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FOREWORD

This is the first quarterly rcport issued under Contract
FO4611-73~C-0034, and covers the period 4 December 1972 through
28 February 1973, This countract is monitored by the Air Force
Rocket Propulsion Laboratory, Edwards Air Force Jase, California.
The Air Force Project Officer is Dr. F. Q. Roberto (MKPA).

This report is Aerojet Solid Propulsion Company Report
No. 1024-26Q-1.

The work was performed under the supervision of Dr. L. J. Rosen,
within the Propellant Development Department, Dr. C. J. Rogers, Manager,
The Principal Investigator is Dr. Morten A. Klotz. Dr, B, B. Lampert,
Mr. J. P. Coughlin, Dr. R, M. Smith and Miss I. T. Plerce were major
contributors to the studies reported,

This report contains classified Information obtained from
classified reports., All such reports and their classification are
specifically identified in the list of references included in this
volune,

This technical report has been reviewed and is approved.

Charles R. Cooke
Chief, Solid Rocket Division
21r Force Rocket Propulsion Laboratory
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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 thecretical study was made of the vffects of compositional
variables on the predicted performance of PCDF/SYFO and T'CDE/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 PCDE in significant concentration. It was fdentified and two
methods were devised for its removal. The harard characteristics ot th
irgredients were determined alone and in combination with ecach other.
Potential antioxidants w':¢ screened for use In propellants, Preliminary
propellant formulation studies gave propellants with mechaniral
properties close to the program goals and with encouraging sensitivities,

PSP ST

. e e w g b




S =4
i
. UNCLASSIFIED
TABLE OF CONTENTS
| Page No.
} i section T - Introduction 1
{ A, Objective 1
| B. Scope !
1 i ‘
i ] Section 1L - Suumary 6 F
i
; . Scection 111 - Technical Progress 8
! A. Selection of Formulations for Optimum Ranpe 8 i
| l l. Introductioun 3 1
i 2. The Effect of Compositional Variables
i on Performance 3
l 3, Modification of Baseline Formulation 9273
B. tnaracterization of Ingredients /b 1
1 PCDE Purity and Purification 75 i
2. Spectral Studles of SYFO and FFIO 89 i
3. Thermal Stanility Studies st }*
4. Hazard Properties R4 .tf
<. Propellant Formulation Studles vl
D. Propellant Aglung Studies S0 ’
Reforences J9 i

UNCLASSIFIED




10

11

12

13

14

15

UNCLASSIFIED

FIGURE JLIST

Title
Phase 1 ~ Faormulation and Characterization
Phase I1 - Scaleup
Phase Ifl - Motor Demonstrition

Yeak Theoretical 1° g Vs Z Total Solids
for HMX/AP/3/1 0xi8%3er and Plasticizer/
Polymer = 2/1 and Nonplasticized PCDE Polymer

Peak Theoretical I: 5 VS» % HMX in HMX/AP
Oxidizer at 82 wt% Bolids

Peak Theoretical I; g VS. % HMX in HMX/AP
Oxidizer at 79 wt% golids

PCDE Polymer Propellants at Peak Theoretical
I1°  for 82% Solids

sps
PCDIl Polymer Propellants at Peak Theoretical
1° for 797 Solids

sps

Lines of Constant AFR = 1.0 vs., Composition
for Various UOxidizers

% HMX in HMX/AP

Peak Delivered 1 .
127 Aluminum

£ VS
Oxidizer 82% soliis,
Peak Delivered 1 5 vs, % HMX in HMX/AP
Oxidizer at 79% $371ds, 12% Al

Peak Predicted Delivered l155 for PCLE
Propellants with 82% Solids

Peak Predicted Delivered 1ISS for PCDHE

Propellants with 79% Solids

Peak Effective 1 5 (0=0.3) for Upper
Stage vs. 7% HMX %n HMX/AP Oxidizer at
827 Solids

Peak Effective 1 (.:»0.3) for Upper

[P
Stage vs. % HMX 1ASHMX/AP Uxidizer at 79%
Solids

if

UNCLASSIFIED

— r el vt oo

Page No.

14

r-
~u

29

30

37

38

- —-

e

PP




e
i
FIGURE LIST (Cont.)
No. Title Page No.
16 Peak I 3 for Upper-Stage PCDE 39
Propel?énts with 82% Solids
17 Peak 4 4 for Upper-Stage PCDE 40
Propel?énts with 79% Solids
J
18 Theoretical, Delivered, Effective for Upper 46 ;
and Booster Stage Specific Impulses vs.
Weight Percent Aluminum
19 FEFO-Plasticized PCDE Propellants 57 i
1
20 SYFG/FEFO (1/1) Plasticized PCDE Propellants 58
21 SYFO-Plasvicized PCDE Propellants 59
22 Summary of Gains in I B and Density trom 62
Various Changes in BasdTine Formulation
23 Effect of Single Changes in Basellne 67 .
Formulation on Effective Delivered Specific 1 ]
Impulse (K = 0.3); FEFO Plasticizer i
[
24 Effect of Single Changes in Baseline 68
Formulation on Effective Delivered 1
Specific lmpulse (K = 0.3); Mixed i
FEFO/SYFO Plasticizer ‘ ‘
25 Effect of Single Changes In Baseline 25 P
Formulation on Effective Delivered |
Specific Impulse (K = 0.3); SYFO !
Plasticizer i
26 Infraved fcan -4 FCPE o Pecelved 76 !
27 Infrared Scan of PCDE After One Pass 77
Through Molecular Sieve 13X
28 Infrared Scan of PBEP 78
29 Infrared Scan of SYFO 81
30 Infrared Scan of FEFO 82
'}
3l Infrared Scan of PCDE/FEFO (1/1) 83 |
f
114

UNCLASSIFIED




f
)

.

UNGLASSIFIED

FIGURE LIST (cont.)

Title Page No.
Infrared Scan of PCDE/SYFO (1/1) 34
Nuclear Mapuetic Resonance Spectrum of FEFU 87
Nuclear Magnetie Resonance Spectrum of SYPo 88

UNCLASSIFIED

-




UNCLASSIFIED

[}
t
‘ TABLE LIST
|
No. Title Page No. i
I Combined Motor Firing Data 25 i
11 Peak Expected 1155’ 127% Al, HMX/AP = 13/1 32 i
111 Thermodynamic Ranking of Candidate 41,42 V
Formulations for Upper Stage Apnlication i
1 Based on I15 (n/l.8)0'3 !
{
v Flame Temperature, ospecific Impulse, UFR, 47
and Efficlency As a Function of Aluminum :
Content
v Recommended Formulatior Range 50 |
Vi Composition and Properties of Baseline 54
Propellant A

V11 Calculated Thevmadynamic Comparison of 55
Plasticizers and PCDE Prepolymer

.

VIII Summary of Variations in Baseline Formulation 63
Offering luncreases in Delivered Specific
Impulse [: FEFO Plasticizer

o

Ix Summary of Varfations in Baseline Formulation 64 H
Offering Increases in Delivered specific
Impulse I1: SYFO/FEFO Plasticizer (1/1)

X Summary of Variations in Baseline Formulatlon 65
Offering Incrcases in Delivered Specific
Impulse 111: SYFO ®lasticizer

X1 Summary of Variations in Baseline Formulation 71 1
Offering Increases In Effective Specific 1
Impulse 1: FEFO Plasticizer

~d
ta

XI1 Sunmary of Variations in Baseline rormulation
Offering Increases in Effective Specific
Impulse IT: Mixed FEFO/SYFO Plasticlizer

X111 Summary of Variations in Baseline Formulation 73 ‘
Offering Increases 1in Effective Specific
Impulse I1I: SYFO Plasticizer 1

X1V DTA Exotherm of PCDE/FEFO (1/1) and 90 t
PCDE/SYFO (1/1) with Selected Stabilizers

UNCLASSIFIED




it maed

No,

XV

XVl

XV1I

XVII1I

XIX

XX

UNCLASSIFIED

TABLE LIST (cont,)

Title
Hazard Properties of SYFO and $YFO Mixrures

Sencitivity of Molecular Steve-Ireatoed
PCDE/FEFO (L/1)

Properties ot Prellminary PCOE-SYFO
Propellants

Properties of Preliminary PCDE-SYFO-FERU
Pripellants

Lffect of Molecular Sieve=Treated PCLE
on Properties of PCDE/FEFO (1/1)
Propellants

PCDE/FEFO Propellant Aging Study

vi

UNCLASSIFIED

Page No,
91

92

94

uh

47

YH

U . 1

L e g e N -

.-

cg——




UNCLASSIFIED
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CONFIDENTIAL

SECTION I
INTRODUCTION
A, OBJECTIVE (U)
) 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.

(<) The propellant property goals are:
® A delivered specific impulse in the range of 259-262 lbf-sec/lbm.
) A density as high as 0.070 lb/cu in.
® A burning rate range from 0.4 to 0.5 iu./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 siability,

® Adequate processing and cure properties.

@ Safe manufacturing, handling, and use characteristics.

L] Adequate liner-bond properties.

9 Adequate combustion-stability characteristics,

® High reproducibility characteristics.
B. SCOPE (U)
(¢) 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,

culminating in the selection and preliminary scale-up of two rormulations,

* See Glossary
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one with PCDL/SYFO and one with PCDE/SYFO/FEFO. The objectives of Phase IT -
Scale-up - are the further detailed characterization of the two formulations,
including process studies in intermediate-scale mixes, sys:iematic evaluation
of mechanical properties, hazard evaluation, cembustion instability studies,
firings of 10- and 70-1b motors, and delivery to AFRPL of 15- and 70-1b BATES
motors together with other propellant samples. The objectives of Phase 111 -
Super BATES motors - include the scaling up of one of the two propellant formu-
lations to full production-size batches for preparation of three Super bAT™:
motors, Instrumented analog motors, and test samples to be delivered to AFRPL
or tested at ASPC,

(u) The approach being used to attain these objectlives is illustrated

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

-2~
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CONFIDENTIAL

SECTION I1

SUMMARY
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 motor
will probably be in the range of 262 to 264 lbf-sec/lbm, with a density of
approximately 0.069 1bm/in.3.
B. The carbonyl band in the infrared absorption spectrum of as-received

PCOE was found to be due to the presence of over 47 acetone. The impurity

is removable byleither vacuum distillation or treatment with 13X molecular
sieves, but it is not yet known which method is best,

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.

D. Four potential aptioxidants for use in PCDE propellants were screened
by comparison of DTA data in PCDE/FEFO and PCDE/SYFO submixes. The results
were inconclusive, but Neozone D was selected for current use pending more

thorough evaluation,

-6-
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. PCDE/SYFO and PCDE/SYFO/FEFO propellants have exhibited mechanical
properties close to the program goals, with no effort at optimization. The
propellant sensitivities are also encouraging.

F. The results of a small-scale Company-sponsored investigation of the
thermal stability of PCDE/FEFO/AL/HMX/AP propellant is reported., In 68 days
at 135°F there was no exotherm, an no significant loss in welght or {ncreasc
in hazard, but there¢ was evidence of fissuring and deterioration of mechony ol

properties.

- -7 -
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SECTION 111

TECHNICAL PROGRESS

A, SELECTION OF FORMULATIONS FOR OPTIMUM RANGE
1. Introduction

This task was divided into two parts. The first (Section
I17.A.2) was a detalled 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 uscd in predicting propellant
performince. The recommendations arrived at for formulations for initial
evaludation also considered practical coenstraiunts such as processability
ard probable burning-rate range,

The second part (Section I[I1.A.3) was a refinement of these
calculations taking into consideration the effects of modifications of

an actual baseline prapellant composition,

-8~-
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2. The Effect of Compusitional Variables on Performance

! a. Constraints

ln order to conduct the most etfective and economlcal rf

1 program, it is desirable to establish practical fermulation developmen:
limits based on optimum performance, processability, mechanical properties i
; and aging stability. The limits set ). performance must, in turn, conside: l

not only specific impulse and density but also curning rate achievable,
pressure exponent and the requirements peculiar to each sLage of the ballis-
3 i tic missile. The processahility limits are based on experience, Mechanical
properties limits must exclude potential formulations with too little

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

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

performance, may provide superior mechanical properties which can be

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

e e

metric loadiug.
This section describes the process used for limiting the

scupe of formulation development to perni: (oncentration on the most

T e —— rs
T 4 8 L Mt

promising formulation range.

A roadmap of the selection process is as follows:

-9
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Theoretical Specific Impulse

Consideration of

Aluminum Concen-~

-

tration and OFR

Congideration of Range —————ee—evip

Effective Speciflc
Impulse (R)

Expected Delivered—m———
Specific Impulse

Recommended Approach

Throughout this analysis the following practical guidelines were
used, based on the propellant target properties in Sectfon I.A.

Propellant Goals

r and n
Mechanical

Properties

Processing
Properties

Storage Stability

Hazard

Guide Lines

2/1 to 3/1 HMX/AP ratio

> 22 vol 7% binder

> B8 vol X polymer

(<3/1 plasticizer/
polymer ratio)

22 vol % binder
1 plasticizer/
polymer ratio

iviv

<3/1 plasticizer/
polywmer

>2/) HMX/AP ratio
<3/1 plasticizer/

polymer

-10-
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Raasons

Ease of r and o
tailoring

Current technology
based on similar
propellants

Current technology
based on similar
propellants

Increase stability

Reduce friction
sensitivity

Avold migration or
exudation
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b fropellant Performance Evaluation
Within the framework of other constraints as identified
above, tne propellant choice will depend upon the ideal combination ~f

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

analysis is the effective specific impulse.

Expected delivered specific impulse is a complex functluo »t

theoretical specific impulse and all of the compositional, thermcdynamic

and motor-design parameters which affect dpecific impulse efficiency.

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

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

mass, firing duration and motor geometry, which affect heat loss, (3) total
A1203 content uf the exhaust products, average A1203 particle size, exhausc
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 bouth
aluminum combugtion efficiency and two-phase-flow losses. A theoretical
model which utilizes these parameters for predictions of deliverable ;pecific
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 cowposition were made

_11_
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on the basis of three-component propellant systems consisting of:

| o Three binder compositions with each plasticizer, contain-
ing 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.

. Six oxidizer combinations consisting of HMX and NH CLOQ

4
mixtures in ratios of 1:1, 3:2, 2:1, 3:1 and 7:1, as well as pure HMX,

. Aluminum metal as the fuel additive and third component.
Fach 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
1272 to the maximum dictated by propellant oxygen balance for each bindex
content). For each system, the performance parameters evaluated were:

® Theoretical Specific Impulse

@® Predicted specific impulse for a typical large-
motor configuration (Ilss)

® Effective Specific Impulse based on Ilss(p/po)o'3

@® The volume fraction of binder

®The cliamber 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 Timited number of calculations 1s included for 24 weight percent binder
at an HMX/AP oxidizer ratlo of 3/1.

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

for large-motor applications. Next, specific impulse-density tradecoffs
are maue to establish optimum formulations on the basis of effective

specific impulse.

(1) Theoretical Specific Impulse (I;ps)
A preliminary compariscn of theoretical ISp data for
three plasticizers (FFFO, SYFO and a 1:]1 weight mixture of the two) with
similar data for unplasticized PCHE polymer is shown in Figure 4.

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/NH4C\0 mixture. Fach of the points plotted

4

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

retical ISp at the particular solids loading of interest, expressed as

weight percent total solids (41 + AP + HMX). i}
The plot shows that peak theoretical specific impulse
increases wich 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 1SP values for all the SYFO,

FEFO, and mixed SYFO/FEFO plastici~ed PCDE binders occur at pure iMx or a

high (7/1) ratio of HMX to AP, as can be observed in Figures 5

(827 solids) and 6 (79%Z solids). More information on the poin.s

plotted, including aluminum content, density and volume

fraciion binder as well as theoretical Isp,are included as gril summaries {

~-13-
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PEAK THEORETICAL I;ps VS. % TOTAL SOLIDS FOR HMX/AP/3/1 OXIDIZER
AND PLASTICTZER/POLYMER = 2/1 AND NONPLASIICIZED PCDE POLYHMER (U)
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PEAK THEORETICAL l;ps Vs 7 BMX IN HMX/AP
OXIDIZER AT 82 WIZ SOLIDS (U)
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PEAK THEORETICAL I;ps VS %Z HMX IN HMX/AP
OXIDIZER AT 79 WT% SOLIDS (U)
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in Flgure 7 tor the 82% solids systems and In Flgure 8 for the

797 solids systems. Also iacluded In these grids are the corresponding
data for the mixed-plastlelzer systems which were not plotted in Figures
> oand b, AU these peak values of theoretical [qp’ SYFO or

the mixtures of FEFO and SYFO i{ndicate only tenths of Ispunlts advantage
over FEYO.  These specific fmpulses ave 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 has a more positive heat of formation per unit welight than FEFO. There-
tore SYFO is cxpected to yleld higher specific impulse than FEFO with a good
oxidizer such as AP. On the other hand since FEFO has a stoichiometric
ratio of oxidizer (0+F) to fuel (C+H) of greater than ovne, it benefits from
combjunation with a less than stolchiometric oxidizer such as IIMX. Thus FEFO
provides wvery good performance with HMX oxidizer systems.

At the more practical (less than optimum) HMX/AP
ratios (3/1 or lower) which will probably be utilized to achieve burning
rate and pressure exponent targets, SYFO has a more pronounced advantage
over FEFO (1-2 [“P units). [n fact, with lower IMX/AP ratios, PCDE polymer
appears better than FEFO, since there Is a slight decuirease of Isp with in-
creasing ¥EFO content.  For the plasticizers of concern for this program--
SYFO or the SYFO/FEFO mixtures--the Lgps [ncreases [n the expected order

with [ncreasing plasticlzer-to-polymer ratfio.

~-17-
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[]
PCOE POLYMER PROPELLANTS AT BpY
PEAK THAORETTCAL 1° FOR 827 s00L1bs () wt.Z Al
HpY B
§2 ;.',/u.
vol.trac,binder

IMX/AP Weight Ratlo

Plasticlizer and Ratio 1/1 3/2 2/ 31 7/1 100/0
SYFO = 3/1 271.1 272.5 | 271.2 21,8 | 274.6 | 274.8
18 18 16 16 14 12
1.951 1.946 1,932 1.929 1.912 [.8Y6
.220 219 LO18 217 215 214
SYFO/FEFO = 3/3/2 269.7 271.4 272.3 273.2 2741 274.9
20 18 18 18 16 1%
1.957 1.941 1.939 1.936 1.919 100
223 221 221 221 219 -
FEFO = 3/1 268.3 270.3 271.3 272.5 273.7 200
18 18 I8 18 18 6
1.941 1.936 .94 1.931 1.926 1.909
224 223 223 223 L222 220
SYFO = 2/1 270.9 272.3 272.9 273.6 274.3 74 .4
18 16 16 16 14 14
1.947 1.931 1.929 1.925 1.909 1.904
.221 219 .219 .219 .217 216
SYFO/FEFO = 1/1/1 269.8 271.5 2723 273.1 273.9 274 .Y
18 18 18 16 14 14
1.942 1.938 1.936 1.921 1.905 1.900
223 222 222 221 219 218
FEFO = 2/1 268.6 1 270.4 271.5 272 .4 273.5 2740
18 20 I8 18 16 14
1.938 O BURE! 1.928 1.912 1.895
225 206 224 224 222 220
SYFO = 1/1 270.7 271.9 272.5 272.9 273.7 273.5
18 16 16 16 1z 12
1.940 1.924 1,921 1.918 L.902 1.885
224 222 222 222 220 218
SYFO/FEFO = 1/1/2 270.0 | 271.% |z272.0 |272.7 [273.5 1273.7
18 18 18 16 14 14
1.936 1.932 1.929 1.91Y 1.599 1.894
225 225 L02h 023 L2210 220
- |
FEFO - 1/1 269.? 270.8 271.5 2723 273.1 273.8
18 13 18 18 16 14
1.93) 1.929 1.926 1.923 1.907 1.891
227 226 226 L2206 L2224 202
Non Plasticized 2069.6 270.4 270.4 271.3 271.2 269.9
16 16 14 14 12 12
1.907 1.903 1,889 1.886 1.870 1.865
231 L2131 .229 .229 227 226
-18- Figure /
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PCDE POLYMER PROPELLANTS AT wt.7 Al
PEAR THEORETLCAL 17 FOR 797 SOLIDS (i) o afcc
Vol.lrac.binder
o __HMK/AP Weight Ratio L
Plasticizer and Ratio 1/1 3/2 2/1 371 7/1 10070
SYFO = 371 271.3 272.5 273.0 273.5 274.2 274.2
18 16 j6 14 14 12
) 1.939 1.923 1.921 1.907 1.901 1.485
255 L25% 252 251 .250 248
1 SYFO/FEFO = 3/3/2 270.G 271.4 2722 274.0 273.7 2743
18 18 N 16 14 14
1,933 1.929 1.915 1,912 1.896 | .Bul
257 .256 255 L 254 252 .
FIF0 = 371 2684 {27000 |271.r 27200 | 2732 2730
13 18 18 18 18 14
1.927 1.923 1.921 1.918 1.913 L. aeh
{ 59 759 258 .258 .257 254
SYFO = 2/1 V27U T2rzir (27208 (273027 [ 273.8 | 273.6
in 16 16 14 14 12
1.92 1,919 1.917 1.902 1.897 1.581
255 254 .254 L252 .252 249
| SYFO/FEFO = 171/1 270.0 271.4 272.0 272.7 273.4 273.8
18 18 16 16 14 1%
1.9y 1.925 1.912 1.909 1.893 1.588
5% 258 250 .56 253 153
vero = 241 28.7 12003 1. 12900 1273.0 1273,
20 18 is 16 1%
1.930 1.920 1.918 1.915 L.8Y9 1,53
o6 260 259 .259 157 255
SYFO = 1/1 270.8 271.7 272.0 272.6 272.9 272.5
16 16 Le 14 14 12
1.yty 1,911 1,908 1.5894 1.889 1.5874
258 758 257 L2558 255 253
TSYROJFERO = 17172 0 T 000 271.1 271.7 272.1 2729 2777
1 8 16 o 6 14 12
N 1.907 1,904 1.902 1. 886 1,370
261 259 2549 L2958 L2506 L254
Crero = 1/0 0 f2e9l2 [27075 (a2 (2718 |272.5  [272.9
18 18 18 16 14 1%
1.919 1,915 1.912 1.898 1.882 1.87
263 262 26 260 . 258 25
THow Plasticized 2691 269.7 270.1 270.1 269.6 267.8
16 14 14 14 12 10
1,890 1.8/0 1.873 1.870 1.855 1.839
268 266 . 265 .265 267, 260
Figure g
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At the highest HWMX/AP ratios the peak I°8ps occurs J
at 14%Z 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
1 optimum aluminum content (in terms of I;ps) for these SYFO~ and SYFO/FEFO-
f
plasticized binders is never over 16% aluminum. In Figure 9 a tri- :

angular composition diagram shows lines of constant OFR=1.0 for systems
containing aluminum, SYFO/PCDE polymer = 2/1 and the various oxldizers
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/l HMX/AP at 79% solids, the limiting

aluminum content is 18%, and the peak theoretical ISp occurs at an OFR of
1.14 (14% Al); similarly, for the same binder and solids loading with 2:1

HMX/AP oxidizer, the limiting aluminum content corresponding to OFR=1.0

e

is 227 and the peak theoretical Isp occurs at 167 aluminum or an OFR of
1:21 with increasing aluminum content. With less energetic binders more
aluminum is required to achieve a peak theoretical 1Sp

Another indication of the energy potential of these

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

I;ps advantage of the 82% sollds fuimulatious vver the 79% solids propellants.

Thus, if a high-volume-fraction binder is required to achieve mixing,
casting, and mechanical-properties targets, there are minimal losses in 5

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

-20-
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primarily in cost and material requirements.
(2) Expected Delivered Specific lmpulse ({159) )
(a) Prediction Model (U)

© The performance prediction model developed on the

P722 Program (Ref. 1,2)

E = 98.30 - 6.198x - 6.732 x/ (i) /2 - L9428 (a/il?,
has been modified on the basis of additional experiwmental data to a form
which explicitly accounts for the effect of active fluorine in the propel-

lant compositjion (Ref. 3),

E = 08.62 - 15.86x - 6.092 x/() /2 = 5336 A/t + s1an(n Py,

where x = moles of A1203 per 100 grams of propellant combustion products,

propellant mass flow rate in 1lb/sec,

2.
¥

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

F = wt%Z active fluorine in the propellant, and

E = specific impulse efficiency, %
(u) The flrst term of the equation, 98.62, represents
the limiting efficiency for a propellant of all gasecus combusticn product:
fired in a rocket motor having zero heat loss with a nozzle of 15%-hali-angle
exit cone. This (as well as all other equation coetficients) was derived
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 combiaation,

98.62 - 15.86x + (.5144)(x)(F), represent the limitiug efficiency of aluminiccd

-22-
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propellants in general--as a function of both A1203 content and active
fluorine content. Thus every aluminized propellant has 1its own limiting
asymptote of efficiency (at infinite mass flow rate) dependent on the

exact A1203 content of the combustion products and active fluorine content.
This facet of the prediction model 1s in conflict with earlier prediction
models, such as that of Rohm and Haas (Ref. 4), which assume that AIZO3
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],203 pérticlc size is principally a function

of rocket motor size or throat diameter.

(c) : The third term of the equation, -6.092 x/(ﬁ)l/z’

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

Fractional velocity lag is {nversely proportional to nozzle length or nozzle
throat diameter or (alternatively) Invevrsely proportiocnal to mass flow rate
to the one-half power under conditioﬁs of constant chamber pressure com-
parisons. Total loss due to velocity lag is equal to fractional velocity
lag multiplied by mass fraction of A1203 in the combustion products.

) The fourth term of the efficlency equation,

/2

- .5336(A/ﬁ1)1 , represents a heat-loss term, where heat loss per unit mass

is directly proportional to exposed surface area of rocket-motor inert
parts and to firing duration, A;E or (é). The corresponding loss in
m
specific impulse or specific impulse efficlency 1is proportional to the square

1/2

root of heat loss or to (A/m) At infinite mass flow rate 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 (%) (F), represents the
improvement in specific impulse efficilency due to the presence of active
fluorine in the propellant composition, The observed effect of fluorine is
of necessity related to A1203 concentration as well as fluorine concentratinn
in terms of either (a) improved combustion efficiency or (b) reduced two-
phase-flow losses (or both).

n The experimental data upon which this efficiency
equation is based are summarized in Table I. 1Included are 2Cl.5%-4.0

and 2C1,5-11.2 motor-fivring data for 5 PBD propellants from an in-house
study (Ref. 6), 2C1.5-4.0 and 2C1.5~11.2 data for one non-Domino

reference propellant, two TVOPA propellants and five P722 propellants from
the P77? Program (Ref, 1), and 2C1.5-4,0 and 2C1.5-11.2 data for 5

TVOPA prepellants as well as one 6C4,8-11.4 TVOPA propellant firing from the
High~Impulse, High-Density Program (Ref. 3),

Q)] It would be highly desirable to extend this
correlation effert to include additional classes of propellants and addition-
al data from other motor sizes. Data which are being {ncorporated include:
(v @® 15-1b and 70-1b BATES motor data for DOMINO
propellants as well as conventional propellants.

(V) @® Data for smokeless (nonaluminized) formu-

latjons in all motor sizes.
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@ large motor dJdata for all classes of propeilants,
(b)  Predictions
Specific-impulse predictions were made tor
all of the theoretical Isp calculations discussed in the previous paragraphs,
based on the prediction model above and 4 hypothetical large wmotor having an
exposed inert parts area (A) of 400 square fnches* and a mass flow rate
400 1b/sec., For both SYFO and FEFO as well as thelr mixtures, the peak

delivered 1 predicted for each binder wccurs a4t a high ratio of HMX/AP

158
(»7/1), similar to the theoretical values. Figures 1) Lhronae»~ |3

show the peak I153 values along with the aluminum content, den-

. . o0+ LOF
sity, volume-fraction binder and oxidation-fluorination rdtio (OER>%~t'-éﬁ-'jy.
C+ 1.5 4l
However, the spread between $YFO and FEFO is more marked than in the theo-
retical Isp' The active fluorine content of SYFO leads to higher etticiencices,
and this, coupled with the higher theoretical [gp values fur SYFO-plasticized
propellants, results in an even greater spread in the predicted 1155(2—5 units).
At both 82 and 79% total sclids the purak pre-
dicted 1153 occurred at the lower aluminum level (12% of the range calculated

for all binders and all HMX/AP ratios. Since the two-phase-flow Tuss terms

in the efficiency equatioun are dominating terms and the 1155 values for these

* The A term refers to actual area of metal or graphite inerts Inserts in
small test motors. For large flight-weight mutors the A term Includes
actual throat insert parts plus an equivalent metal surface area fur in-
sulated areas.
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PEAK DFLAVERED oo VS. 7 HMX TN HMX/AP

OXIDIZER 827 SOLIDS, 127 ALUMTND (4)
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PEAK DELIVERED 115S VS, % HMX IN HMX/AP

OXIDIZER AT 797% SOLIDS, 12% Al (U)
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wt.l Al
p g/cc
PeAK PRUDICTED DELIVERED I FOR PCLE PROPELLANTS WITH 82% SOLIDS (U) X;;'frac'bl“der
; {New Efficiency Equation with Flunrine Coe nh) iy patio
; I'lguticizer and Ratie 1/1 3/2 2/1 3/1 7/1 100/0
i SYRO = 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 1.806
.216 71 L215 215 214 214
' 1.688 | 1.57 1.479 | s1.388| 1.267| 1.160
; SYFO/FEFG - 3/35/2 256.1 257.8 258.7 259.7 260.6 261.1
] 12 12 12 12 12 12
g 1.912 1.908 1.905 | 1.902 1.896 { 1.89]
z .218 217 217 217 .216 216
| 1 1750 ] Leers | oty 14390 1314 1.204
i FEFO = 3/1 253.8 | 255.8 |256.9 |258.0 | 259.1 239.8
; 12 12 12 12 12 12 i
i 1.907 1.303 1,900 1.897 1.892 L.ge”
.220 .219 .219 .219 218 217
1.815] 1.674 1.589 1 1.492 1.362 1,247
g SYFO = 2/1 258.0 | 254.5 260.2 | 260.9 | 261.6 | 261.7
‘ 12 12 12 12 12 12
! 1.913 1.909 1.9¢6 1.903{ 1.897] 1.892
- 217 217 217 L2186 .26 215 7
' 1.664 | 1.536 1.459 1 1.3701  1.251 L. 146 4
SYFO/FEFO = 1/1/1 256.3 | 257.9 |258.8 [259.6 | 2b0.4 260.8
12 12 12 12 12
1.909 1.905 1.902 1.899] 1.893| 1.888
219 .219 .218 218 .217 217 {
1.719 1.587 1.507 | 1.415 L.292 1.184 -
i L .
FEFO = 2/1 284.4 | 256.2  |257.2 |o2ss.r | 259.2 | 259.7 B
12 i2 2 12 12 (5
(9051 1.900 | 1.898| 1.894| 1.889] 1.884 {
221 .220 .220 L 220 219 218 ¥
1,775 | 1.638 | 1.556 1,461 1.334 | 1.223 )
SYFO = 1/1 257.8 1259.1 259.7 |260.3 | 260.8 |260.8
12 12 12 12 12 12
1.906 | 1.902 1.R99 | 1.896] 1.890| 1.885
.220 L220 219 219 .218 .218 !
1.618 1.49% P.a2l 1,335 1.220 1.118 :
TSYROJYERC - 17172 756.5 1 258.0  Joss.7  |U50TaTTI60.1 | 260.3 ‘
12 12 12 1 12 12
1,993 1.899 1.8406 1.89?2 1.807 1.882 P
L2222 .221 L221 Y] L2 .219 '
_ 1.658 1.532 1,456 £.368]  1.250 | i.146
CrEo 1/ 355.2 1 256.8 {257.6 | 258.4 | Z%9.2 259.5
12 12 12 12 12 12 \‘i
, 1.900 |  1.8Y6 1.893 1. 890 l.s84 | 1.879 1
223 RN 222 222 Lo .220 b
i
L.699 | 1.569 | 1.421 1.ab1 SN A 1
—— - _— e - §
L Frasticized 256.7 | 257.7  |258.1 | 238.4 | coa s | 257.4
12 12 12 12 17 12
- 1.885 1.861 1.878 | 1.87Y LLado 1,365
L. 229 228 .228 .223 2274 220
COMCINEMTIA)
-29-~ Figure 12
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PEAX PREDICTED DELIVERED I FOR PCDE PROPELLANTS WITH 79% SOLIDSijt.Z Al
(New Efficile icy nuuatiakékltn Fluorine Coefficient) p glce
Vol.frac.binder
HMX/AP Weight Ratio loFr
Plasticizer and Ratio 1/1 3/2 2/1 3/1 7/1 100/0
SYFO = 3/1 259.0 260.2 260.9 2h1.5 262.1 262.0
12 12 12 12 - 12
1.905 1.901 1.898 1.895 1.890 1.885
.250 .250 .250 .249 .248 L2408
1.528 1.509 1.437 1.354 1.241 1.141
SYFO/FEFO = 3/3/2 256.7 258.2 259.0 259.8 260.6 261.9
12 12 12 12 12 12
1.900 1.896 1.893 1.890 1.885 1.880
.253 .252 .252 L2510 . 251 L2540
1.698 1.574 1.499 1.412 1.295 1.161
FEFO = 3/1 254.2 256.0 257.0 258.0 259.0 259 .¢
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 1.831
.252 .251 251 .451 .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 26G.7
12 12 12 12 12 12
1.896 1.892 1.890 1.887 1.881 1.477
254 .253 .253 .253 .252 .251
1.663 1.543 1,469 1.385 1,270 1.169
FEFO = 2/1 254.7 256.4 257.2 258,1 259.0 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 .255
1.726 1.601 1.525 1.437 1.318 1.213
SYFO = 1/1 258.4 259.5 259.9 260.4 260.7 260.4
12 12 12 12 Y 12
1.893 1.889 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
SYTQO/FEFQ = 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 L254
1.596 1.481 1.412 1.331 1.222 1.125
FEFO = 1/1 255.6 256.9 257.7 258.3 259.0 259.,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
1.64] 1.524 1.452 1.369 1.257 1.158
“won Plasticized 259.9 257.5 257.7 2078 257.5 256.4
12 1/ 12 12 12 10
1.869 1.865 1.862 1.860 1.855 1.839
.265 .264 264 .263 .263 . 260
o Ty Figure 13
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énergetic binder system Iincrease very slowly with aluminum content.

At the lower, practical, HMX/AP ratios (3/1 or
1153 values for SYFO ac all plasticlzer levels
cxceeds vhe values for the FEFO-plasticized propellant compositions.
Table 11 shows the results of an extended ringe of calenlations

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

(3/1 HMX/AP) and the six binder compositions of primary interest (3/1, /i,

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

In every case the predicted Isp for 76% solids is equal to or greater than
that for 79, 82 or B85 solids loadings. In the case of the all-SYFO-plasti-
cized systems, the trend is quite pronounced and exactly oppougite to the

corresponding trend of I;ps vs % solids {(Figure 95), which indicates

that the increase of ‘sp efficlency with active fluorine conteat (from PCDE

aund SYFU) outweighs the effect of decreasing L;ps'

In the case of tihe mixed SYFU-FEXO systems (with
legger amounts of active fluorine), the corresponding gain in Isp efficiency

with increasing binder content is in almost exact balance wiith decreasing

o

sps’ resulting in virtually constant values of predicted I.. over the

15s

range of solids loadings from 76 to 85 weight percent. Thus, as tfar as

delivaered | is vonceined, there is no loss indicated at the lower solids

15s
loadings. However, as described in the next section, the higher-solids

formulations provide an increase in vffective specific {mpulse due to the

frigher density.

-3] -~
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PEAK EXPECTED 1

Plasticizer/Polymer

SYFO/PCDE 3/1

SYFO/PCDE 2/1

SYFO/PCDE 1/

SYFO/FEFO/PCDE/3/3/2

SYFO/FEFO/PCDE/1/1/1

SYFO/FEFO/PCDE/1/1/2

CONFIDENTIAL

TABLE TI

155° 12% Al, HMX/AP

85% Snlids 82% Solids

= 3/1 (U)

797% Solids

767 Solids

260.8 261.2

260.6 260.9

260.1 260.3

259.5 259.7

259.4 259.6

259.3 259.4
~32~

CONFIDENTIAL

261.5

261.1

260.4

259.8

259.7

259.4

261.8

261.3

260.4

259.9

259.8

259.3
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(3)  Effective Specific Impulse (Q)
a. Theoretical
Gordon (Ref., 7) has shown that the relative
effects of propellant specific impulse and density in a volume-limited

vehicle may be evaluated by the equation

K 1
Q = Isp(o/po) ()

where p is the density of the propellant, °y 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 § is defined as the "effective specific impulse™.

The tradeoff exponent, K, was defined earlier by
Geckler (Ref. 8) as minus the derivative of log Isp with respect to
log density at constant burnout velocity

‘din 1
5

- —l———E
K . dinp v (2)

b
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
expresslon for evaluation of K In the general case is rather complex and will
nut be tovered here. For booster or silngle stage application, liowever, the

capression reduces to the simple form

._3_;_
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Mp/Mo MP/Mo

i ’ K= 7aR, 7 W /m)

(3)

where Hp is the propellant mass and the stage mass ratio, R, 1s defined

s

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

i mass, Mb.

To compute the gain in burnout velocity due

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

for one of reference specific impulse Isp and reference density p, one

merely substitutes for Isp in the conventional burnout velocity equation
Mo+ M :

Avb = Isp g &n —Rﬁ———— , 4) -

b

the appropriate value of {i' for the replacement propellant

e Al

M+Mb .
AVl = ' g in LMb—— (5)
=
while retaining the original mass ratio, where Q' = I;p (p'/po)K. In ¢
even simpler terms one may write .
L 1]
avy = AV, (@ /ISP), (6)
which is exactly esquivalent to the actual burnout velocity expression
applied to the new propellant ‘
M (/o) + M
LI ' p
av) =1 sp B in ———*-Tir—~—~—~ N ) 'l

=34~
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]

For a spediftlce c#amplc, conalded the (ase of o
missile having a propellant mass of 250 1b, with I p = 250.0 ard density -
o
1.80g/cc and an overall missile wmass of 1000 1b. For this example MP/Mf -
3

0.25, R =1.333, K =0.877 from Equation (3) and AVb = (250) (2.174) (in

1.3%3) = 2314 ft/sec from Equation (4). Substitution of an equal volume ot

dense propellant having an Isp of 248.0 and denmsity of 1.890 yields u =

.817

248.0 (1.89/1.80) = 258.84 and AV, = (258B.84)(32.174)(2n(1.333)) = 230

b
fr/sec by Eguatioun (5). For comparison, the exact calculation of AV by

Egyuation (4) {(substituting new values of IL;p and Mp) is Avb = (248.0)

262.5 +7)0))

256 = 2395 ft/sec, a difference of only 1 ft/sec.

(32.174) (an(
Gorden (Ref. 7) 1isted the following values

of K for the individual stages of an ideally stdged rocket with propellant

mdss Fract fons of 009 in cach stage and o stuge tatio of 3

Pirst Stage U.70
Second Stage 0,36
Third Stage 0.25

Fourth Stage 0.15
For subsequent discussions hercin, this table is simplified siil!
turther by usieg o K value of 0.3 for upper-stage applicaitons, as a

penerality,

(b) Optimization of Candidate Formulations
for Upper-Stage Applications

The c¢ftective specific impulse, or @ for upper

0.3°

stage, which includes weighing for both density and deliyered specifi,

__'55_
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impulse, is computed by the term QO 3-1158(9/90)0'3. The 0.3 exponent for

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

e

parameter at the same compositions that more detailed range calculations
| indicate for upper stages. These values for 79 and 82% total solids are

i indicated in Figures 14, 15, 16 and 17.

As was the case for the theoretlcal and deliverc:
specific~impulse values, the effective, 90.3, values optimized at very high
HMX/AP ratios, particularly for the FEFO-containing compositions. In addition
to yielding higher specific impulse values, SYFO bas a higher density than
FEFO and hence the all-3YFO-plasticized systems yield higher upper-stage ' ET
effective~specific—impglse values than the mixed SYFO/FEFO- or FEFO-plastici- §1
zed systems. At the lower HMX/AP ratios of 3/1 the SYFO-plasticized compo-
sitions :xceed the mixed-SYFO/FEFO-plasticized compositions by about 2 units.
The ranking of the best candidate propellants for the SYFO and mixed-SYFO/

FEFO propellants are pregented in Table ITI. 1In 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,

S S

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,

Based on 1153(9/1.8)0'3 as a figure of merit for performance, the maximum

deviation in performance within this range of compositions is only 3.0 units. 1

-36=
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PEAK EFFECTIVE Ilss(ﬂ=0.3) FOR UPPER STAGE VS.
ZOUMX IN HMX/AP OXIDIZER AT 82% S0LIDS (U)

265
1
2KH3
-
o
1l
(o]
- R¥ 41
2261
: :
! :
Il
w
Q
ot
25y
“®
U
[*¥]
o — Plasticizer/
! : _Polymer
. ‘ i . . 1 SYFO 3/1
257 1 T M RS R A S —
| | 3 FEFO 3/1
5 . ; .o -
i , LoOSYRO 271
|
) i. . . 6 FEU 2/ ]
ll : 7 RYRNY 171
- : . R S
4; ! : 9 FEFO /1
| 1 !
' | :
4+ l i 4 - —- -
. i
H ] | |
IL ; | | | | ] _-— o
50 H0) 70 80 9t 100
7 HMX in HMX/AP Oxidizer
Fibllre 1s
— ﬁj_
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Peak Effective 1155(0=0.3)

CONFIDENTIAL

PEAK EFFECTIVE 115s(u-0.3) FOR UPPER STAGE VS.
% HMX IN MMX/AP OXIDIZER AT 79% soLips (U)

267

265

N

261
255 | i o asticizer/
P I | : . Polymer
¢ | ! ' 1 SYFO 3/1
| I’ 1 T 3 FEFO 1
l
! i : _ v .
257 '_“T'_'“T""“T*”'""*“' 4 SYFO g1 |
! |
! : 1 i j 6 FEFO 2/1
’___ﬁﬁ _.__.L_Iw+.>_ e ———
T | ' ! 7 SYFO 1/1
i |
| ; 9 FEFO 1L
I
, 1
5N 60 70 80 90 100
¥ HMX in HMX/AP Oxidizer
Figure 15
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CONFIDENTIAIL

E. 0.3
LAk i FoR PR STAGE PODE PROPELLANIS WLIIH 82% SOLIDS (U) vt A
(hew Lftfciency Fquation with Fluorine Coefficlent) ']" .
HMX/AE Wiyl Rat g OEE
R — O o one B iod
L‘PIAb(icizer and Ratio 1/1 3/2 2/1 3/1 7/1__4r100/0
SYFO = 3/1 263.1 2644 265.2 266.0 266.5 BT
14 16 16 1a 14 14
| 1.928 1,935 P.932 1,91 J.byi2 b o)
l 217 .18 L8 Lon 1 i
: .54y P40 L. to .88 ARNEAN SRS
L OSYFO/FERD = 3/1/2 200,08 262.3 2y, 4h6 .0 265.0 hh g
! ¥ 14 14 b 14 17,
1.9 YR} F.00 [ T.00n Lt
AR 1Y B T 21y [
1.750 1.488 (RY [ b v
SN S.J SUNLILENLY DU
FLrg = 3/1 2982 200,17 i RV /63,1 S
1 12 12 b 16 T
iLun7/ 1.9073 1,200 1,697 1.9l4 L
L2420 L2119 21y Z1Y S22 Lely
] 1.3815 1.674 ITY. 1Y REREL RREYE BEEVEES
SYFO = 2/1 2628 2642 2669 265.6 20b. 1 2h5 K
i 16 16 14 14 14 14
! 1.936 1,931 (YR 1.914 [ IVAY) HSIY I
.220 219 L2118 oL 7 217 Jlb
1,407 1.308 | 1,349 )07 1167 LT
| SYFO/FEFO = 1/1/1 260.8 262.13 WLEP! 263.9 264.,7 v
; 12 14 L5 lo 14 14
{ 1.9049 1.916 1.y13 1.1 1.y0s 1L uun
. L 214 V220 LS R 21y o8
' 1.719 1,463 P393 A 1. 206 oy
e br——m - — P o——— m— - 3 -_{,.s.,.- - p
T
FERFO = 271 248.7 Jot, G 126, s AN Jus.l e
‘. 12 12 12 12 lo T
! 1.405 1.900 1.4 I8y Lol Y
' L221 220 L2200 L2120 L422 221
' L. 775 1.638 1.556 L.4obl 163 1075 ]
TR VI 2623 263.5 2042 b, 2650 4
i 16 16 14 16 14 N
: 1.9.8 1.924 1.91u 1.918 1902 .aa0
22 L222 RN K KUY 1
1. 367 1.275 1,414 o153 1,138 rolA
e e e e PR SRt SE iy U i S - Ll
SYFO/FLEFY = 1/1/2 200.8 262.2 262.8 63,6 264,20 Jp4.a
14 14 1o 1 14 1
1,914 1.910 1.913 1,904 1,85y R
L2273 222 .223 L 222 2 It
1,922 1,413 Y] 1.:70 1,160 | 1. iae
plaar = 171 259.3 260.8 2o01.5 b2} 2ol MIBTR]
12 L2 14 1t lo 14
[ IV 1.48%0 1,904 1.yl2 1.y Pobyi
L2433 222 223 L3224 L2 K
1.699 1.509 1,36y 1.211 i Il
TN Flasticized ’ 2605 260l.4 261.8 261.9 Sl b0
e 14 L4 14 L4 K
1.90/ 1.8Y2 1.88Y 1.880 1.8581 TR
L2l 230 L229 22y 22 Ll
T Saee Fioere b
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[N N FOR UPPER~STAGL PCUE PROPELLANTS WITH 7YX SOLIDS (U)

.3

\New Efficlency mquation With Fluorine Coefficient)

HMX/AP Weight Rario

8 - 0.3

wt.Z Al

p gfce
Vol.frac.binder
OFR

Plasticizer and Ratio 1/1 3/2 2/1 3/1 771 100/0
' SYFO = 3/1 263.5 264,7 265.3 265.9 266. 2 265.7
16 16 14 14 14 14
1.927 1.923 1.910 1.907 1.901 1.897
i .253 .253 .25% .251 .250 . 249
1.375 1.287 1.329 1.254 1.158 1,070
SYFO/FEFG = 3/3/2 260.9 262.,2 263.0 263.8 264.6 2647
% 12 16 16 16 14 14
1.900 1.918 1.915 1.912 1.896 1.891
i .253 .255 .255 254 .252 .251
1,698 1,34) 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
1.R94 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
- SYFQ = 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 1.88t
.255 .254 .254 .252 .252 ,249
1.3564 1.268 1.214 1.238 1,141 1.125
SYFO/FEFO = 1/1/1 260.9 262.2 262.9 263.3 264,72 264.2
12 16 16 ) T4 14
; 1.896 1.914 1.912 1.909 1.893 1.888
f .254 . 256 . 256 .256 .253 .253
1.663 1.317 1,261 1,107 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 . 25¢ .257 .255
1.726 1.601 1.525 1.334 1.151 1.138
SYFO = 1/1 262.6 263.5 264.0 264.3 264.3 263.5
16 16 14 T4 1% 12
1.915 1.911 1.897 1.89¢ 1.889 1.873
.258 ,258 . 256 .255 .255 .253
1.551 1.230 1,271 1.202 1,109 1.092
SYFO/FERO - 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 . 259 258 . 256 .256
; 1.596 1.266 1.213 1.152 1.141 1.05%
; FEFO = 1/} 259.2 260.4 261.0 261.8 262.73 262.4
' 12 16 16 14 16 14
1.886 1.903 1.901 1. 887 1.893 1.877
.258 .260 .260 ,258 259 .257
1.641 1.303 1.248 1.273 1.098 1,086
G Plasticized 260, 1 260.6 260.7 260.6 259.8 258.0
16 14 14 14 12 10
_ 1.890 1.876 1,873 1.8% 1.855 1.893
\ - .268 (266 | _.265 26" .263 . 260
{ ~n T -40a Figure 17
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The optimum performaince in 16 of the 20 cases occurred at 14 weight percent
aluminum, with the rewaining 4 optimized at 167 Al.

For the mixed SYFO~FEFO plasticizer systems, 24
individual systems yielded optimum performance values based on 1153(9/1.8)'3
within a total range of 3,1 units. Three of the five best systems in this
comparison are based on 100% HMX oxidize:r, which is indicative of the highe.
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 perfoirmance values based on [lss(p/l,a)'3
within a total vange of 3.1 units, Three of the five best systems in this
comparison are based on 100% HMX oxidizer, which is indicative of the higher
oxygen content of the FEFO plasticizer. The higher oxygen content of thege
systems also shifts the optimum aluminum content to slightly higher values
(9 of the 24 systems showed optimum performance at 16%Z Al, while the remain-
ing 15 optimized at 14% Al).

The data in this table illustrate the wide range
of formulaticn variables which are available without significant variation
in performance potential.

fhe variation of predicted pertformance with
changes in ajuminum content and OFR 15 considered in more detail in the
following section.

(4) Effect of Aluminum Concentration and OFR

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

case evaluated, the optimum performance level (in terms of Isps’

1155, or 1153(9/1.8)'3) occurs at an aluminum concentration of less than
20%. For the highest performance systems, contairing all—SYFO plasticizer
aud 7/1 or 3/1 HUMX/AP oxidizer, optimum values of Ilsg(a/l.S)'3 occur at 14
to 16Z aluminum and corresponding OFR values in the range of 1.288 to 1.:10%
(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 preopellant 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 797 peaks at an optimum aluminum concentration of 24 to 26%, based
on the same efficiency equation used here and the effective ISp paraneter
1155((;;/1.8)0'7 as a figure of merit.

For the propellant of interast here, however, the

optimum performance level occurs at ar aluminum content of 14%, as illustrated

A
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in Figure 18 for the system consisting of 3/1 SYFO/PCDE binder;
aluminum and 3/1 HUMX/AF oxidizer at 79% total soiids. The uppermost
curve shows theoretical Isp vs. % aluminum with the peak occurring at 147
aluminum, while the lowermost curve shows that the peak value of predicted
Isp occurs at 10 co 127 a}uminum. The two intermediate curves show
115s(p/1’8)'{ with a peak value indicated at 14% aluminum, and 1155(0/1'8).1
with a corresponding peak at 16 to 18% aluminum. Of particular interest
in this highly energetic propellant system are the extremely high values of
tneoretical 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
Ilss(p/l.S)'3 is only 5.3 units.

Additional details of the calculations for this and
one other system are shown in Table 1V, providing additional clues
to e less-than-normal increase in performance with aluminum content. Flame
temperatures for these systems are very high even at zero perceat aluminum,
while the corresponding increase in flame remperature with afuminum is much
less thou with conventional systems. This is because tie base system,
consisting of an energetic binder and 75% HMX in the oxidizev, already
provides a very high flame temperature with little need for further

increases f{rom aluminum metal fuel, Flame temperature increases very little

beyond 14% aluminum because the additional aluminum gues largely to

-45—-

UNCLASSIFIED




———— s

Svecific Impulses

CONFIDENTIAL

THEOVETICAL, DELIVERED, EFFECTIVE FOR UPPER AND BOOSTER STAGE SPECIFIC
IMPULSES VS. WelsiT PERCENT ALUMNINUM (U)
SYP/PCDE POL, = 3:1 AT 737 SOLIDS, H¥X/AP = 3.1

274
! 9ol

272

.7
% I,..(p/1.8)

3ps

270

2687

266

264
.3
>Llss(o/l.8)

262

260

228 .
] 2 4 6 8 10 12 14 16 18 Aﬂ
Height Percent Aluminum 1
15s
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TABLE 1V !

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

I. SYFO/PCDE POL = 1:1, HMX/AP = 3:1, 79% Solids ,ﬂ
1 Aluminum + 0.0 10 12 14 16 18 20
TC °K 3290 3607 3658 3698 3727 3745 3745
l I;ps 262.4  271.6 272.4 0 272.6 272.1 270.9  268.7
I158 257.4 260.3 260.4 260.3 259.6 25R.0  255.6
$ig. 1 258.2 263.3 264.0 264.3 264.1 263.0 261.0

Efficiency .9809 .9584 L9559 L9549 .9541 L9524 L9512

OFR 2.117 1.395 1.294 1.202 1.119 1.043 0.973

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

-,

Aluminum + G.0 10 12 14 16 18 20 ]
T, °K 3319 3641 3695 3741 3776 3802 3813 :
[;ps 264.3 272.6 273.2 273.5 273.4 272.8 271.0
IISS 259.2 261.9 261.5 261.3 260.7 259.6 257.5
90‘3 260,6  265.1 265.6 265.9  265.7 265.0 263.4
Efficiency 9807 L9593 L9572 .9554 .9535 .9516 L9502 ‘
OFR 2.279 1.461 1.354 1.257 1.169 1.089 1.016
!
!
1
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underoxidized vapor phase species such as Al(g), aluminum suboxides and
subhalides such as Al10, A1Cl and AlF, with very little increase in con-
densed phase A1203. Si.ce the prediction equation is based on condensed
phase A1203 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 Isp is very
flat over a wide range of compositions, and the variation between optimum
and near-optimum aluminum levels amounts to only tenths of Isp units.
(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 S$J-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

0.3
115S(p/1.8) .
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s 0.3
.3 .

(¢) Propellant % Al Il5s 1b/in. Range (Miles) I155(0/ 065)
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 5121.8 ]265.4 |
SYFO/PCDE 16 260.4 .06915 5108.0 265.¢
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 compositicnal constraints for propellants for initial experimental
evaluation are:

® Minimum polymer content of 6 wt%, or approximately
8 volume 7%

@ 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:l

@ Aluminum content for each system based on the maximum
value of QO 3

Table V lists predicted performance Iin terms of MO.3 for eight possible
variations of composition within this range for each of the systems based on
SYFO plasticizer and SYFO/FEFO mixed plasticizer.

an The eight composition options and possible reasons for

tinal choice of each composition are shown below:
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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
whdat may be the best compromise of good processability, final mechanical
properties, burning rate and pressure exponent., Performance level in terms
of QO.B 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 fractioa binder and polymer and
higher HMX/AP ratio. Performance is only 0.4 units below the maximum for the
all-8YFO systems.

Option I1I -~ represents what may be the best from point of view of
processing, with highest volume fraction binder and highest plasticize%,
polymer ratio, and performance level 0.2 to 0.5 units better than Option I.
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 catio 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 {n the SYFO
systems due to higher HMX/AP ratio with no othzr changes. In the mixed
plasticizer systems the performance gain is 0.9 uaits. In either system this

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

range.

~51~
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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 plasticlzer 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.

Option VIII - is based on a reduction of HMX/AP ratio compared with
Option I with no other changes, Resulting performance loss is 0.5 units in
the case of all SYFO systems und 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/FEFQO 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
recommended aluminum level for all systems of interest is 14 to 16 weight
percent.

In order to confirm the choice of optimum compositions
based on the impulse prediction model it is recommended that during the early

part of the program three series of one-1b motor firings (2C~1.5-11.2 mctors)

..52...
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3. Modification of Baseline Formulation (U)

a. General (U)
) The conclusions given in Section 1II,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
comtosition which has actually been prepared was taken as a baseline

against 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.

(o) The thermodynamic properties of FEFO, SYFO and PCDE
prepolymer are couampared in Table VII. The oxygen balances as measured by
the OMOX or OR ratios are in the order PCDE prepolyuer < 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
furmation per unit weight than FEFO. 1In addition, the higher fluorine
content of SYFO relative to FEFO aids iu obtaining lower two-phase

flow losses via formation of volatile aluminum fluorides and may
contribute to good metal combustion efficiency. Hence, in general, when
SYI'G is Subsbituted fur FEFO there is ar increase in both delivered
specific impulse and density, provided the oxygen balance 1s reasonably
high. The lower oxygen balance of SYFO relacive to FEFO, however,

imits the gains expected from SYFO unless high plasticizer-to-polymer
ratios or high solids loadings are employed resulting in optimizacion

4t high HMX/AP ratios (3:1 or greater).

-53~
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TABLE VI

COMPOSITION AND PROPERTIES OF BASELI:'E PROPELLANT (U)

Composition

ingredient Weight X
Aluminum 16.0000
NH,C10, 15,5000
HMX 46,5000
PCDE prepolymer 10,4553
FEFO 10,4553
HT 0.1209
TD1 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
Ty °K 3789
Te, °K 2319
I;ps' 1bf-sec/1lbm 271.5*
1158, lbf-sec/lbm 260, ¢
OFR 1.1653
p, gmlcc 1.8928
o, 1b/in.> 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. Nelivered Specific Twpulse and Density (1)
C) The objective of these calculations was to maximize
delivered specific impulse and density up to the l{mit- Imposed by
processing, mechanical properties, burning rate and pressure exponent,
hazard rating, cost, etc. In this evaluation,only small excursions
from the baseline variables (787% total solids, plasticizer = 47.52% of
binder, HMX/AP = 3:1 weight and 16% aluminum) were checked for trend.
Figures 19, 20, and 21 show the increases in delivered specific impuloe
to be expected from various single changes in the baseline propellant
plasticized with FEFO alone, a 1:1 SYFO/FEFO mixture (by weight),
and SYFO alone, A comparison of the three central formulations indicates
a small increase of only 0.6 ISp units between FEFG and SYFO and an
increase in density, as expected,
) 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.
(<) In Figure 19, the best single change from the FEFO
baseline is secen to be an increase in solids from 78 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 HMX/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
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FEFO-PLASTICIZED PCDE PROPELLANTS (U)

Effect of Various Single Changes Ln Baseline Formulation
on Predicted I15g and Density

I,.. = 260.5 T... = 260.5
159 15s
p = 0.06821 P = 0.06871
i
HMX/AP = 7:1 807 Solids
HMX/AP Ratio \\\ Weight / Seiis

BASELINE

IlSS = 260.2

p = 0.06838
HMX/AP = 3:1
47.52 Plasticizer
in Binder

78 'wt’ Solids

167 Al
Il"~ = 260.3 I.. = 260.3
5s 15s
o o= 0,06863 p = 0,06818
66.677 Plasticizer 157 Al
in Binder
Plasticizer/Polymer Weight 7 Al
Ratio
Figure 19
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1 = 260.9
p = 0,06883
80% Solids

Weight % Sol

I = 260.8
s

P = 0.06831
157 Al

Weight 7 Al

-
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/
SYFO/FEFO (1/1) PLASTICIZED PCDE PROPELLANTS (U) )
Effect of Various Single Changes in Baseline Formulation on
Predicted I1<S and Density
. /)
1,5, = 261.4 V
p = 0.06881
66.677% Plasticaeed
Binder
ids Plasticizer/Pilymer
Ratio i
P
|
o
/ ’
Baseliue with ;
SYFO/FLKO = 4
50:50 weight
LISS = 260.6
o = 0.06851 !
4
e e
= 2 ')
1153 260.2 |
P = 0,06861
HMX/AP = 2:1 g
HMX/AP Ratio
o
!
Figure 20
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SYFO-PLASTICLZED PCDE PROPELLANTS (U)

rffect of Various Single Changes in Baseline Formuiation

> i . .
on Predicted 1153 and Density

= 261.9
s

p = 0.006304
13% Al

Weight % Al

Baseline
with SYFO

[155 = 260.8

o o= 0.068b4

= 2 §
IISS 261.3

D~ (0.06895
80% Solids

Weight 7 Souids

CONFIDENTIAL

1 = 261.9
15s

o o= Q,06900
6h.E7T VL L

in Bindes
SRR

Plasticizer/toi mer
Ratio

= 260.7

15s

FOFUL00874

HMX/AP = 211

——r e

N/ AP Weigbt
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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 ratioc (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.

) 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
47.527% of binder to 66.67%, resulting in an increase of 0.8 ISp units

and an increase in density. Secondly, an increase of the total solids 80%
increases ISp by 0.3 units, along with an increase in density. Decreasing
the aluminum content in the central formulation from 16 to 15% {increases
ISp by 0.2 units, but at the sacrifice of density, In contrast to the
all-FEFO plasticized system, increasing the HMX/AP ratio to 7:1

decreases both ISIJ and density. Decreasing the HMX/AP ratio to 2:1
results in a smaller decrease of 0.4 Isp units and an lncrease in density.
) The trends exhibited by the mixed FEFO/SYFO plasticizer
are even .nore pronounced with the all-SYFO plasticized system, 4s shown

in Figure !1. The best single change from the central {ormulation is

to increase the plasticizer content of the binder from 47.52% to

66.677%, resulting in an increase of 1.1 Isp units, which also results

in a density increase, A change in oxidizer from 3:1 HMX/AP to 7:1 produces
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() a large decrease in ISp and density. Decreasing the HMX/AP ratio
to 2:1 decreases Isp only by 0.1 unit while increasing density.
A slightly lower HMX/AP ratio could also lower the hurning rate, pressure
exponent, and cost of the propellant. Again, Increases in Iﬁp are
obtained by increasing solids to 80% or by decreasing aluminum content.
(c) Combinations of the above-mentioned single changes auym-nv
the delivered ISp and density for these systems even further. Thus a
combination of increased plasticizer level, higher total solids,
higher HMX/AP ratio, and lower aluminum increases the delivered Isp
of the FEF( baseline propellant by 1.5 ISp units and the SYFO baseline
propeliant by 1.9 IS units. These changes are presented in Figure 2?2
and Tables V111 through X.

c. Fffective Specific Tupulse (i) (U)

) Tradeoffs between delivered specific impulse and density
are most conveniently evaluated by use of the Omega Function or
Effective Specific Impulse, defined by the equation : = Ilss(p/DO)K,
in which ,. is the propellant density, Py is a reference density,
customarily taken as 1.8 gm/cc = 0.065 Ih/in.3, and K is dependent on the
missile stage and design parameters. K is approximately 0.3 for
upper-stage vehicles, Section 111.A.2.b.(3) desecribes the devivation 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 I,  AND DENSITY FROM
p VARIOUS CHANGES IN BASELINE FORMULATION (U)
E
; A. FEFO Plasticizer
R, 261,7
J261.5 06833
261.3 06876 66.67%
06845 : I Plasticizer
; 1 66.67% 66.67% i in Binder
i Plasticizer Plasticizer|
: HMX/AP
< H in Binder in Binder } - 7:1
260.5 HMX /AP HMX/AP ; 80
4 260.2 .06871 = 7:1 = 7:1 ! o
.06838 | Solids
80% 80% ‘ 14%
; BASELINE Solids| ! Solids | Al
L
B. SYFO Plasticizer !
262,7 !a
. 06869 {
262.3 66.67% ‘
262.1 .06907 Plasticizer
261.9 .06928 66.67% in Binder
‘ -06900  Meg 672 Plasticizer 80% :
66.67% Plasticizer in Binder Solids 7
Plasti- in Binder 80 14% i
izer in N Al T
gi 5 80% Solids
260.8 ncer Solids 15% HMX / AP
‘ Al = 73]
.06864
BASEL INE !
SYFO |
! 1
'
i
i
.
| 1
—67- . .. i
= Figure 22 1




) TABLE VIIT
: SUMMARY OF VARIATIONS IN BASELINE FORMULATION
} OFFERING INCREASES IN DELIVERED SPECIFIC IMPULSE
i I: FEFO PLASTICIZER (U)
i % Plasticizer Tiss
% Al %Z Sclids  in Binder HMX/AP sec p, 1b/in.
| Lh sec_ e, 1b/in
i{ BASELINE 16 78 47 .52 3:1 2h0.2 .068138
é Single Changes
} A 16 80 47,52 3:1 260.5 06871
1 B 16 78 47.52 71 260.5 066
C 16 78 66.67 3:1 260.3 Soemi T
D 15 78 47.52 3:1 260.3 L3
Double Changes
E 16 /8 66.67 7:1 261.3 .06846
F 16 80 47.52 7:1 261.0 L0685
G 15 78 47.52 7:1 260.8 .06801 -
H 15 80 47.52 3:1 260.6 06851
I 16 80 66,67 3:1 260.5 V6894
J 15 78 66.67 3:1 260.4 . 06843
Triple Changes
K 16 80 66,67 7:1 261.5 .06876 }
15 80 47.52 7:1 261.2 . 068133 K
Quadruple Changes
M 14 80 66.67 7:1 261.7 SU68 45 !
\
N 15 80 66,67 7:1 261.6 06850 b
1
b
[
' i
i :
! J
‘ (-
1
‘ .
~b j- '
y
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TABLE 1X

SUMMARY OF VARIATIONS IN BASELINE FORMULATION

OFFERING INCREASES IN DELIVERED SPECIFIC IMPULSE

1I: SYFO/FEFO PLASTICIZER (1/1) (U)
% Plasticizer IlSs
L Al % Solids in Binder HMX/AP sec

16 78 47.52 3:1 260.6
Single Changes

16 78 66.67 3:1 261.4

16 80 47.52 3:1 260.9

15 78 47.52 3:1 260.8
Double Changes

16 78 66.67 7:1 261.7

16 80 66.67 3:1 261.4

14 80 47.52 3:1 261.2

15 80 47.52 3:1 261.1

14 78 47,52 7:1 261.1

16 80 47.52 7:1 261.0
Triple Changes

16 80 66,67 7:1 262.1

15 78 66.67 7:1 262.0

14 78 66,67 7:1 262.0

15 80 66,67 3:1 261.3

15 80 47.52 7:1 261.4
Quadruple Changes

15 80 66.67 7:1 262,2

14 80 66.67 7:1 262,2

~6b-
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o, 1b/tn. .
.06851

. 06881
.06883
NLERY

.06BB4
.00911
. 06843
.06863
.06794
.06865

. 06893
. 06844
.06823
.06891
. 06845

.06873
006852
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Single Changes

Louble Changes

Triple Changes

Quadruple Chenpges

I1l:

78

78
78

78
80
78

3u
78

x4
bip
80
78
30
80

BU
BU
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SUMMARY OF VARIATIONE TN BASELINE FORMULATION
OFFERING INCREASES IN DELIVERED SPECLIFIC 1IMPULSE
SYFO PLASTICIZER (U)

% Plasticizer
_dn Binder

47.52

66.67
47.52
47.52

66.67
bt .67
66 .67
bb .67
47,52
47.52

bt b7

bt . b/
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) The effect of excursions from che baseline formulation

on Effective Specific Impulse was evaluated in the sane manner as

for Ilss in the preceding section. The variables investigated were

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

L

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

264 and 25 show the effect of various single changes in the haseline forrulations

plasticized with FEFO, mixed FEFO/SYFO (1/1) and SYFO on u for upper-stapge

applications, An increase in solids loading generally increases bhoth !

! delivered Isp and density and, therefore, tends to augment {: for all
: systems, This change, of course, has to be evaluated in terms of the
i 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 plasticizer-to-polymer ratio l
' also tends to increase the Effective Specific Impulse, A high oxygen

balance is required for simultaneous optimization at reasonably high
I aluminum and HMX/AP ratios. The plasticizer level is extremely
important for the SYFO system since SYFO has a lower oxvgen baliance i

than FEFO, 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 wexample, increasing

alumirum content Increases density but {ncreases two-phase-flow losses :
(and lowers oxygen balance) lowering specific impulse efficlency. Increasing

HMX/AP ratio decreases both density and oxygen balance so that . i
increases in Effective Specific Impulse are realized only in systems 'ﬂ

already at high oxygen balance.

wfyty= i
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EFFECT OF SINGLE CHANGES IN BASELINE FORMULATION ON EFFECTIVE
DELIVERED SPECIFIC IMPULSE (K = 0.3); FEFO PLASTICIZER (U)

264.8
80% Solids

264.2

177% Aluminum

Baseline
264.1

787 Solids
167 Aluminum
HMX/AP = 3:1
Plasticizer/

Polymer = .9055:

-67-
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264.06

Plasticizer/

Polymer = I:

\

264.2
HMX/AP = 7:1

Figure 23

1
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EFFECT OF SINGLE CHANGES IN BASELINE FORMULATION ON EFFECTIVE
DELIVERED SPECIFIC IMPULSE (K = 0.3)3; MIXED FEFO/SYFO PLASTICIZER (1))

265.9

Plasticizer/Polymer
= 2:1

Jbh )

157 Aluminam

CONFIDENTIAL

Baseline

264.,7

787 Solids

167 Aluminum

HMX/AP = 311
Plasticlzer/Polymer
= ,9055:1

-64-
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CFFECT OF SINGLE CHANGES IN BASELINE FORMULATION ON EFFECTIVE
DELIVERED SPECIFIC IMPULSE (K = 0.3); SYFO PLASTICIZER (U)

266.6 265.9

Plasticizer/ 807 Solids
Polymer = 2:1 }

Baseline

265.0

78% Solids

167 Aluminum
HMX/AP = 3:1
Plasticizer/
Polymer = 0.9055:1

265.2 265.1
15% Aluminum ' HMX/AP = 2:1

-69-
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(©) Tables XI, XI1 and XIII present a summary 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 sclids, increase of
plasticizer-to-polymer ratio to 2:1, increasing the HMX/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, tlere i
an increase of only about one Isp unit in both the baselire formulations
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 lowetr 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%Z Al and the all SYFO-plasticized system optimizes at 15% Al.

At 16% aluminum the SYFO plasticized system optimizes at HMX/AP = 3:1,
which has an Effective Specific Impulse equal to the value for the 7:1
HMX/ A, optimized 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 practical 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 corrvectness

of the svlected approach, which is to select compositions to. scale-up

on the basis of actual motor-firing resules.

-70-
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TABLE XI

SUMMARY OF VARIATIONS IN BASELINE FORMULATION
OFFERING INCREASES IN EFFECTIVE SPECIFIC IMPULSE
I: FEFO PLASTICIZER (U)

% Plasticizer HMX /AP 0.3
%n 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
b 16 78 47.52 7:1 264.2
Double Change
E 16 78 66.67 7:1 265.3
F 16 80 66.67 3:1 265.1
G 16 80 47.52 7:1 265.1
H 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
L 4
- —71._
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SUMMARY OF VARLIATTONS IN BASELINE FORMULATION
UGFFERING INCREASES IN EFFECTIVE SPECIFIC IMPULSE

CONFIDENTIAL

TABLE _XIT

11: MIXED FEFO/SYFQ PLASTICIZER (U)

% Plasticlzerx

% Al % Sclids in Binder
Baseline 16 78 47.52
Single Change
A 16 78 66.67
16 80 47 .52
C 15 78 47 .52
bouble Change
0 16 80 66,67
E 16 78 66 .67
¥ 15 18 66.67
G 15 78 47.52
H 17 80 47.52
1 16 80 47.52
Triple Change
J 16 80 66.67
K 17 80 66 .67
15 78 66 .67
M 15 80 47.52
Quadruple Change
N 15 80O bh,67
-72-
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HMY /AP “9.3

Weight Ratio sec
3:1 264.7
3:1 265.9
3:1 265 .4
331 264 .7
3:1 266.1
7:1 266.0
3:1 265.6
7:1 265.5
3:1 265.4
7:1 265.3
7:1 266.6
31 266.3
7:1 266.0
7:1 265.4
7:1 266.5

[ ——

B




o .

basvliae

SUMMARY OF VARTATIONS IN BASELINE FORMULATION
OFFERING INCREASES IN EFFECTIVE SPECIFIC IMPULSE
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TABLE X111

[1T: SYFO PLASTICIZER ()
4 Plasticizer
% AL %4 Sclids _in Binder

1o 78 47.52
Single Change

16 78 66.67

16 80 47 .52

15 78 47 .92

16 78 4752
bouble Change

16 80 66,067

15 78 66,67

15 80 571.52

1o ’8 b6 .6/

15 /8 47.52
Lriple Change

15 80U 66.67

It 80 b .67

|5 78 b, 6/

14 B 47.52
Quadruple Change

15 sl [
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B. CHARACTERIZATION OF INGREDIENTS (U)

1. PCDE Purity and Purification (U) '

a. Introduction (U)
) 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 (IMETN and BDNPA/F) ; q
are employed on that program than on this one, it appears that the common i
source of difficulty may be related to the PCDE. Submixes (PCDE/TMETN)
containing PCDE purified by passage over Linde 13X molecular sieves |
; were reported to provide propellant exhibiting greater extent of cure and ﬂ‘
' requiring lower FeAA concentration than for untreated PCDE (Ref. 10). i

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 chiloride 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 837 (determined by vacuum stripping of an aliquot) with no

attempt to elute the column with fresh solvent, Comparison of infrared

4 {
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spectra (Figures 26 and 27), taken before and after treatment, is
instructive. Untreated PCDE has a strong absorption band with

frequency between 1700 and 1730 cm'_1 and peaking about 1715 to 1718 cm‘l
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 slight absorpt.on io
the same region, but quite different from the carbonyl band in PCDE

before treatment with molecular sieves. The shape of the trace for PBEP
between 1700 and 1800 cm_1 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 PCDE-methylene
chloride solution. There did not appear to be a mixture of d;rivatives.
After recrystallization twice from methanol~water solution, the melt;ng
point of the derivative was 124-125°C (reported m.p. 125°C). The
infrared épectrum of the derivative (KBr pellet) showed no absorption
attributable to nitrile, thus eliminating PCDE peolymer invoelvement. A
mixed m.p. of the derivative with the 2,4-dinitrophenylhydrazone of an
authentic sample of acetone purified similarly showed ne depression.

d. Purification by Vacuum Distillation (U)
() The concentration of acetone in as-received PCDE

was found to be greater than 4%. A weighed sample of PCDE which had

been stripped under vacuum at 48°C for 4.5 hours was vacuum-stripped

-75-
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agdain at 82 to 87°C for 9.5 hours, resulting in a welght 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 weil as CH2 band absorption, was

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

NFZ NF
| 12
Hz———C —pp ~0-CH=C—— + HCN
l
- CN

Conditiong favoring the loss of HCN should be explored with a view towards
inhibitiné this undesirable side reaction. At any rate, stripping in
the presence of plasticizer at a lower temperaturé is expected to minimize
the loss of HCN. It will be shown in Section 1II.B.2 that acetone 1s nmore
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

column ylelded 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

-7GQ~

‘ CONFIDENTIAL

R BV O |



o — e —

UNCLASSIFIED

additional methylene chloride. 1In all, 91% recovery (including
washing from the column) was azhieved on the second pass, Quantitative
measurements of the carbonyl absorption band showed a reduction of 57%
after one pass ¢hrough molecular sieves and 77.5% after the second pass.
It should be noted that FCDE-methylene chloride solution is shipped over
13X molecular sjieves by the vendor.

1f 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 climinated. It reamins to be determined, however, 1f 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/FEFO (1/1

by weight), and PCDE/SYFO (1/1 by weight) in Figures 29 through 32.
The spececra for PCDE/FEFO and PCDE/SYFO is being used to develop an
infrared technique for determining the concentration of each plasticizer
(singly) in PCDE submixes, by emploving nitro~-group absorption at
approximately 1600 um»l. This would be particularly convenient since
the submix is prepared from PCDE-methylene chloride solution, the
concentration of which tends to vary each time a container is opened.
It 1s less convenient to determine the concentration of individual
constituents in a PCLDE/SYFO/FEFO submix using infrared techniques,

because 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 welght ratio of approximately 1/1 by weighing the

methylene chlaride 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 determined accurately.

The first submix, stripped for about 4 hours at 49°C (before acetone hil
been discovered in the solution) contained 51.7 and 52.0, or 51.8 average
wt?Z SYFO. The second submix was heated under vacuum for 27 hours at 49°C,
much longer than necessary to eliminate the carbonyl peak from the
spectrum. '%he infrared analyses indicated 50.1 and 48.3, average 49.2
wt4 SYFO, with no indication of loss of nitrile at this temperature.
These results, particularly on the second sample, are less 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 of acetone was dependent on SYFO concentration, undoubtedly
because of the greater ease of diffusion of acetone through a more fluid
solution. A SYFO/PCDE/CH2C12 solution made up to cvontain approximately
a 1/3 wt ratio of SYFO to PCDE still showed carbonvl absorption in the
infrared after 20 hours of vacuum stripping at 457C. After an additional
16 hr at 55°C the carbonyl abscorption was gone. The resulting submix
wias extremely viscous, rather like tar. Another solutlon was .ade up
to contaln approximately a 3/1 SYFO/PCDE ratio. This solution still

showed some carbonyl absorption after 17 hours at 18°C, but only 6

UNCLASSIFIED
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(U) hours addltional at 45°C was sufficlient to eliminate it, The

resulting submix was honey-like in viscoéity——much leas viscous than the
1/3 submix. Quantitative infrared analysis Indicated 33.6 and 35.1,
average 34,4, wtZ SYFO In the first submix and 71,4 and 73.4, average
72.4, wtZ SYFO in the second submix.

c. NMR Spectra of SYFO and FEFO (U)
() Nuclear magnetic resonance (NMR) traces for FEFO
and SYFO are shown in Figures 33 and 34. Peaks (a) (s, OCHZO) and
(b) (d, CN02CH2) in FEFO correspond to (d) and (c) respectively in
SYFO. Although the determination of SYFO {n admixture with FEFO 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 967 pure sample

reported by SRI (Ref.11). .

3. Thermal Stability Studies (U)

) A brief investigation was made of the effect of certain
stabilizers on the DTA exotherms of PCDOE/FEFO (1/1) and PCDE/SYFO (1/1)
submixes. The stabilizers selected were the antioxidants A0-2246,

DBR, Neozone D, and Santicizer-8. The results are summarized in Table

XIV., Fxcept for A0-2246 there appears to be no marked eoffect of the additives
on the thermal stability of the submixes, The onset of exotherm (195°F)

for PCDOE/FEFO (1/1) containing Z;tZ AD=-2246 s lower than the other values

in the FEFO serfes.  Similarly, the onset of exotherm 255°F for

PCDOE/SYFO (1/1) containing 2 wt” AU-2246 1y also lower than foc other mixtures

in the series. The study is preliminary and of {tdelf not conclusive,
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Neozone D has been selected for current use in PCDE/SYFO propellants,
but the final choice of stabilizZer for candidate propellants will be
made after consideration of propellant aging and hazard properties.

4, Hazard Properties (U)

a. SYFO and SYFO-Containing Ingredients (U)
) Impact and friztion sensitivities and DTA for
SYFO and SYFO mixtures were measured using the first lot of pure SYFO
received from SRI, and in one case, the first lot of Rocketdyne SYFO,
The results arve shown in Table XV, along with data for TVOPA for
comparison. The friction sensitivity of neat SYFO was unusually
high (tor a liquid), but fortunately mixtures of SYFO with FEFO
and/or PCPE are much less sensitive. Preliminary tests of neat SYFO
on the sliding friction apparatus indicate high sensitivity here as
well,  Results will be reported at a future data when additional testing
is completed, The impact sensitivity of 13 ecm/2-Kg wt for neat, semi-
crystalline SYFO on a bare anvil is considerably worse than for TVOPA.
Under the same conditions, PCDE/SYFO (1/1) had an impact s-usitivity of
97 ¢m/2-Kg wt, and the values for SYFO/FEFO (1/1) and PCDE/SYFO/FEFQ
(2/1/1) were over 100 cm/2-Kg wt in each case. Even at 2.62
SYFO/1 PCDE (72,47 SYFO), the impact and friction sensitivities were good.
DIA traces were within expected limits. Tt is concluded that, although
neat SYFO s quite sensitive, it is readily phlegmatized to a significant
extent by dilution with PCDE or FEFO.

b. Effect of Molecular Sleve Treatment (U) ' !
(my Treatment of PCDE with 13X molecular sieves did

not appear to have any cffect on the hazard properties of a PCDE/FEFO
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(1/1) submix as shown by Table XVI,

TABLE XVI

SENSITIVITY OF MOLECULAR STEVE-TREATED PCDE/FEFO (1/1) (U)

() Molecular Conventional
Sleve-Treated __Stripping
Impact, cm/2-Kg wt
(50% pr) 38 39
DTA exotherm, °F
Unset 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 III.C.)

C. PROPELLANT FORMULATION STUDIES (U)
) To date, only exploratory 70-zm propellant batches have been
made. All contained 16 wtZ Al, 46.5 wt? Al, 46.5 wt7 HMX, and 15.5 wt¥%
AP, or 78 wt7 total solids, and all binders were made with PCDE/HT/TDI
equlvalents ratlos of 70/30/105,
() Two batches of a PCDE/SYFO propellant were prepared with a

PCDE/SYFO weight ratio of 1/1. The compositions and properties are shown

in Table SVII., The castability was very poor, but the mechanlcal properties
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(U1} are quite encouraging, The difference in friction sensitivity of the
two batehes may be related to the difference in harduiéns, but this
observation will require conflrmation. It should be noted that these
batchies were prepared before acetone had been detected in the I'CDE, so that
the conventlonal stripping technique used to remove the wmethylene chloride
shipping solvent may have left some acetone in the propellants.
) Four batches of propellant were made with PCDE/SYFO/FEFND
welght vatios of 2/1/1.  Again, these may bave contained some acetone.
The properties are shown in Table XVIII. The: processability was poor, but
better than that of the PCDE/SYFO propellants described above. All flowed
well on vibration. Cures were obtained with both FeAA and dibutyltin
dilaurdte. The mechanical properties are encouragling for this series also,
and the sensitivity tests do not indicate any serious problems at this time.
) Other propellant studies are belng done with the PCDE/FEFO
system in order to conserve SYFO when this can be done without affecting
the results of the study. For example, experiments with other triols and
diisocyanates are in progress. Two batches were made to compare molecular
sfeve-treated PCDE with conventionally stripped PCDE.  Pertinent data are
presented in Table XIX.  Batceh No. BZ23-36C. containing conventionally
stripped PCDE (without regard for ketone content), was removed from the
curing oven with a Shore A hardness of 38 after 4 Jdays at 110°F, The
propellant with molecular sieve-treated PCDE, B23-36A, had a Shore A
hardness of 42 after a 2~day cure and was cut after 5 days of cure
(Shore A, 44). Later work indicated that cure may extend over longer

periods at the lower catalyst level employed (0.02 wtZ), so that a direct
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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 110°F 4 3
Harduess, Shore A 74 49
Castability Very Poor Very Poor

Mechanical Properties (avg. of 5 minibars)

O psi 99
, 2
“m’ % - Too Hard “
£ % To Cut 30
Eo’ psi 446
Sengitivity

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
lgnition,

Uncured 415 413

Cured 412 420

Rotary friction, gm at 3000 rpm

Uncured 840 1280
Cured 400 >4000

*  Both with 16 wt% Al (MDX-65), 30.5 wt% HMX-A (ctd), 16 wt?% HMX-E,
15.5 wt? 130um AP (ctd); 70-gm Latches,

~94-
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Table XVIIL
*
PROPERTIES OF PRELIMLNARY PCDE-SYFO-FEFO PROPELLANTS (U)

Batch No. B-23- ' 318 31C 31D 338

Binder Ingredients, Wt%

PCDL 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 110°F 3 7 7 5
Hardness, Shore A 63 52 44 . 55
Castability Poor Poor Poor Fair
Mechanical Properties (avg. of 5 minibars)
S psi 116 95 86 83
€, % . 22 22 23 22
€p % 24 24 25 24
EO,'psi 635 516 442 453
Sensitivity

Impact, cm/2-kg wt,
50% pt (BuMines apparatus)

Uncured 9 - - -

Cured 9 10 9 11
DTA, °I', Exotherm Onset,

Uncured 300 - - -

Cured 310 323 313 320

Exotherm Peak

Uncured - - - -
Cured 412 418 411 -
Ignition,
Uncured 411 - - -
Cured - - - 412
Rotary friction, gm at 3000 rpm
Uncured 600 - - -
Cured 965 2200 1900 2100
Swelling Ratio, (£/¢.)3 3,51 - - -

* All with 16 wt% AL (MDX-65), 30.5 wt% HMX-A {(ctd), 16 wtZ HMX-E, 15.5
wt?Z 130um AP (ctd); 70-gm batches.
*% Dibutyltin dilaurate

~95-
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comparison of properties may not be valid. Other work which should
provide this data is in progress,

D, PROPELLANT AGING STUDIES (U)
) In the absence of d.-..; with SYFO, a preliminary small-scale
Company-sponsored aging study with PCDE/FEFO propellant is reported.
1 this study was made to cbtain an early assessment of potential problems.
1 Definite gassing was observed in a propellant after six weeks at 135°F,

Shore A hardness changed from 14 to 27, and swelling ratio increase 7.17;

there was little change in hazard characteristics.,

W) This propellant contained 0.1%Z Neozone D antioxidant. It

scvemed of interest to evaluate other promising antioxidants under

development on another FEFO-propellant system, Two propellants, one contain-
ing 0.2 wt? of a resorcinol-type free-radical stabilizer, Batch No.

7696-64A, and the other 0.1 wt? free-radical stabilizer + 0.1 wt?% acid

scavenger (a sulfonamide), Batch No. 7696-64B, were wrapped in aluminum

foil and aged 68 days at 135°F. Thermocouples were inserted in each
sample and monitored for exotherm; none was detected. Neither sample lost ;a
any sipnificant weight. Batch 04A had definite fissures, and Shore A
hardness Jecreased from 36 to 26. Swelling ratio decreased 2.0%, and
modulus decreased from 391 psi to 177 psi. Fissuring in sample 648
appeared much less severe, although Shore A hardness decreased from 51 to
36. lHere, again, swelling ratio decreased 1.07%, and modulus decreased
from 926 psi to 521 psi. There were no significant changes in hazard A1
preperties of the aged propellants. The pertinent data are tabulated

in Table XX. o
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TABLE XIX

EFFECT OF MOLECULAR S1EVE-TREATED PCDE ON PROPERTIES OF

PCDE/FEFO (1/1) PROPELLANTS* (1)

Melecular Sieve-

Batch Ho. B23- _Treated PCDER*
36-A

Shore A llardness b4

Days ¢ 110°F 5

SN psi 80

: 21
.

. :”, y 23

lin . Pt 453

HA.')’/,.‘xr_d _l‘r.ul)_c_r_l ivs (cured)

Impact, /2 Kg wt (500
fire pt) 8

Friction, gm @ 3000 :pnm
{507 fire pt) 12700

DIA, kxetherm, °F
Miset 280
Ipnition R

HMN/ AP '(5/1), 787 solids, Tol Al, 0,027 Fean
k% One pass through 13X molecular sivves

Q7=
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Untreated

PCDE

36-C

38
4

7!
27
30
337

18

2000

315
418
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i TABLE XX
PCDE/FEFO PROPELLANT AGING STUDY* (v)
68 days 2 135°F
Batch No. 7696- 64A 648
Control** Aged Control _ Aged
E Weight, gm Before 54,7 S5h.4h A
After 5.6 54,4 r
1 Appearance Darker; fissures Darker; incipient
l fisaures
Shore A Hardness 316 26 51 36
Swelling Ratio (Q/Q‘)j '
% change ¢ -2,0 -1.0 ;
o Mechanical Properties @ 77°F '
1 i .
- O psi 71 39 128 90 _-_g
o
e, 4 22 26 18 22 Lo
m i i
., . R j
o % 25 24 20 25 1
l".u, ps 91 177 926 521 }
Hazard Properties §
Bureau of Mines i
Impact, cm/2 kg (507 pt) 19 21 19 14 :
DTA Exotherm,®F Onset Jobd 387 355 357
Peak 410 409 413 416
Rotary Friction, gn load ‘ .
“ 3000 rpn "4 kg >4 kg ~4 kg S3750 -;
¥
*" Propellant Composition: PCDE/FEFO (1/1), TMP, and 1DL; 78% Solids: Al 16%. R
HMX/AP (3/1) 64A: 0.27 free radical stabilizer; 64B: 0.1 free radical < % |
stabilizer + 0.17% scavenger. |
¥ Control aged 68 days at ambient temperature,
3
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