
12 16 16 16 14 14
1.896 1.914 1.912 1.909 1.893 1.888
.254 .256 .256 .256 .253 .253

• 1.663 1.317 1,261 1.1m7 1.186 1.096

FEFO 2/1 258.6 260.0 260.8 261.7 262.5 263.0
12 12 12 14 16 14
1.892 1.887 1.885 1.89" 1.899 1.883
.256 .255 .255 .25f .257 .255

1.726 1.601 1.525 1.335 1.151 1.138

SYFO 1/1 262.6 263.5 264.0 264.3 264.3 263.5

16 16 14 14 14 12
1.915 1.911 1.897 1.894 1.889 1.873
.258 .258 .256 .255 .255 .253

1,551 1.230 1.271 1.20. 1,109 1.093

SYF0/FEO 0 1/1/2 260.9 262.0 262.6 263.1 263.4 262.9
14 16 16 16 14 14
1.900 1.907 1.905 1.90' 1.886 1.881
.258 .259 .259 .25F .256 .256

1.596 1,266 1.213 1.152 1.141 1.055

FEFO 1/i 259.2 260.4 261.0 261.8 262.3 262,4
12 16 16 14 16 14
1.886 1.903 1.901 i.887 1.893 1.877
.258 .260 .260 .2S8 .259 .2571.641 1.303 1.24$ 1.273 1.098 1.086

i z-d 260.1 260.6 260.7 26o.6 2.9.8 258.0

16 14 14 14 12 10

1.890 1.876 1.873 1.87, 1.855 1.893

.268 .266 1 .265 .26-, .263 ,260
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The optimum performaace in 16 of the .0 cases occurred at 14 weight percent

aluminum, with the remaining 4 optimized at 16% Al.

For the mixed SYFO-FEFO plasticizer systems, 24

individual systems yielded optimum performance values based on ll1s(P/1.8 ) '

within a total range of 3.1 units. Three of the five best systems in this

comparison are based on ]00% HMX oxidizei, which Is indicative of the hgIc.

oxygen content of the FEFO plasticizer. The higher oxygen content of these

systems also shifts the optimum aluminum content to slightly higher values

(9 of the 24 systems showed optimum perfoir.ance values based on 1 Ss(P/l.8) 3

within a total range of 3.1 units, Three of the five best systems in this

comparison are based on 100% FLMX oxidizer, which is indicative of the higher

oxygen content of the FEFO plasticizer. The higher oxygen content of these

systems also shifts the optimum aluminum content to slightly higher values

(9 of the 24 systems showed optimum performance at lb% Al, while the remain-

ing 15 optimized at 14% Al).

The data in this table illustrate the wide range

of formulation variables which are available without significant variation

in performance potential.

the variation of predicted performance with

changes in aluminum content and OFR i:s considered In more detail in the

following section.

(4) Effect of Aluminum Concentration and OFR

The possible use of forllulat ons
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containing 20% or more aluminum was considered, but in every

case evaluated, the optimum performance level (in terms of I

l5s, or I15s /1.8)' 3) occurs at an aluminum concentration of less than

20%. For the highest performance systems, containing all-SYFO plasticizer

aud 7/i or 3/1 H!'X/AP oxidizer, optimum values of 115 (P/1.8)'3 occur at 14

to 16% aluminum and corresponding OFR values in the range of 1.288 to 1.109

(see Figures 16 and 17). For many of these same systems the

OFR may drop to values less than 1.0 for formulations containing 20% or

more aluminum at solids loadings of 79 to 82% (see Figure 9 for systems

based on 2/1 SYFO/PCDE binder).

This effect is in direct contrast to systems based on

an all-AP-oxidizer system, for which an OFR value of 1.0 corresponds to an

aluminum concentration of about 30%, as also shown in Figure 9. With

such systems, we would expect optimum performance to occur at aluminum con-

centrations of 20% or higher, particularly if the propellant is intended

for use as a booster propellant or single propellant of A tactical rocket

system. An example of such a system is one based on a binder of PCDE

polymer/BDNPF (2:1) with aluminum and AP oxidizer, which, at a solids load-

ing of 79% peaks at an optimum aluminum concentration of 24 to 26%, based

on the same efficiency equation used here and the effective I parameter

I15s(P/1.8)0.7 as a figure of merit.

For the propellant of interest here, however, the

optimum performance level occurs at an alumintun content of 14%, as Illustrated

-44-
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in Figure 18 for the system consisting of 3/1 SYFO/PCDE binder,

aluminum and 3/1 HMX/AF oxidiier at 79% total solids. The uppermost

curve shows theoretical I vs. % aluminum with the peak occurring at 14%sp

aluminum, while the lowermost curve shows that the peak value of predicted

p occurs at 10 co 12% aluminum. The two intermediate curves showsp

I15ss(P/.8 ) . 3 With a peak value indicated at 
14% aluminum, and I5s(/1.

8 )7

with a corresponding peak at 16 to 18% aluminum. Of particular interest

in this highly energetic propellant system are 
the extremely high values of

tueoretical and predicted Isp (as well as density) corresponding to the 0%

aluminum formulation. The gain in predicted Isp from 0 aluminum to the

maximum value is only 2.3 units while the corresponding gain in terms of
3l

I 5s(P/l.8)' is only 5.3 units.

Additional details of the calculations for this and

O'e other system are shown in Table IV, providing additional clues

to .:,e less-than-noral increase in performance with aluminum content. Flame

temperatures for these systems are very high 
even at zero percent aluminum,

whlile the corresponding increase in flame temperature with aluminum is much

lass thx. with conventional systems. This is because the base system,

consisting of an energetic binder and 75% HMX in the oxidizer, already

provides a very high flame temperature with little need for further

increases from aluminum metal fuel. Flame temperature increases very little

beyond 14% aluminum, because the additional aluminum goes largely to

-45-
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TABLE IV

FLAME TEMPERATURE, SPECIFIC IMPULSE, OFR, AND EFFICIENCY
AS A FUNCEION OF ALUMINUM CONTENT (U)

1. SYFO/PCDE POL i:j;MX/AP = 3:1, 79% Solids

Aluminum + 0.0 10 12 14 16 18 20

T OK 3290 3607 3658 3698 3727 3745 3745
C

10 262.4 271.6 272.4 272.6 272.1 270.9 268.7
sps

I15 s  257.4 260.3 260.4 260.3 259.6 258.0 255.6

I0.3 258.2 263.3 264.0 264.3 264.1 263.0 261.0

Efficiency .9809 .9584 .9559 .9549 .9541 .9524 .9512

OFR 2.117 1.395 1.294 1.202 1.119 1.043 0.973

II. SYFO/PCDE POL = 3:1, HMX/AP 3:1, 79% Solids

Aluminum + 0.0 10 12 14 16 18 20

T 0 K 3319 3641 3695 3741 3776 3802 3813
C

1°  264.3 272.6 273.2 273.5 273.4 272.8 271.0
sps

I15 s  259.2 261.5 261.5 261.3 260.7 259.6 257.5

Q0.3 260.6 265.1 265.6 265.9 265.7 265.0 263.4

Efficiency .9807 .9593 .9572 .9554 .9535 .9516 .9502

OFR 2.279 1.461 1.354 1.257 1.169 1.089 1.016
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underoxidized vapor phase species such as Al(g), aluminum suboxides and

subhalides such as A10, ACi and AIF, with very little increase in con-

densed phase Al203 . Si,.ce the prediction equation is based on condensed

phase Al203 rather than total aluminum content, this effect is correspond-

ingly reflected in the very slight reduction in predicted efficiency with

increased aluminum above 14%. Thus, the variation is predicted I is very

flat over a wide range of compositions, and the variation between optimum

and near-optimum aluminum levels amounts to only tenths of I units.
sp

(5) Range Calculations

A series of preliminary range calculations were made

for 2% steps of aluminum content at 79% total solids in the system consisting

of 2/1 SYFO/PCDE binder, 3/1 HMX/AP oxidizer and aluminum metal. The program

used was the Spherical Earth Trajectory Program AIDE (Aerojet Program SJ-001)

based on a three-stage missile with a nominal range of 4500 miles and con-

taining propellant ANB-3066 in the third stage. The five SYFO propellants

were then substituted for the reference third-stage propellant on the basis

of equal propellant volume while maintaining equal values of chamber pressure,

throat diameter, expansion ratio and inert weights. The results of these

calculations are summarized below and indicate an exact correspondence between

formulations yielding maximum values of range and maximum values of

Il15s(P/l.8)0"
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(C) Propellant % Al I1 5s lb/in. 3 Range (Miles) l15s( 065)03

Reference 15 248;7 .06402 4500.1 247.5

SYFO/PCDE 10 261.1 .06792 5099.8 264.6

SYFO/PCDE 12 261.1 .06832 5113.0 265.0

SYFO/PCDE 14 261.0 .06871 52. 254

SYFO/PCDE 16 260.4 .06915 5108.0 265.12

SYFO/PCDE 18 259.1 .06955 5061.6 264.9

c. Recommended Composition Range (U)

(U) In line with the physical constraints discussed earlier,

the compositional constraints for propellants for initial experimental V
evaluation are:

Minimum polymer content of 6 wt%, or approximately

8 volume %

* Plasticizer:polymer ratio in the range of 3:1 to 1:1

Total solids loadings in the range of 76 to 82

weight percent

@ HMX/AP ratios in the range of 7:1 to 2:1

* Aluminum content for each system based on the maximum

value of Q 0.3'

Tablv V lists predicted performanLce in terms of :0.3 for eight possible

variations of composition within this range for each of the systems based on

SYFO plasticizer and S'FO/FEFO mixed plasticizer.

(U) The eight composition options and possible reasons for

fiial choice of each composition are shown below:

-49-
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Option I -This composition of 79% total solids, 2/1 plasticizer

to polymer ratio, 3/1 HMX/AP ratio and 9 volume percent polymer represents

what may be the best compromise of good processability, final mechanical

properties, burning rate and pressure exponent. Performance level in terms r
of a0.3 is only 1.1 units below the maximum for the all-SYFO systems and 2.0

units below the maximum for the mixed plasticizer systems.

Option Il - represents the highest performance of all the systems

meeting the minimum guidelines noted above, as well as lower cost than

Option I, but at a sacrifice of lower volume fraction binder and polymer and

higher HMX/AP ratio. Performance is only 0.4 units below the maximum for the

all-SYFO systems.

Option III - represents what may be the best from point of view of

processing, with highest volume fraction binder and highest plasticizeri

polymer ratio, and performance level 0.2 to 0.3 units better than Option 1.

Disadvantages include the minimum range of acceptable volume fraction polymer

and highest SYFO content and material cost.

Option IV - represents a combination of higher total solids with the

same plasticizer:pclymer :atio and HMX/AP ratio as Option I, with slightly

higher performance, lower volume fraction polymer and lower material cost.

Option V represents a slightly higher performance level in the SYFO

systems due to higher HMX/AP ratio with no othar changes. In the mixed

plasticizer systems the performance gain is 0.9 units. In either system this

would be a good formulation if burning rate exponent fell in the acceptable

range.
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Option VI - is based on a higher total solids loading and lower

plasticizer:polymer ratio than Option I, and is 0.7 units lower in performance

for the SYFO system (0.3 units higher in the mixed plasticizer system). Al-

thougl processing might present a problem with this formulation, final

mechanical properties should be the best of the seven options because of

highest volume fraction polymer.

Option VII - represents what may be the best combination of processing
ease and final mechanical properties, based on the highest volume fraction

binder and second highest volume fraction polymer. Performance is close to

that of Option I, but SYFO content and material cost would be second highest

among the 8 variations.

Opion VIII - is based on a reduction of HMX/AP ratio compared with

Option I with no other changes. Resulting peLformance loss is 0.5 units in

the case of all SYFO systems and 0.4 units fur the mixed plasticizer systems,

with possible benefits of improved burning rate exponeut.

The recommended range of formulations for both SYFO and

mixed SYFO/FEFO formulations, therefore, is from 76 to 82% total solids, from

3/1 to 1/1 plasticizer/polymer ratio, and from 7/1 to 2/1 HMX/AP ratio. The

recotmnended aluminum level for all systems of interest is 14 to 16 weight

peicent.

In order to confirm the choice of optimum compositions

based on the impulse prediction model it is recommended that during the early

part ot the program three series of one-lb motor firings (2C-1.5-11.2 motors)
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3. Modification of Baseline Formulation (U)

a. General (U)

(U) The conclusions given in Section III.A,2 were

refined and extended with the aid of additional calculations using an

actual PCDE binder composition. A PCDE/FEFO/Al/AP/HMX propellant

com,'osition which has actually been prepared was taken as a baseline

againbt which to judge the effects of changes in composition. The

binder and baseline propellant compositions are given in Table VI, togethe

with some calcutated properties.

(C) The thermodynamic properties of FEFO, SYFO and PCDE

prepolymer are cu. .pared in Table VII. The oxygen balances as measured by

the OMOX or OR ratios are in the order PCDE prepolymer < SYFO < FEFO.

The uxygen balance of the binder is an important indicator as to whether

simultaneous optimization at high HMX/AP ratios and high aluminum rontent

is feasible. SYFO has a higher density and a more endothermic heat of

formation per unit weight than FEFO. In addition, the higher fluorine

content of SYFO relative to FEFO aids ii, obtaining lower two-phase

flow losses via formation of volatile aluminum fluorides and may

Lontribute to good metal combustion efficiency. Hence, in general, when

SYI)', i- - ,Lituted fu" FEFO there is an inLcrease in both delivered

spccific impulse and density, provided the oxygen balance is reasonably

high. The lower oxygen balance of SYFO relative to FEFO, however,

lii1its the gains expected from SYFO unless high plasticizer-to-polymer

rcjtio or high solids loadings are employed resulting in optimization

-it hi p HMXIAPl ratios (3:1 or greater).
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TABLE VI

COMPOSITION AND PROPERTIES OF BASELI:E PROPELLANT (U)

Composition

Ingredient W Z

Aluminum 16.0000

NH 4 ClO 4  15.5000

HMX 46.5000

PCDE prepolymer 10.4553

FEFO 10.4553

HT 0.1209

TDI 0.8185

Neozone D 0.1000

FeAA 0.0500

HMX/AP 3:1 wt ratio

Plasticizer 47.52 wt% of binder

Total solids 78 wtZ

ProperLies

Tc, OK 3789

Tet OK 2319

I, lbf-sec/ibm 271.5spS'

I lbf-sec/lbm 260.k

OFR 1.1653

p, gm/cc 1.8928

P, lb/in.3  
0.0684

Based on ASPC efficiency equation for high mass flow motor with

m 400 lb/sec, given in the Appendix.
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b. Delivered Speciflc Impulse and Density (11)

(C) The objective of these calculations was to maximize

delivered specific impulse and density up to the limit Imposed by

processing, mechanical properties, burning rate and presure exponent,

hazard rating, cost, etc. In this evaluation,only small excursions

from the baseline variables (78% total solids, plasticizer = 47.52% of

binder, HMX/AP = 3:i weight and 16% aluminum) were checked for trend.

Figures 19, 20, and 21 show the inicreases in dolivered speoific impat V.e

to be expecLed from various single changes in the baseline propellant

plasticized with FEFO alone, a 1:1 SYFfl/IEFO mixture (by weight),

and SYFO alone. A comparison of the three central formulations indicates

a small increase of only 0.6 1 units between FEFO and SYFO and an
sp

increase in density, as expected.

(U) The variables which augment the specific impulse of

the central formulations are different in effect for the two

plasticizers and are partly functions of the oxygen balance of the

plasticizers, as mentioned previously.

(C) In Figure 1), the best siigle chanige fron the FEFo

baseline is seen to be an increase in solids from 73 to 807. This

results in small increases of both delivered specific impulse (0.3

units) and density, but has to be weighed against losses in mechanical-

property or processing potential. An increase in the 1MX/,AP ratio

from 3/1 to 7/1 also increases specific impulse (0.3 units) but

at the sacrifice of density. In addition, any increase in HMX

-56-
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FEFO-PLASTICIZED PCDE PROPELLANTS (U)

Effect of Various Single Changes in Baseline Formulation
on Predicted I15 s and Density

= n. 260.5 =5s  260.5

0.06821 P = 0,06871

MX/AP = 7:1 80% Sol. iL,.;

IIMX/AM Ratio K Weight iK

BASEL INE
I = 260.2l5s

n = 0.06838
It =X/AP 3:1
47.52 Plasticizer
in Binder

78 'wtZ Solids

16% Al

Il1s 260. 3 1 260.3

;, " 0.06863 P = 0.06818

(,6.67Z Plasticizer 15% A]
in Binder

'lIst icizer/Polymer Weight % Al

Figure 19
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SYFO/FEFO (1/1) PLASTICIZED PCDE PROPELLANTS (U)

Effect of Various Single Changes in Baseline Formulation on

Predicted I15 and Density
15s

I15 s =260.9 
115s = 261.4

p=0.06883 p = 0.06881

80% Solids 66.67% Pi-i-att h¢.eci
Binder...

Weight % Sold Plasticizer/Polymer
Ratio

/Ra

Baselie with
SYFO/FEFO = k

50:50 weight

15s = 260.6 
1

c 0 .06851.

I15s = 260.81 1 260.2

1S15pi

= 0.06831 0 = 0.06861

15% Al IPIX/AP =2 :1

Weight % Al HMX/AP Ratio

Figure 20
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SYFO-PLASrICiZED PCDE 
PROPELLANTS (U)

Effect of Various Single Changes in 
Baseline Formulatdon

on Predicted I15s and Density

2eigh 9 % AIRat 
915s 

0.

p 0.06804

137% Al 
6 .61?IQ

Welgti2tAl Ratto.

Baseline

withi SYF2

IS 260.8

0,06864

2661.31 
1 260.?

0.06895 
u.06874 S

80% Solids 
DY/ P -

Weight 2 Sotids 
II. \/All We~ t h L
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(C) content must be weighed against expected changes in the burning rate,

pressure exponent and combustion efficiency of the propellant. Smaller

increases (0.1 units) in specific impulse are obtained by increasing

the plasticizer-to-polymer ratio (from 47.52% to 66.67% of the binder),

which also increases density but may hurt mechanical properties.

Processing should be aided by the higher plasticizer level. The

slight increase in delivered specific impulse (0.1 units) obtained by

lowering Al content from 16 to 15% is obtained at the sacrifice of

propellant density.

(C) Figure 20 presents the results of making similar changes

from the central formulation with mixed FEFO/SYFO plasticizer. The

best single change is to increase the plasticizer-to-polymer ratio from

47.52% of binder to 66.67%, resulting in an increase of 0.8 1 sp units

and an increase in density. Secondly, an increase of the total solids 80%

increases I by 0.3 units, along with an increase in density. Decreasingsp

the aluminum content in the central formulation from 16 to 15% increases

I by 0.2 units, but at the sacrifice of density. In contrast to thesp

all-FEFO plasticized system, increasing the 1*MX/AP ratio to 7:1

decreases both I and density. Decreasing the LIMX/AP ratio to 2:1sp

results in a smaller decrease of 0.4 1 units and an increase in density.sp

(C) The trends exhibited by the mixed FEFO/SYFO plasticizer

are even .ore pronounced with the all-SYFO plasticized system, dS shown

in Figure 21. The best single change from the central formulation is

to Increase the plasticizer content of the binder from 47.52% to f
66.67%, resulting in an increase of 1.1 I units, which also resultssp

in a density increase. A change in oxidizer from 3:1 UMX/AP to 7:1 produces
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(C) a large decrease in I and density. Decreasing the IMX/AP ratiosp

to 2:1 decreases I only by 0.1 unit while increasing density.sp

A slightly lowerHIIX/AP ratio could also lower the burning rate, pressure

exponent, and cost of the propellant. Again, increases in I , are

obtained by increasing solids to 80% or by decreasing aluminum content.

(C) Combinations of the above-mentioned single changes au'r.w.i-

the delivered I and density for these systems even further. Thus asp

combination of increased plasticizer level, higher total solids,

higher HMX/AP ratio, and lower aluminum increases the delivered I sp

of the FEFO baseline propellant by 1.5 I units and the SYF0 baseline
sp

propellant by 1.9 I units. These changes are presented in Figure "22sp

and Tables Vlli through X.

c. Effective Specific Impulse (S ) (U)

(U) Tradeoffs between delivered specific impulse and density

arv most conveniently evaluated by use of the Omega Function or

Effective Specific Impulse, defined by the equation S. = 15Ss(0/0
) K

in which . is the propellant density, po is a reference density,

3
customarily taken as 1.8 gm/cc = 0.065 ib/in. , and K is dependent on the

il.s:ille stage and design parameters. K Is approximately 0.3 for

uppt1-.t ge velicles. Sect ion II.A. 2.b.(3) h eribes the derivation of this

cquation and justifies its use by showing that conclusions from '

calculations agree closely with those based on actual range calculations.
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SUMMARY OF GAINS IN I15 s AND DENSITY FROM

VARIOUS CHANGES IN BASELINE FORMULATION (U)

A. FEFO Plasticizer

261.7

215.06835

261.3 .0665 66.67%
.06846 067 Plasticizer

66.67% 66.67% in Binder
Plasticizer Plasticizerl HMX/AP

in Binder in Binder = 7:1

260.5 HMX/AP HMX/AP BOY
260.2 .06871 = 7:1 - 7:1 80 d
.06838 80 80% 14%

BASELINE, Solids, Solids iA1

B. SYFO Plasticizer

262.7

U06869

262.3 66.67%

262.1 .06907 Plasticizer

261.9 .06928 in Binder66.67%
06900 66.67% Plasticizer 80%

b6.67% Plasticizer in Binder Solids
Plasti- in Binder 8%14%

cie n80% Solids A

260.8 Solids 15% HMX/AP
Al -7:1

.06864
BASELINE
SYFO
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TABLE VIII

SUMMARY OF VARIATIONS IN BASELINL FORMULATION
OFFERING INCREASES IN DELIVERED SPECIFIC IMPULSE

I: FEFO PLASTICIZER (U)

I
% Plasticizer I5s

% Al % Solids in Binder 11MX/AP se/ .APP in.

BASELINE 16 78 47.52 3:1 260.2 .06838

Single Changes

A 16 80 47.52 3:1 260.5 .0687]

B 16 78 47.52 1:1 260.5 0 t',

C 16 78 66.67 3:1 260.3

D 15 78 47.52 3:1 260.3

Double Changes

E 16 18 66.67 7:1 2b1.3 .06846

F 16 80 47.52 7:1 261.0 06853

C 15 78 47.52 7:1 260.8 .06801

B 15 80 47.52 3:1 260.6 .06851

I 16 80 66.67 3:1 260.5 .06894

J 15 78 66.67 3:1 260.4 .06843

Triple Changes

K 16 80 66.61 7:1 261.5 .06876

L 15 80 47.52 7:1 261.2 .Ot833

Quadruple Changes

8 14 80 66.67 7:1 261.i U681 I!

N 15 80 66,67 7:1 261.6 (6856

I b J-
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TABLE IX

SUMMARY OF VARIATIONS IN BASELINE FORMULATION

OFFERING INCREASES IN DELIVERED SPECIFIC IMPULSE

II: SYFO/FEFO PLASTICIZER (1/1) (U)

% Plasticizer 15s
% Al % Solids in Binder IKMX/AP sec PIlb/in.

BASELINE 16 78 47.52 3:1 260.6 .06851

Single Changes

A 16 78 66.67 3:1 261.4 .06881

B 16 80 47.52 3:1 260.9 .06883 p
C 15 78 47.52 3:1 260.8 .0683!

Double Changes

D 16 78 66.67 7:1 261.7 .06864

E 16 80 66.67 3:1 261.4 .06911

F 14 80 47.52 3:1 261.2 .06843

C 15 80 47.52 3:1 261.1 .06863

H 14 78 47.52 7:1 261.1 .Ob794

1 16 80 47.52 7.1 261.0 .06865

Triple Changes

J 16 80 66.67 7:1 262.1 .06893

K 15 78 66.67 7:1 262.0 .06844

L 14 78 66.67 7:1 262.0 .06823 -

M 1 5 80 66.67 3:1 261.5 .06891 !

N 15 80 47.52 7:1 261.4 .06845

Quadruple Changes

015 80 66.67 7:1 262,2 .(}6873

1, 14 80 66.67 7:1 262,2 .06852
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TABLE X

SUMMARY OF VARIA'IIONS IN BASELINE FORIMULATION
OFFERING INCREASES IN DELIVERED SPECIFIC IMPULSE

III: SYFO PLASTICIZER (U)

% Plasticizer HNX/AP -15s

Al % Solids in Binder Ratlo sec .lb/in.

I ~lA.IN: 16 78 47.52 3:1 260.8 .06864

Single Chan41ge.s

A 16 78 66.67 3 :1 261.9 .06900 ,4

13 78 47 .52 3:1 261.9 1 f.'j4

C 16 80 47.52 3:1 261.3

Dl ub l Q ('! gt's

1 14 78 66.67 3:1 262.2 .06863

E 1h 80 66.67 3:1 262.1 .06928

1, 15 78 66.67 3: ! 262.1 .06897

14 80 47.52 3: i 261.6 .06855

Il 15 8u 47.52 3:1 261.5 .06875

1 I 78 66.67 7:1 261.4 .06882

'T1 iple Chmang es

j 114 7e 66.67 7.1 262.4 .06841

. 15 S(o 6t.. t7 3:1 262.3 .06907

I h 80 66 .67 7:l 262.1 .06910

1 j 78 66. 67 7:1 262.1 .u6862

N 14 8i0 47.52 /:1 261.6

ii 15 80 47.52 7:1 261.3 ')6857 F
*tuad rmupi tiv iges

1A 80 ., 7:1 262.7 .06869

i 8w). tb6 7:1 262.6 , i6,89
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(C) The effect of excursions from the baseline formulation

on Effective Specific Impulse was evaluated in the save manner as

for I 1 s in the preceding section. The variables investigated were

total solids, HMX/AP weight ratio, plasticizer-to-polymer ratio,

aluminum content and change of plasticizer from FEFO to SYFO. Figures 23,

24 and 25 show the effect of various single changes in the baseline for'1 "it ions

plasticized with FEFO, mixed FEFO/SYFO (1/1) and SYFO on e for upper-irt'lr,.

applications. An increase in solids loading generally incrEases both

delivered I and density and, therefore, tends to augment f' for all

systems. This change, of course, has to be evaluated in terms of the

probable effect on processing and required mechanical properties. Likewise,

the plasticizers have higher densities and higher oxygen balances than the

PCDE polymer so that any increase in plastlcizer-to-polymer ratio

also tends to increase the Effective Specific Impulse. A high oxygen

balance is required for simultaneous optimization tt reasonably high

aluminum and |MX/AP ratios. The plasticizer level is extremely

important for the SYFO system since SYFO has a lower oxygen balance:

than FEF0. Only minor gains are realized by altering the aluminum

content or HMX/AP ratio from the baseline formulation. These latter

changes have opposing effects in these systems. For e xample, increasing

alumirum content increases density but increases two-phase-flow losses

(and lowers oxygen balance) lowering specific Impulse efficiency. Increasing

IILX/AP ratio decreases both density and oxygen balance so that

increasvs in Effective Specific Impulse are realized only in systems

,ilri-ady at high oxygen balance.
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EF -'ECT OF SINGLE CHANGES IN BASELINE FORM-ULATION ON EFFECTIVE
DELIVERED SPECIFIC IMPULSE (K =0.3); FEFO PLASTICIZER (U)

264.8 264.6

80% Solids P las V ! ?r/
PolyTfi - 2:

Baseline

264.1
78% Solids
.16% Al1uminum
HRX/AP = 3:1
Plasticizer/
Polymer = .9055:1

264.2 -26.

17% Aluminum H1MX/AP =7:1

-67- R'gUre 23

CONFIDENTIAL



CONFIDENTIAL

EFFECT OF SINGLE CHANGES IN BASELINE FORMULATION ON EFFECTIVE
DELIVERED SPECIFIC IMPULSE (K 0 0.3)t MIXED FEFO/SYFO PLASTICIZER (U)

A1

265.9 265.4 ]
PI ast icizer/Polymer 807 .

2:1

1a~se 1 ine

264.7

78% Sol ids
1b6 Aluminum
WlX/A P 3:1
Plasticizer/Potymur

.9055:1

\',.6264.4

'1|
,*
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EFFECT OF SINGLE CHANGES IN BASELINE FORMULATION ON EFFECTIVE
DELIVERED SPECIFIC IMPULSE (K = 0.3); SYFO PLASTICIZER (U)

266.6 265.9 7
P1 as t ic i ze r/ 80% S-,I:t
Polyiner 2:1.

Baseline
265.0

78% Solids
16% Aluminum
ILMX/AP = 3:1
Plast icizer/

Polymer = 0.9055:1

265.2 265.1

15% ALimiiim HMX/AP = 2:1
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(C) Tables XI, XII find XIII present a sununary of the gains to

be realized in the Effective Specific Impulse parameter from various

multiple alterations in the baseline formulations. In summary,

altering all the variables, i.e., 2% increase in s-,lids, increase of

plasticizer-to-polymer ratio to 2:1, increasing the WMX/AP ratio to 7:1

and optimizing the aluminum content, results in a gain of only about 2 Isp

units for any of the three baseline propellants. In particular, tier., :-

an increase of only about one I unit in both the baseline formulationrs

and the best optimized formulations between FEFO and SYFO. This is a

result of the lower oxygen balance of SYFO. The result is that the SYFO

system optimizes at either lower HMX/AP ratios or lower aluminum

contents than the FEFO system. For example, at 80 solids, 2:1 plasticizer/

polymer ratio and HMX/AP weight ratio of 7:1, the FEFO-plasticized

system optimizes at 17% Al, the mixed FEFO/SYFO-plasticized system optimizes

at 16% Al and the all SYFO-plasticized system optimizes at 15% Al.

At 16% aluminum the SYFO plasticized system optimizes at HNX/AP = 3:1.

which has an Effective Specific Impulse equal to the value for the 7:1

l*X/.\ ptimized system.

(U) In conclusion, these results show that only small

differences in performance can be expected by changes in composition

within the limits imposed by pract ical considerations such as

processability, etc. Furthermore, these results are based on a

performance-prediction method which has not yet been shown to be applicable

to the present propellant systems, which confirms the correctness

of tile stl cted approach, which is to, sel tct ctlj'oS itiens t,. C' ]e.-up

on thL
o hls is of actual metor-firing rL.i]t-.
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TABLE XI

SUMMARY OF VARIATIONS IN BASELINE FORMULATION
OFFERING INCREASES IN EFFECTIVE SPECIFIC IMPULSE

I: FEFO PLASTICIZER (U)

% Plasticizer 1MX/AP Q0.3

% Al % Solids in Binder Weight Ratio sec

Baseline 16 78 47.52 3:1 264.1

Single Change

A 16 80 47.52 3:1 264.8

B 16 78 66.67 3:1 264.6

C 17 78 47.52 3:1 264.2

[3 16 78 47.52 7:1 L64.2

Double Change

E 16 78 66.67 7:1 265.3

F 16 80 66.67 3:1 265.1

C 16 80 47.52 7:1 265.1

I 17 80 47.52 3:1 264.9

1 17 78 66.67 3:1 264.8

J 15 78 47.52 7:1 264.3

Triple Change

K 16 80 66.67 7:1 266.0

L 17 78 66.67 7:1 265.3

M 18 80 66.67 3:1 265.3

N 15 80 47.52 7:1 265.1

Quadruple Change

0 17 80 66.67 7:1 266.1
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TABLE XII

SUMMARY OF VARIATIONS IN BASELINE FORMULATION
OFFERING INCREASES IN EFFECTIVE SPECIFIC IMPULSE

11: MIXED FEFO/SYFO PLASTICIZER (U)

% PlasLictzer !IMX/AP .3
% Al % Solids in Binder WeiJZ Ratio sec

Baseline 16 78 47.52 3:1 264.7

Single Change

A 16 78 66.67 3:1 265.9

B 16 80 47.52 3:1 265.4

C 15 78 47.52 3:1. 264.7

Double Change

D 16 80 66.67 3:1 266.1

16 78 66.67 7:1 266.0

' 15 78 66.67 3:1 265.6

15 78 47.52 7:1 265.5

1 17 80 47.52 3:1 265,4

1 16 80 47.52 7:1 265.3

Triple Change

16 80 66.67 7:1 266.6

K 17 80 66.67 3:1 266.3

L 15 78 66.67 7:1 266.0

M 15 80 47.52 7:1 265.4

Quadruple Change

N 15 80 bh.f7 7:1 266.5
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TABLE XlII

SUMNARY OF VARIATIONS iN BASELINE FORMULATION
OFFERING INCREASES IN EFFECTIVE SPECIFIC IMPULSE

II: SYFO PLASTICIZER (U)

__ Plasticizer 11MXIAP "0.3

ZAl Z Solids in Binder Ratio sec

Id,, iL ' 1b 78 47.52 :1 263.0

i L -ig v ( ha ge

A 16 78 66.67 3:1 266.,

B 16 80 47.52 3:1 2h5.

15 78 47.2 -3: 1 261..

0 i b 78 47.52 2;6' .1

1 ) 8 0 6 6 ,6 7 : i 2 6 7 .1

-15 78 ff,67 3:1 266.5

1 5 80 ) 52 3: 1 265.9

1 i78 0 ,01 7: 1 ,265.9

1) Yb8 47.52 2 . I 2f. 5.0

.1 15 80 06.67 3.:1 27.0

K ]b 80 t)b.67 7:1 260.9

.5 76 6h.6/ 7:1 26)0. 4

M 14 8o 47.5 )  7:1 2b5.5 1
15 t . 7:1 267.L
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B. CHARACTERIZATION OF INGREDIENTS (U)

1. PCDE Purity and Purification (U)

a. Introduction (U)

(C) Work was begun on identifying and eliminating possible

impurities in PCDE which interfere with cure. During a company-

sponsored program on PCDE/FEFO propellants in 1972, pot life was found

to be a major problem. This was attributed to the fact that a much

larger concentration of catalyst (about 0.05 wt% FeAA) was needed to

sustain polymerization than is needed in conventional polyurethane

propellants. Attempts to use less catalyst often resulted in unreliable

cures. A similar problem had been reported on the PCDE Propellant Studies

program (Ref. 10). Since different plasticizers (rMETN and BDNPA/F)

are employed on that program than on this one, it appears that the common

source of difficulty may be related to the PCDE. Submixes (PCDE/TMETN)

containing PCDE pur'fied by passage over Linde 13X molecular sieves

were reported to provide propellant exhibiting greater extent of cure and

requiring lower FeAA concentration than for untreated PCDE (Ref. 10).

Accordingly, an effort was made to investigate the advisability of

pretreating PCDE to be used with SYFO and FEFO plasticizers.

b. Detection of Carbonyl Impurity (U)

(C) The as-received PCDE methylene chloride solution

(2,264 gm, 18.3 wt% solution, Lot No. LR-12260-44) was passed once

through 929 gm of 13X molecular sieves in a 3.75-in. diameter column.

Recovery was 83% (determined by vacuum stripping of an aliquot) with no

att(mpt to eluto the column with fresh solvent. Comparison of infrared

-14-
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(C) spectra (Figures 26 and 27), taken before and after treatment, is

instructive. Untreated PCDE has a strong absorption band with

-l -1
frequency between 1700 and 1730 cm and peaking about 1715 to 1718 cm

This region is usually assigned to carbonyl and -C=N- absorption and thus

may be considered an impurity. An infrared spectrum of the PCDE precursor

PBEP taken at Aerojet in 1966, Figure 28, shows only slighL absorpLon ir

the same region, but quite different from the carbonyl band in PCDE

before treatment with molecular sieves. The shape of the trace for PBEP

-l
between 1700 and 1800 cm is very similar to that for treated PCDE

in the same frequency region.

c. Identification of Carbonyl Impurity (U)

(C) The source of the carbonyl absorption band was

found to be acetone. Its identity was shown conclusively by

isolating a 2,4-dinitrophenylhydrazone from as-received PCU--methylene

chloride solution. There did not appear to be a mixture of derivatives.

After recrystallization twice from methanol-water solution, the melting

point of tb" derivative was 124-125°C (reported m.p. 125C). The

infrared spectrum of the derivative (KBr pellet) showed no absorption

attributable to nitrite, thus eliinating WU lE polymer involvement. A

mixed m.p. of the derivative with the 2,4-dinitrophealhydrazone of an

authentic sample of acetone purified similarly showed no depression.

d. Purification by Vacuum Distillation (M)

(W) The concentration of acetone in as-received PWDE

was found to be greater than 4%. A weighed sample of P'DE which had

been stripped under vacuum at 48%( for 4.5 hours was vacuum-stripped

C -75-~CONFIDENTIAL
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,.%g.Iin at 82 to 870C for 9.5 hours, resulting in a weight loss of 4.2%

at the higher temperature.

(C) Undoubtedly some acetone was also lost during the

lower-temperature stripping. Loss of acetone during stripping was

accompanied by reduction of carbonyl absorption in the infrared, but

some loss in nitrile absorption, as well as CH band absorption, was
2

also detected at the conclusion of the high-temperature stripping.

This, as well as the detection of HCN in the atmosphere above PCDE-methylene

chloride solutions, suggests the possibility of vinyl ether formation in

the polymer backbone by a reaction such as

NF NF
!~ 2/
H ----C 2 ---- W -- CH=C- + HCN

Conditions favoring the loss of HCN should be explored with a view towards

inhibiting this undesirable side reaction. At any rate, stripping in

the presence of plasticizer at a lower temperature is expected to minimize

the loss of IICN. It will be shown in Section II!.B.2 that acetone is more

easily removed from a SYFO-PCDE solution when the SYFO content is high

and the viscosity is relatively low.

e. Purification by Molecular Sieve Treatment (U)

(U) As stated earlier, the infrared carbonyl absorption

in as-received PCDE is also reduced by treatment with 13X molecular sieves,

with one pass giving a recovery of 83%. A second passage of 313 gm

of the one-pass PCDE solution (10.8 wt% concentration) through 125 gm

of 13X molecular sieves (0.27 gm PCDE/gm sieves) in a 1.25-in. diameter

co(mn yielded 415 gm of 6.8 wt% PCDE solution, or about 84% recovery.

Another 2.2 gm of PCDE (6.5 wt%) was recovered by eluting the column with
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additional methylene chloride. In all, 91% recovery (including

washing from the column) was ac.hieved on the second pass. Quantitative

measurements of the carbonyl absorrtion band showed a reduction of 57%

after one pass chrough molecular sieves and 77.5% after the second pass.

It should be noted that PCDE-methylene chloride solution Is shipped over

13X molecular sieves by the vendor.

If vacuum stripping alone removes all of the

undesirable impurities in PCDE, this would be the preferred method of

purification with respect to both economy and efticiency, because the

amount of labor would be lower and because the loss of PCDE on the column

would be eliminated. It reamins to be determined, however, if the

molecular sieve treatment provides a superior product.

2. Spectral Studies of SYFO and FEFO (U)

a. Infrared Spectra

Spectra are presented for SYFO, FEFO, PCDE/FFFO (i/1

by weight). and PCDE/SYFO (I/1 by weight) in Figures 29 through 32.

The spectra for PCDE/FEFO and PCDE/SYIO is being used to develop an

infrared technique for determining the concentration of each plas:icizer

(singly) in PCDE submIxes, by employing nitro-group absorption at
-i

approximately IbOO um This would be particularly convenient since

thet submix is preparvd from PCDE-methylene chloride solution, the

C',ncentration of which tends to vary each time a container is opened.

IL is less convenient to determine the concentration of individual

.''istitueonts in a PCDE/SYFO/FEFO submix using infrared techniques,

bause SYFO and FEFO exhibit similar absorption peaks.

UNCLASSIFIED
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b. Precision of Infrared-Analytical Method

The precision of the infrared method for determining

the PCDE/SYFO weight ratio was tested with several submixes. The first

two were made up to a weight ratio of approximately I/I by weighing the

methylene chloride solutions, but because of the possibility of loss

of some of the volatile methylene chloride before weighing, the true

concentrations of PCDE and SYFO could not be determlned accurately.

The first submix, stripped for about 4 hours at 49%C (before acetone hd

been discovered in the solution) contalned 51.7 and 52.0, or 51.8 average

wtZ SYFO. The second submix was heated under vacuum for 27 hours at 49 0 C,

much longer than necessary to eliminate the carbonyl peak from the

spectrum. The infrared analyses indicated 50.1 and 48.3, average 49.2

wt% SYFO, with no indication of loss of nitrile at this temperature.

Tb-l hese rso It s , 1)att i C Ula 1 1y on th1 secoand samp I e , are loss than

satisfactory, and attempts will be made to improve the precision.

Two additional submixes demonstrated the precision

of the method at other concentrations, and also showed that the ease of

removal (if acetone was dependent on SYFO concentrat ion, undoubtedly

Iecause Of the greater ease of diff Is ion of acetone through a more fluid

solution. A SYFO/PCDE/Ct2 Ci2 solution made up to contain approximately

a 1/3 wt ratio of SYFO to PCDE still showed carbonyl absorption in the

infrared after 20 hours of vacuum stripping at 450C. After an additional

16 hr at 55'C the carbonyl absorption was gone. The resulting submix

was extremely viscous, rather like tar. Another sol-utlon was ..:ade up

to contain approximately a 3/1 SYFO/PCDE ratio. This ,olution still.

showed some carbonyl absorption after 17 hours at 18%., but only 6
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(U) hours addttional at 450C was sufficient to eliminate it. The

resulting submix was honey-like in viscosity--much less vJscous than the

1/3 submix. Quantitative infrared analysis Indicated 33.6 and 35.1,

average 34.4, wt% SYFO in the first submix and 71.4 and 73.4, average

72.4, wt% SYFO in the second submix.

c. NIR Spectra of SYFO and FEF, (U)

(U) Nuclear magnetic resonance (NMR) traces for FEFO

and SYFO are shown in Figures 33 and 34. Peaks (a) (s, OCI12 0) and

(b) (d, CNO 2 C112 ) in FEFO correspond to (d) and (c) respectively In

SYFO. Although the determination of SYFO in admixture with FFFO has not

yet been a problem, it is apparent from inspection of the NMR traces that

it may be accomplished using this technique. The scan for this sample

of SYFO correlates satisfactorily with that of a 96% pure sample

reported by SRI (Ref.l1).

3. Thermal StabhlliyStudies (U)

(C) A brief investigation was made of the effect of certain

stabilizers on the I)TA exothermns of PCDE/FI.FI (1/1) and PCDE/SYFO (1/1)

siim xes. The stLabillzers sel, cted were the ant loxidants AO-2246,

DBR, Nozone 1), and Santlcizer-8. The results are summarized in Table

XIV. Except for AO-2246 there appears to be mnoarked ofFect of the additives

on the the rmal stability of Lhe submixt.s. 'The otlset of exotherm (195*F)

for PCDE/FEFO (1/1) containing 2wt% AO-2246 is ki wr than the other val,,es

In the FEFO series. Simtl;nrly, the onset of exoth, rm 255 F for

I'CTE/SYF( (1/I) containing 2 wt% AO-2246 Is also lower than foi other mixtures

in the series. The Study is preliminary and of itelf not conclusive.
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(C) Neozonc I) has been selected for current Uise in PCDIE/SYFO propellants,,

but the final choice of stabilizer for candidate propellants will be

m1ade after considerat ion of propel lant aging and hazard properties.

4. Hlazard PrK.pertI es (1j)

a. SYFO and SYFO-Containing Ingredients (U)

(c) Impact andl fri:ction sensitivities and DTA for

SYF() and SYFO mi xtuires were measured Using the first Lot of pure SYFO

received from SRI, and In one case, the first lot of Rocketdyne SYFO.

Time results are shown in '[able XV, along with data for TVOPA for

compla1-i Sonl. The frict ion sens it iv ity of neat SYFO was unusually

high (for a Liquid), but fortunately mixtures of SYF() with FEFO

andI/or 1PCDE are miuch less sensitive. Preliminary tests of neat SYFO

onl the sliding friction apparatus ind7cate high sensitivity here as

well . Resul ts will be reported at a1 fuiture data when add itilonal test ing

i;cmimp Ited . The impact sens it iv ity of 13 cm! 2-Kg wt for neat , semi-

crystall ine SYFt) onl a hare anvil is cons iderably worse than for TVOPA.

Under the samne condit ions, 1PCIJE/SYFO (1/I) had an impact s -,.Sitivity of

97 cm/2-Kg wt , and the values for SYIFO/F-ElO (1/1) and PCDE/SYF0/FEF0

(21111) were over 100 cm/2-Kg wt inl each case. Even at 2.62

SY FO/I 11CD: (72.4% SY 0) , the impact Anmd fri c ti n sens i t vi t ies were good.

I0A t races were w ithmin expected limuits,. It i.,- conclIutded that , alIthough

mmeemt: SYV()o is quite sensitive, it is readily phiegmatized to a significant

#xt ent by di lution with PCUE or FFO.

b . Effect of Molecuilar S [eve Treatment (U)'

01I) Treatment of PCIJE with 13X molecular sieves did

not jplevir to have any ef fect onl the hazard prope rties of a PCDE/FEFO
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(U) (1/I) submix as shown by Table XVI.

TABLE XVI

SENSITIVITrY OF MOLECULAR STEVE-TREATED PCDE/FEFO (1/1) (U)

(c) Molecular Conventional
Sieve-Treated Strippin.

lInpact, cm/2-Kg wt
(50% pt) 38 39

DTA exotherm, OF

Onset 349 308
Peak 395 409

Rotary friction,

gm @ 3000 rpm >4000 >4000

(U) The hazard properties of propellants containing

molecular sieve-treated PCDE do not appear to be any different from

those of propellants containing conventionally stripped PCDE (presumably

containing some acetone). (See Section I[I.C.)

C. PROPELIANT FOI"MULATION STUDIES (U)

(C) To date, only exploratory 70-gm propellant batches have been

made. All contained 16 wt% Al, 46.5 wt% Al, 46.5 wt% HMX, and 15.5 wt%

AP, or 78 w,% total solids, and all binders were made with PCDE/HT/TDI

equivalents ratios of 70/30/105.

(U) Two batches of a PCDE/SYFO propellant were prepared with a

[ICU/SYFO weight ratio of 1/1. The compositions and properties are shown

in Table SVII, The castability was very poor, but the mechanical properties
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(U) are qu[ie encouraging. vie difference in friction sensitivity of the

two hatches may be related to the dl fferenco In hiardn&:.-,s, but this

observation Will. requ ire confirmation. It shouLd he noted that these

hat (lies wv re p repared beftore ace tone had been (ICtee e( inr the PCDE , so that

the conveniaoaal str ippi1ng techinIque used] to remove the me thlylene chloride

shipping sol vent may have left Some aICeLTnC in the propellants.

(U) Four batches oif propel lant were Imade With PC.IJE/ SYF-O/F],FO

welIglit rati os of 2/ I/l1. Aga in , these may have cootaitoed some acetone.

'['he properties are shown in 'FaH e XVIII. The cp rocessahility was poor, but

bet tkcr than iiiat. of thle PCI) / SYFLt) p ropell1ants dIes cr ibed above . AllI flIowed

wet11 on vibration. Cures were obtined with both FetA and dibutyltin

dii au-r~it e. Trhe mechanical p ropertLies are encouraging for this series also,

andl thL sensitivity tests do0 not indicate any serious problems at this time.

(c ) Other propell ant Stud!C es re beinog done w ith the PCDE/FEFO

system in ordier to conserve SYFO when thi-s can be done without affecting

tLhe results of the study. For example, experiments with other triols and

dIi i s{)canates ,ire in progress. Two hatches were made to compare molecular

Sieve -Lt cetted PC)E W ith convent jonal Iy stripped PCI)E . Pert inent data are

p r(!.,;enL td In tab1leI XIX . Pat cl No . B2.3- '3C coot a ning conventiounal1 y

stiIpped lI):(w tLout regard for ke tonle coorent ), Was removed from the

c'ur ing t'yen w ithi a Shore A hiardness- of 38 after /4 days at 1100 F. The

propel!lant wi th molecular s [eve-ireated ITDE, 1323-36A , had !t Shore A

hardness of 42 after a 2-day cure and was Cut after 5 days of cure

(shore A, 44) . Later work indicated thatL cuire may extend over longer

periods at thle lower cata lyst level employed (0.02 wL%) , so that a direct

CONFIDENTIAL
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Table XVII

PROPERTIES OF PRELIMINARY PCDE-SYFO PROPELLANTS (U)

Batch No. B-23- 31A 36D

Binder Ingredients, Wt%

PCDE 10.47 10.47
SYFO 10.47 10.47
Hexanetriol 0.12 0.12
TDI 0.82 0.82
FeAA 0.05 0.02
Neozone D 0.10 0.10

Cure, Days at 110OF 4 3

iiardness, Shore A 74 49

Castability Very Poor Very Poor

Mechanical Properties (avg. of 5 minibars)

0rI, psi 99

EIn' 1

Too [lard
Eb' % To Cut 30

Eo, psi 446

SensitlvLty

Impact, cm/2-kg wt,
50% pt (BuMines apparatus)

Uncured 12 15
Cured 11 9

DTA, 'F, Exotherm Onset

Uncured 300 320
Cured 330 290

Ignition,

Uncured 415 413
Cured 412 420

Rotary friction, gm at 3000 rpm

Uncured 840 1280
Cured 400 >4000

* Both with 1.6 wt% Al (MDX-65), 30.5 wt% EIMX-A (ctd), 16 wt% HMX-E,

15.5 wt% 130m AP (ctd); 70-gm batches.
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Table XVIII

PROPERTIES OF PRELIMINARY PCDE-SYFO-FEFO PROPELLANTS (U)

Batch No. B-23- 31B 31C 31D 33B

Binder Ingredients, Wt%

PCDE 10.46 10,46 10.46 10.47

SYFO 5.23 5.23 5.23 5.23
FEFO 5.23 5.23 5.23 5.23
Hexanetriol 0.12 0.12 0.12 0.12
TDI 0.82 0.82 0.82 0.82
FeAA 0.05 0.03 0.05** 0.02
Neozone D 0.1 0.1 0.1 0.1

Cure, Days at 110F 3 7 7 5

Hardness, Shore A 63 52 44 55

Castability. Poor Poor Poor Fair

Mechanical Properties (avg. of 5 minibars)

(mp psi 116 95 86 83

em, % 22 22 23 22

C b ,% 24 24 25 24

E , psi 635 516 442 453

Sensitivity

Impact, cm/2-kg wt,
50% pt (BuMines apparatus)

Uncured 9 - - -

Cured 9 10 9 11

DTA, 'F, Exotherm Onset,

Uncured 300 - - -

Cured 310 323 313 320

Exotherm Peak

Uncured - - - -

Cured 412 418 411

Ignition,

Uncured 411 - - -

Cured - - - 412

Rotary friction, gin at 3000 rpm

Uncured 600 - - -

Cured 965 2200 1900 2100

Swelling Ratio, (Z/Zo) 3  3.51 - - -

* All with 16 wt% Al (MDX-65), 30.5 wt% HMX-A (ctd), 16 wt% HM]X-E, 15.5

wt% 130om AP (ctd); 70-gm batches.
** Dbutyltin dilaurate
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comparison of properties may not be valid. Other work which should

provide this data is in progress.

D. PROPELLANT AGING sTU!)IES (U)

(C) In the absence of - with SYFO, a prelimainary small-scale

Company-sponsored aging study with PCI)E/FEVO propellant is reported.

this study was made to obtain an early assessment of potential problems.

Definite gassing was observed in a propellant after six weeks at 1350F,

Slore A hardnesi changed from 14 to 27, and swelling ratio increase 7.27;

there wa.s l ittle, change fn hazard characteristics.

This propel]lant contained 0.1% Neozone D antioxidant. It

s-,.in~d of intercst to evaluiate other pron .ing .n Lioxidants under

dct,,v1pn pinent on .notlh r FEF-propellant system. Two prope!lants, one contain-

ing 0.2 wt/. of a resorcinol-type free-radical stabilizer, Batch No.

16l)6-b4A, and the othcr 0.1 wt, free-radical stabilizer + 0.1 wt% acid

scivenger (a sulfonrimide). Batch No. 7696-64B, were wrapped in aluminum

foil and aged 68 days at 135'F. Thermocouples were inserted in each

aa1p Ic id monitored for exothrnI; none was detected. Neither sample lost

any significant weight. Bat,'h b4A had definite fissures, and Shore A

hardness decre ased from 36 tt, 26. Swe lltn). ratio decreased 2.0%, and

mnlultis dec rvased from 391 psi to 171 Ps;l. Fissuring in sample 64B

appeared zmch less severe, -ilthough Shore A hairdness decreased from 51 to

36. Here, ,gain, swelling ratio decreased 1.0", and modulus decreased

from 926 psi to 521 psi. I'here were no significant changes in hazard

properties of the aged propellants. The pertinent data are tabulated

in 'able XX.
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TABLE. X-IX

L-FFE(;Tr OF MOLFCU LAR SI EVE-TREA'ED1) CUFE ON PROP'ER[TIES OF
PUIJE/FEFO (i/I) PROPEUI.,ANTIS* (11)

Mollecular Siuevo- Untreated
Batch Nu. B23- Tre~ited PC(DE** PCDEh

16-A 36-C

Shore A Hlardnetss 4/4 38
Days (I II1 0'F 5 4

Mt~c1inIAl I'4)j3 11t

* p~i 8071

21 27
m23 30

45~3 *3 3 7

I mpactI ,'i/2*'g wt (0.
f i rL lt ) 8 18

Frict ion, gmn kd Woo0 .pii
(50k fli,, p1) 120()0 2000

280 315
Ip.l i t 1n 4 1 8  418

~ Ow ts t hrough Im 1110iorI11J
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TABLE XX

PCDE/FEFO PROPELLANT AGING STUDY* (U)
68 days @ 135 0 F

Batch No. 7b96- 64A 64B

Control**_ _Rd_ Control A ed

Weight, gm Before 54.7 54.4
After 54.6 54.4

Appearance Darker; fissures Darker; incipient

Shore A Hardness 36 26 51 36

Swelling Ratio (t/Q)3

% change -2.0 -1.0

Mechanical Properties @d 77F

4- * psi 71 39 128 90
m

, 22 26 18 22

25 28 20 25

E, psi 391 I7 926 521

Hazard P'roperties

Bireau of Mines
Impact, cm/2 kg (50Z pt) 19 21 19 14

DTA Ex-tlherm,°F Onset 305 357 355 357

Pe-ak 410 409 41 3 416

Rotary Friction, gi load
i.) 3000 rpm .4 kg >4 kg s4 kg 3750

* Propellant Composition: PC'DE/FEFt (1/1), TMP, and DI; 787 Solids: Al 16%,,
IIMX/AP (3/1) 64A: 0.2% free radical stabilizer; 64B: 0.1 free radical
stibiliz.r + 0.17 scavenger.

* (Xntrol aged 68 clays it ambient tvmperature.
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