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FOREWORD

This is the final and summary progress report submitted under G.0. 8695

in compliance with Contract AF0%(611)-10546, Part I, Para. B2, The
research reported herein, which covers the period of 1 April 1965 through
31 March 1966, was sponsored by the Air Force Rocket Propulsion Laboratory,
Research and Technology Division, Air Force Systems Command, Edwards,

California, with Mr. R. A, Biggers acting as the Air Force Project Enginecer,

This program was corducted in the Chemical Research Section of the Rocketdyme
Research Division, with Dr. J. Silverman serving as Program Manager and

Mr. M. T. Constantine serving as Responsible Project Scientist.
This report has been assigned the Rocketdyne identification number R-6335.

The following technical personnel contributed to the work described in

this report:

Phase I: Literature Survey

A. H. Rock
M, J. Seric

K. J. Youel

Phase II: Experimental Physical Property Characterizatioun

G. L. Bauverle (Viscosity, Inert Gas Solubility)
Dr. J. Gerhauser (Specific leat)
Dr. J. V. Hamilton (Specific Heat)

J. V. Lecce (Thermal Conductivity)
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T. Quaclino (!)(-nsity. Vipor Pressure. Sonic Veloeity)

Dr. S. . Rodrigues (Viscosity)

Mo 0y Serie (Inert tias Solubiljty)

Phase TIT: Data Bvalution

Ao Ho Roels

K. i, Youel
Thie technical repert hax 'een reviesed and i< approved,

GHORGE ', BABITS. Lt Colonel. I'SAF
Chief, Propel lant Division

ABSTRACT

The results of a I2-month program on the analytical and experimental chavac-
terization of the physical properties of selected liguid propellants are
presented in three phases. In Phase I. a literature survey was conducted
to update the presently available compilation of physical properties data.
Phase II experimental cfforts have resulted in the measurement of

Nl = (CHZ) N M, (50-50) and CH_N H. thermal conductivity: TRFNA and C1F.
- i V) e - - ) = ) )

sonic velocity: f‘ll".) and (‘ll.)X,Jll_) specific heat. and correction of (‘H'.)
specific heat data; (‘ll".; phase propertics: and the design and assembly of
apparatuses for measurement of inert gas solubility in liquids and liquid
vigcosities at extended temperatures and pressurces,  Phase TIT efforte
included the aggemhly and evaluation of physical property data on MIF-1,
M-S, MIF-3, (Ill~‘.;, and (ZH"_.). for futurc summary publication and corvelation

of all data generated in Phases T and II1.
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INTRODUCTION

Successaful design and development of an operaticnal liguid propulsion
ai=sile svstem is dependent on the state of the technoltogy of the propel-
lants utilized in the system.  Comprehensive knowledye of the propeilant's
phase. thermodynamic, transport. and electromagnet ic properties is required
for the detailed desivn and opevation of the comples physical and chemical
processes involved in tankage. pumping, cpulsion, injection. combustion,

heat transfer. cteo, that are integral parts of the missile system,

Frequently. the acquisition of these necessary physical property data has
lageed development of propulsion systems uxing the propellants.  \lthough
partial physical characterization of the propellants has enabled initial
syetem development of forts, serious gaps in other essential physieal
property data have been the pucing factors an peducing the systems to
complete operational practice. In addition, analysix and utilization of
wmany propellant candidates have heen somewhat curtailed by insuflicient
physical data, The requirements for more extensive data in these areas
have become increasingly evideat as the application ranges ol the propel-

lants are extended by the vehicle design demends of more strinmsent mssions,

Based on this continuous requirement for acenrate physical property data on
a variety of current and near-ters propetl lanta. Rochetdyne initiated o
program vnder Contract AFOY(611)=10540, This program consizted of systematic
physical property charaeterization of selocted liquid propellants of interest
to the \ir Force over temperature and pressure ranges practical to propulsion

system engincoeving.

A 12-month offort, stavted in April 1963, sas conducted in three phases,
all ol which portain to the ratronal ad systematic physical characteriza-
tion of Liguid propellants.  Phase T consisted of a literature snrvey to
document all rvepoitad physical propeety data on propellants of int ‘rext to

the Air Force. Under Phase (I, unavailable and essential physical properties
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of selected propellants were experimentally determined. Phase IIT
comprised the evaluation of data generated in Phases I and IT and

subsequent Phase II direction of effort.

This report descrihes each phase of the program in terms of ohjective,

and results and accomplishments.

CONFIDENTIAL




CONFIDENTIAL AFRPL-TR-66-122

SUMMAITY

Analytical and experimental cesearch conducted during a 12-month period
on a program to complete the data on essential physical properties of
current and ncar-~term propellants of interest to the Air Force is described

in three phases.

Phase I consisted of a litcrature survey to update the presently available
compilation of physical properties data. Continuation of the survey of
current propellant literature over the entire 1Z-month periad, to supplement
the original 1- to 2-month concentrated, comprehensive literatuce survey,

vas performed as a part of Rocketdyne's normal in-house funding.

The experimental characterization of cssential physical properties of
sclected propellants was conducted under Phase II. Experimental efforts

were directed at measurements of thermal conductivity, sonic velocity (and
compressibility), specific heat. density, ineri ras solubility, and viscosity
of seleeted propellants in an order related te their importance to the Air
Force. Liquid thermal conductivity mcasurements were completed under
gaturated conditions on the NQHH-(FH3)2N2H2(3O-50) fuel hlend at temperatures
from 50 to 303 I’ and on monomethylhydrasine at temperatures from -30 to

305 F through use of a steady-state concentric-cylinder conductivity cell.

The valid data were curve-fitted with the following equations:

NI~ (€L ), N (50-50)
f))l ,))‘)

k(li'l’U/hr-ft-l-') = 0.1,1 049 x 10 T(F) - 1.25 x 10 r(l)

CHLN, I
) f]

-

. ) - "y - - . =) - 3.3 =T 2
l\(n'l""h!‘-ft-l“) = 0106 - 1,65 x 10 T“‘.) 3.39 8 10 T“‘.)

As a result of apparatus chechout tests, sonie velocity was measured in
a 50 w/o aqueous solutinn of IIF at 77 F (1540 m,SCP) and in propel lant

grade IRFNA from 39 to 80 F (1428 to 1317 m, sec). Data resulting from
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measurements of sonic veloeity in FIPS over a temperature ramge of 32 to

104 I' were curve-fitted with the following equation:

* = I, 39 3 - 0 90 1 a9 O%h -2 2
‘(m/sec) 394 x 10 2,220 x 10 T(C) + 2,950 x 10 r(r)

AMdiabatic compressibilities calculated from these data ranged from
215 x 107" to 2,572 x 107° psi™! (59 to #0 F) for IRFNA and established
the following relationship.for CIF3:
3 o1y =5.550 x 10" < om0 x w7 T s st v 1070 T3
s (psi” ) () (¢)
Equations for the specific heats of FlFa and Fﬂsﬁuﬂ, wvere derived from data
- '
taken in exnerimental measurements uging an adiabatic calorimeter,  The

apecific heat of F]F1 under saturated conditions from 1h I' to 1501 js:

7 TS
. - - " N o am IR T
(S ((‘“1‘ ;zm-K) 0,896 + 0.9815 x 10 T(l\) 0,28%1 x 10 1“\) '

0.3050 x 10'7T?K)

Monome thy Ihvdrazise specific heat from 68 F to M8 F is:

-

-' * - -
= ~0,7h38 + 0,1132 x lO-IT(K) -0.200% x 107" fK) + 0,.200% \ 10 7 )
{h

rs(rul wmely)

Data obtained previously on CIF7 specifie heatwere corrected by appavatus cali-

bration and curve«Titted from =58 F to 122 F with the following equation:

-®) 40 -5
’ = e - 0§50 - 3305 - TR ‘
‘s(cul um-K) 1. 0847 0.9522 x 10 T“\.) + 0.3395 x 10 T“\.) 0,4500 8 10 f(l\.)

A Poole~Nyheryg densimeter was used to measure FIF3 donsity over a temperature

range of 32 F to the critical poiant. These dota corvesponded with previousiy
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determned data and were ared to extablish o saturated densitvatenperature

relationshiip ol

-2 “Spd -8.3
P (g/cc) * 5.433 - 2.955 x 10 T(K) + 8,625 x 10 T(K) - 9.374 x 19 T(K)

over o temperature ranae of 23 F to 322 Fo The data were extrapolated
wraphically to the eritical point by means of additional cawerimentally
obtained points,  Vapor pressure data and further verification of the
density data were ohtained on (‘H'.; near the erivical point from a constant
volume vapor pressure bomb, The critical tenperature of ('li-‘.i. determined

from ohservation of the liguid-vapor meniscus disappearance, is 355.5 F,

Desjun. fabrication, and calibration of an apparatus to measure inert gas
«olubility in luguid propellants lhas been completed., The apparatus was
passivated and loaded vaith (‘ll_): preliminary N, () solubility messure-

ments have been initiated in this propellant,

Final assembly of an allemetal capillary viscometer is nearly completed,
With this apparatus, the motion of the liquid-gas interface within the
uteel tubing of the apparatus ix followed by means of a magnetic stecl
float at the inveriace and a diifferential transformer surrounding the tubs,
nitial measurenents will extend present ('ll'., viscosity data to higher

remperatnres and pressures,

Phase LT involved the overall analyvsis, correlation and evalustion of
data generated in Phases I and 1. Initial efforts in the phase yresulted
in location ol daty gaps and formation o the evperimental plan of action
for Phase IT ¢ffort, AMditionul ¢ffort provided complete physical property
hibliographiex For MHP-1, MID-5, MH-5. (‘ll".;. al (‘ll-'_). wnd initiated the
catuloging of these sdata for future summary publication. Data correlution
efforts resulted in curve=fitting two different scots of ('IF.; viscosity

data from «130.75 to 68 I with the following equation:

Lo “("' ll't-sl‘(') = = WLROISR ¢ (')0'!.1':-), T(R)
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TECHNICAL PROGRAM

PHASF TI: LITERATURE SUNVEY

OBJECTIVE

The Phase I objective was a 1- to 2-month literature survey to update and
supplement Rocketdyme's present compilation and documentation of liquid
propellant property data over operational tcemperature and pressure ranges,
This survey was designed to review all propellants of present and near-
future interest to the Air Force, with primary emphasis placed on the

following fuels and oxidizers:

Liquid hydrogen (LH2) Liquid oxygen (102)

UDMI-N, H,‘(SO-SO) Chlorine pentafluoride (cw,j)
Hydrazine (N ol ) Chlorine trifluoride (cm})
UDMH r(CH3)2 > 2 Fluorine (Fg)

MMH (CH3 H3) Hlydrogen peroxide (ll,,O,,)

N, I, -MMIl-11,0 mixture Nitrogen tetroxide (\L, ,)
lybaline A-3 Mixed oxides of nitrogen (MON)
liyhaline B-3 FLOX mixturcs (02-1-*2)
Alumizine Oxygen difluoride (OP(,)
Pentaborane (B,.H ) Tetrafluorohydrazine (N, oF) )

Diborane (B,, (,)
MAF fuels

FREVICUS PAGE VAS BIANK TSETETORE VAS NOT FIDMED
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RESULTS AND ACCOMPLISHMENTS

The comprehensive survey of the propellant propertie= literatuee, conducted
as Phase T. was completed during the first quarter of the progrem. This
concentrated effort, directed primarily at propellants of interest to the
Air Force (as noted in the Phasze T objectives), was materially minimized

by previous Hochetdyne efforts in this area. During the remainder of the
program, a continuous documentation of current propellant properties liter-

ature was maintained as part of a normal in-house function.

A major portion of the literature survey was centered around the following

reference sources:

1. Chemical P}Qnulsion Arrency Abstracts (formorly Chemical Propulsion

Information Agency and Liquid Propulsion Information Agency), 1958

to the present

2, Chemical Abstracts, 1907 to the present

3. Gmelin's Handbuch der anorganischen Chemie, Berlin (Earliest work

on a given compound through 19506 and 19357; revisions and addenda

freim 1958 to the present)

he  NASA CSTAR Abutpracts, 1939 to the present

3. Technical Abstract Bulletin (TAB) Index, Defense Documentation

Center (furmorly ASTIA), 1938 to the proesent

In addition to the above references, original propellant data sources were

located through:

1. International Critical Tables, Vol. I-VIII, published in 1928

2, Various test hooks on chemical compounds

3+ Propellant handbooks compiled within the propulsion community
(including the liquid propellant manuals compiled hy Battelle

Memorial Institute and the Chemical Propulsion Auvucy)
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". Prepellant manufacturers' information texts, propellant data

brochures, and research reports

5. Rocketdyne and University of California at Los Angeles (ucta)

library references

All reference data not on file at Rocictdyne were ordered from the original
source vwherever possible. When this was impractical or impossible,
reprints of the data were ordered from secondary sources such as ASTIA,
UCLA, etc. Upon acquisition, all material was checked for other data
references; any additional sources noted were ordered. The data contained
in the material generated by this survey were compiled and evaluated under
Phase III.
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PIASE II: EXPERIMENTAL PHYSICAL PROPERTY CHARMCTERIZATION

ORJECTIVE

Phase II was a 12-month effort dirccted at the experimental characterization
of essential physical propertics of selected propellants. During the initial
wecks of the program, a list of required physical properties of a variety of
propellants relnted to immediate Air Force needs were to be ranked in order
of importance. Upon approval of this list by the Air Force Project Engineer,
experimental efforts were to begin on those property determinations ranked
highest in importance; property determinations of lesser importance were to

he undertaken as required.

RESULTS AND ACCOMPLISIMENTS

Phase I and III efforts during the first month of the program established
an experimental plan for Phase II measurcments. With concurrence of the
Air Force Project Engincer, experimental efforts were directed at measure-
ments of thermal conductivity, sonic velocity (and compressibility), specific
heat, density and vapor-liquid relationships, inert gas solubility, and
viscosity on selected propellants. The order of propella::its ciaracterized

is given in the Phase IIT discussion.

Four husic factors wern congidered as primary quali{ications in sclection

of the techniques and apparatuses used in the experimental determination:

1. The .2chnique and apparatus for cach particular property is
applicable (or readily adaptable) for use with a maximum

varicly of propellants.

2. Accuracies achieved with the selected techniques are consistent
with those required in system application of the particular

propellant.

FREVIGUS PAGE VAS BLANK TIRIETORE WAS NOT FIDMED
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. Standnrd test methods are used wherever possible.

-l

. There is a consideration of mcasurcment cost; wherever possible,

available apparatus is utilized.

After apparatus and technique selections were completed, apparatus preparae
tion was initiated. Some of the desired physical property mcasurcments
required the design and fabrication of new apparatuscs; preparation for
other measurements required only the calibration of available apparatuses.
Upon completion of apparatus preparation, experimental measurcments

were started with the propellant of choice; additional propellants were

characterized as time permitted.

During the program, experimental measurcments were conducted orn the thermal
conductivity of NQH,'-(Cll.s)QNQHQ(-)‘O-SO) and CHLN,IL, senic velocity (and
compressibility) in IRFNA and Cle, apecific heat of FIF3 and ruﬁxuus. and
the density (and vapor-ligquid relationships) of C!PX‘ Inert gax solubility
measurcments were initiated on ClFi.nnd finul ar wably of an apparatus for
ClFs viscosity measurcments wus nearly complete. In addition, experimental
duta previously determined for Cll-’5 specific hee  ‘lef. 1) were correctad

through appuratus calibrations.

The efforts conducted under each of these arcas of study are described in
the following paragrapha. Included in the discussion of the technical
accomplishments and reaults under this program are the results of Cll-‘3

critical temperaturce measurements conducted under company-sponsorcd funding.

Thermal Conductivity

The thermal conductivity of two propellants, 30 w/o hydrazine-=30 w0
unsymmetrical dimethylhydrazine fuel blend, and monomethylhydrazine, was
measured during this program. The apparatus used for obtaining thermal
conductivity data was n steady-state, concentric-cylinder conductivity
cell, This apparatus was in existence at the outset of the current inves-
tigation, It was bhuilt by Rocketdyne several years ago to measure thernal

conductivity of liquid propellants, and the construction materials vere
compatible with the propellants of interest in this current effort,
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The cell used in this progsram is shown schematically in Fig., 1. The test
fluid is contained in a thin annular passage between two alwanwe alloy
cvlinders. The annulus is approximately l-inch in diameter, 0.020-inch
thick, and 5-3/%-inches long. The ends of the annulus arce scaled with

two Teflon O-rings, which hold the cylinders concentrically and minimize
the heat conduction path between the cylinders. To keep end cffects at a
minimum, two thermal barriers fabricated of Teflon arc fitted over the ends
of the cylinders, The cell is held together by two stainless-steel end

plates whach fit over the thermal Larriers.

Six pairs of copper-cuanstantan thermocouples are imbedded at various
pogitions in hoth cylinderr, close to the surface of the cavity containing
the test fluid. Thermocoaple wire diameter is as small as possible to
minimize heat loases, An electrical resistance heater, located in the

inner cylinder, supplies the heat energy to establish a temperature gradient
across the liquid layer. The temperature of the outer cyvlinder is maintained

by a constant temperature bhath.

The experimental procedure is struaight-forward but rather tedious. A sample
of the test fluid is placed into a stainless-steel loading appuratus which
is attached to the cell, By proper manipulation of valves on the loading
apparatus, the annulus is first evacuated and the test fluid is drawn into
the cell. The cell is placed in a constant-temperature bath and the bath
fluid is adjusted to a preselected and regulated temperature. Eleetrical
power is applicd to the cell heater through use of n reguluted dec pover
supply until a temperature gradient of the desired magnitude is obtained
across the annulus. Temperature gradicnts are Kkept to about 1 F to minimisze
convection. Afver thermal equilibrium is attained, measurements of heater
voltuge and current are made through usc of a Ieeds and Northrup K-35
potentiometer in conjunction with a precision volt hox aund current slunt.
This instrument is also used to measure the temperature gradient across

the annulus and the bath temperature,
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Figure 1. Thermal Conductivity Cell
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The thermal conductivity of the test fluid is calculated through use of

the equation:

AX
k = A&7
where
k = thermal conductivity, Btu/hr-ft-F
Q = heat flux, Btu/hr
A = heat transfer area normal to heat flux, ft2
AX = liquid layer thickness, ft

LT = temperature gradient, F

50 Percent Hydrazine-30 Percent Unsymmetrical Dimcthylhydrazine Fuel Blend

Thermal Conductivity. Prior to making actual thermal conductivity measure-

ments on the Néﬂh-(cﬂ3)2N2H2(50~50) fuel blend, a series of vacuum calibra-
tions of the cell was conducted. These calibrations were necessary to
account for cell heat losscs along thermocouple and heater wires and through
the ends of the cylinders. Calibrations were made at 50 F intervals through-
out a temperature range of 30 to 330 F. Electrical power levels required to
maintain given temperature gradients (~1 FSWEE;EEE_?ﬁE—EBEETEQUQerc measured
at each operating temperature. These heat losses are subtracted from the
total heat_inpwC measured during actual thermal conductivity runs to obtain

a net heat input,

Thermal conductivity measurcments were made on the Nauh-(cuz)gﬁan2(so-zo)
fuel blend over a nominal temperature range of 30 to 307 F; the results of
these measurements are presented in Table 1 . The initial series of thermal
conductivity measurements were conducted on a propellant charge (sample A)
at 30 F intervals from 30 to 230 F. Intended measurements at higher temper-

atures were discontinued on this particular sumple because of u slight
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TABLE 1

".‘ EXPERIMENTAL RESULTS OF THERMAL CONDUCTIVITY MEASUREMENTS ON TIE
N2nh-(cn3)2N2n2(so-5o) FUEL BLEND

Temperature, Thermal Conductivity,
Sample F Btu/ar-ft-F

A¥* 50.88 0.168
A 50.89 0.167
A 100. 36 0.163
A 100.33 0.162

150,71 0.157

150,71 0.159
A 200.91 0.151
A 200.91 0.152 %,
B* 200.93 0.154 _ \ '..'-
B 200.93 0.155 o
A 251.19 0.146 o
A 251.19 0.145
B 251,24 0.156

251.22 0.146
C* 305.14 €.138

305.15 0.139

305.16 0.141

*Sample Composition: NQ"&’ 51.2 weight percent
(CII.5)2N2H2, 48.5 weight percent
Water and other solubles, 0.5 weight percent
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pressure increase in the cell, This pressure increase, indicative of
propellant decomposition, was observed after maintaining the cell at

250 F overnight (~ 18 hours).

Because propellant decomposition may have occurred prior to or during
measurements at 250 F, repeat measurements were made on a new propellant
charge /sample B) with an identical sample composition at temperatures of
200 and 250 F for verification purposes, The data obtained cempared

favorably with the initial data at these temperatures.

With the same propellant charge (sample B), an unsuccessful attempt was
made to obtain data at ~ 500 F. DBecause of difficulties encountered in
maintaining proper bath temperaturc contrel, the propellant was exposed

to the high temperature (~300 F) for a orolonged period. As a result,
sxceggive pressure increases were again uoted in the cell at this point.

A third propellant charge (sample C) of the original batch was successfully

used to obtain thermal conductivity data at 305 F.
The data were curve-fitted from 30 to 305 F with the {ollowing equation:

= - = -5 - -7 2
k(Btu/hr-ft F) = 0.171 045 x 10 T(F) 1.25 x 10 T(F)

The multiple error of ecstimate of the least square curve-fit is 0.001. A

graphical representation of the data is sLown in Fig. 2,

Chemical analysis of the fucel blend batch used in all three samples indicated

the following composition:

NOH& - 51,2 weight percent
(CH3),,N,)Hn ~ 48.3 weight percent

H20 plus other soluble impurities - 0.5 weight percent
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Thix propellant composition is within the limits of the present military
specification (Mil-P-27402) for the ;\',,n,‘-(cn_)) N,11,(50-50) fuel blend and

o'y
2 AN AR

represents a typical propellant grade sample.

Mojjomethylhydrazine Thermal Copductivity. Subsequent to completing

measureuents on Nﬂuh-(CHs)QNQHQ(EO-SO) fuel hlend, the thermal conductivity

of propellant-grade monomethylhydrazine (CH3N2H3) was measured over a

nominal temperature range of -30 to 303 F. The results of these measurements
are listed in Table 2 . Although the same apparatus and experi mental tech-
nique were employed. additional preparations were necessary prior to conducting

actual conductivity measurements.

Because of the lower temperature limit of interest, effort was required in
application and operational testing of a refrigeration system capable of
cooling the conductivity cell to about -30 F. Successful cooling system
checkouts were followed by additional vacuum calibrations of the cell at
=50 F and 0 F. Vacuum calibrations of the cell at higher temperatures

(50 to 350 F) were completed prior to measurements on the 50-50 fuel hlend.
In culibration of the apparatus at the lower temperatures, ome thermocouple
in the cell failed to function normully; however, satisfactory ‘measurements

were obtained with eleven thermocouples.

Vacuum calibrations were followed by thermal conductivity determinations
on CH3N0H3 (sumple A) at approximately -30 and 0 F. During measurements
at 0 F, very erratic thermocouple voltage output signals were observed.

Measurements were terminated and the cell was disassembled.

In anolysis of the cause of the erratic signals, it was found that a small

quantity of propellant had leaked past the Teflon seals. -Seal failure was

probably caused by the repeated temperature cycling of the cell und the
iy

cold-flow property that Teflon exhibits) The propellant came into contact
with the cell aluminum inner cylinder end face and the electrical heater
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TABLE 2

EXPERIMENTAL RESULTS OF THERMAL CONDUCTIVITY
MEASUREMENTS ON MONOMETHYLIYDRAZ INE

Temperature, Thermal Conductivity,
Sample F Btu/tir-ft-F
A* -30.2 0. 150%
A ~30.28 0.13n%*
B* 0.62 0.148
B 0.61 0.1%6
B 50.92 0.1452
B 50.91 0.14h
B 100.58 0. 144
B 100.57 0.143
C* 100.51 0.142
c 100.51 0.145
B 150.55 0.151
B 150.54 0.132
c 150.63 0.134
c 150,62 0.136
B 200.81 0.117%*
B 200.8h 0.117%*
c 200.86 0.129
c 200.90 0.133
D* 200.96 0.127
D 200.85 0.130
B 250.77 0.109%*
B 250,70 0.108%*
c 250.92 0. 120
c 250.94 0.125
D 251.02 0.121
D 251.03 0.121
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TABLE 2
(Concluded)
Temperature, Thermal Conductivity,
Sample F Btu/hr-ft-F
B 304.89 0.1073%*
B 304.90 0. 1043+
¢ 304.97 0.110
c 304.98 0.108
D 305.09 0.110
5 305.11 0.107
*Sample Ccmposition: CHjnéH} - 99.2 weight percent
H,0 - 0.7 weight percent
N33 - 0.1 weight percent

Other soluble impurities, - Trace
**Data discarded; explanation contained in text
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leads located in the same aren, Electrical continuity was established
hetween the two components. and resulted in erratic thermocouple voltage
signals hecause the thermocouples were in clectrical contact vith the

inner cylinder.

The heater lcads were insulated with an epoxy coating and the cell vwas
reassembled with new seals, DBecause the cell underwent major repairs,
additioual vacuum calibrations of the cell were made over the temperature
range O to 300 I at 50 F intervals. Calibrations of the cell at -350 F
were not repeated because of the inability of the cell to maintain a good

vacuum at this low temperature.

Results of thermal conductivity measurements on CH3N2H3 at about -30 F
were discarded because of an obvious discrepancy in the duta (Tahle 2).
This discrepancy was attributed to the previously described cell dilli-
cultics, which were observed during measurements on sample A at 0 F. These
cell problems had probably occurred previously, but were not readily

observable during the -30 F measurements.

Usine a second charge of propellant (sample B), measurcments were made over
the temperature range extending from 0 to 305 F at about 50 F intervals,
The values obtained from sample B at 200, 250, and 505 F appeared low;
therefore a third propellant charge (sample C) was placed in the cell and
data were obtained at ahbout 100, 150, 200, 250 and 3507 F. The values
obtained with <ample C at 200, 250, and 305 F were considerably higher than
those abtained with sample B. To resolve thisg discrepancy in the data,
additional data were abtained at 200, 250, and 305 F using sample D: the
data agreed favorably with the data ehtained with sample C. On this basis,
the 200, 250, and 305 F data points obtained with sample B in the cell were
discarded. Nn explanation can be given for the lew values, other than
prssible effects caused by gas bhubbles in the propellant annulus (indicating

propellant decomposition).
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The valid data were curve-fitted from 0 to 305 F. The equation which

represents the data is:

I3 - 0
= / - 3 - - 33 - .
k(BtU/hx‘—ft-F) 0.146 1.63 x 10 T(F) 3.39 x 10 T(F)

The multiple error of estimate of the least squares curve-fit is 0.0026.

A graphical representation of the data is shown in Fig. 3.

Chemical analysis of the propellant batch used in all measurements indicated

the following composition:

CﬂsN“"3 = 99.2 weight percent

n,0 - 0.7 weight percent

N"S ~ 0,1 weight percent

Other soluble impurities - Trace
This propellunt composition is withan the limits of the present military

specification (Mil-P-27404) and represents a typical propellant-grade

sample,

Sonic Velecity {and Adiabatic

Comnressibility) Measurements

Measurements of sonic velocity in inhibited red luming nirrie acid (IRFNA)
and in chlorine pentafluoride (ClFs) were conducted with the upparatus

illustrated in Fig, 4.
An interferometer, capable of withstanding pressures to 1000 psia and

temperatures to 200 F, was des*zned and fabricated under liocketdyne funding.

It is constructed of type 347 stainless atecl, which is compatible with
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most propellants of interest. The interferometer is used to measure

the distance which sound waves of a known frequency traverse the test
fluid. The dial gage serves a dual Funetion: (1) it provides precise
linear location data, and (2) it enables differentiation between the
reflected signal (and its harmonics) and refleciions from the metallic
interferometer body. Displiuayed pips, from true reflections. move on the
oscilloscope as the reflector is moved. The spurious signals remain

stationary.

Associated electronic equipment consixts of a Sperry type W style 501025
Reflectoscope and a Tecktronic model 535 oscillo.cope. The reflectoscope
contains a 3-megacycle pulse-modulated radio frequency source and o video
amplifier., A 5-megacycle radio frequency signal is fed simyltaneously

to the oscilloscope nnd.u quarts piezoelectric crystal (5-megacycle

resonant frequcncy) attached to the hottom of the interfercometer. The
sound waves, emanating from the cryvstal, travel through the bottom of the
interferometer, through a known distance of test liguid te a reflector,

and then back to the crystal. The initial and reflected waves are displayed
on the oscilloscope, thus allowing measurement of the time ruqn}rvd for the

ultrasonic waves to traverse the known distance of test [luid,

The sonic velocity apparatus was ralibrated over a temperature range of

0C (52 F) to 74 € (165 I') at pressures of 4.7, 500, and 1000 psia, using
distilled water as the test fluih. The interferometer, filled with test
fluid, wus immersed in a constant temperature bath and allowed to reach
thermal equilibrium at various temperature levels. The equilibrimm tem-
perature was then measured using a chromel-anlumel thermocouple with a

316 stainless-steel sheath imnersed in the test fluid. The data obtained
from sonic velocity measurements in water with this apparatus werc compared
with literature values (Ref. 2 and3); arreement was within 1.5 percent with

a precision of < 1 percent.

26
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As a demonstration and initial checkout of the corrosion-resistance
features of the apparatus, the velocity of sound (1349 m/sec) was
measured in a 30 weight percent aqueous IF solution at 23 C (77 F). YNo

mal function or damage of the apparatus was ohserved.

Sonie Velocity (nnd Compressibhility) of IRFN\., \s an additional checkout

of the apparatus. =enic velecity measurements were cenducted in propellant-
grade (Mi1-P-7254E, Type ITI \) IRFNA at saturated liquid conditions over
a temperature range of 3.9 C (39 F) to 26.5 € (RO F). The results of

these measurements are shown in Table 35 and Fig., 7

From these duta. che adiabatic compressibilitics were calculated using

the relationship:

1
I 24
pc
vhere
B = adiahatic compressihility
n = density
¢ = velocity of sound in liquid

The resulting data are also presenied in Table 5 and Fig. 7.

Sonic Velecrty (and Compres<ibility) of Chlovine Pentafluoride. The

velocity of sound was measured in liquid C1F3 under saturated conditions
over a temperanture range of 0 C (32 F) to 73.% C (164 F). The results
nf these measurements and related adiabatic compressibilities are <hown

1n Table 5.
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«

AFRPL-TR-66-122

EXPERIMENTAL SONIC VELOCITY DATA FOR LIQUID CIF.j AND IRFNA¥

Temperature Senic Velocity, Compressibility.
Sample C F m/sec psi=
IRFNA 3490 39.62 1428 0.5 % 2,154 x 10-6
8.h0 K7.12 1406 2,212
15.15 59.27 1566 2.560
16.02 60. 84 1361 2.381
20,20 79.16 13522 2.550
20.50 79.7 1317 2,572
FIFs 0.00 52.00 712.0 7.317
.20 h6.76 675.6 8.290
15.25 59.45 0635.4 9.h4h1
26.10 78.98 576.0 11.75
32,05 89,09 543.0 15.27
456 112,21 501.8 16,10
- 5h.65 130.37 h72.5 18,01
66.68 152,02 41,7 22,04
73.40 | 164,12 425.0 é ons1 ¥

*IRFNA composition meets requirements of propellant specification
MIL~P-7254E, Type III A
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These experimental data were curvesfitted by a least squares computer

program, which yielded the following cquatijons:

R T LR 1 o a9 « 10-2 M2
C(m/sec) .39 x 10 2.226 10 T(U) + 2,954 « 10 T(F)

B

~ mm | S -1 -3 2
i = .. .- - . ( .' L] .‘:
s(psi l) 3.551 x 10 1. 000 x 10 T(F) + 1,181 x 10 T(C)
The multiple errors of estimate for the sonic velocity and adiabatic com-
pressibility curve-fits are 0.0 percent and 0.9 percent. respectively.

The curve-fitted data are represented graphically in Fig. 6.

Sonic velocity data were also obhtained at 3500 psia (GN2 presourization)
over an identical temperature range. ‘s oapected, the values ebtained wore
lhicher than those obtained at ambient pressure. lHowever, corrected values
could not he ohtained hecause of erratic hehavior of the reflectoscope

during additional and more extensive water calibrations at 500 psia.
\

The malfunction of the reflectoscope, which vas traced to a number of
defective tubes, precluded measurements of sonic velocities at higher
pressurcs and at lower temperatures during the present program. After
replacement of the tubes and appuratus checkout, preliminary recalibration
of the apparatus at 14,7, 500, and 1000 psia, over a temperature ramge of

5 to 60 C yiclded a calibhration curve with a precision of 20.3 percent,
Posttest chemical analysis of the C]Fj sample will he conducted at the

conclusion of the ClF; sonic velocity measurements, The pretest analysis

indicated a C]Fﬁ purity ™ 99 wveight percent,

Specilic Heat Measurcments

Lxperimental determination of propellant apeciflic heats were condacted in
an adiahatic calorimeter developed previously under Contract A04(611)-9503

-~ PO e . . . s .
{iief, 1 ). The calorimeter apparatus consists of four concentric eylindrical
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o, .

containers. The two outer containers are similar in construction to a

Dewar vessel with provision for evacuation when desired: the two inner
containers are tiie calorimeter and a surrounding shicld, hoth of which

are electrically heated. The calorimeter was initially constructed of

copper hecausc of this material's gwood thermal properties and compatibility
with interhalogens. It requires only one change for measurcment of addi-
tional liquids. A new sample fluid container (the calorimecter) is fabricated
and calibrated for cach series o, mcasurements, During specific heat mea-
surcments on monomethylhydrazine, results of compatibility studies led to

the construction »f a sample container from an aluminun alloy (6061).

A filling tube with an inside diamcter of about 1 millimeter extends from
one end of the calorimeter apparatus, and fins of thin copper or aluminum
sheet, as required, are fitted inside the apparatus to aid in cstablishing
thermal equilibrium, The calorimeter is nonmagnetically wound with No. 50
B&S gage constantan wire which serves as the heater. The windings are coated
with glyptal, then covered with copper foil to reduce the heat leak from
radiation. The shield is wound in the same manner as the calorimeter with
No, 2% B & S mage constantan. The electrical leads are extended Crom
calorimeter through a hermetically sealed hulkhead (itting. A\ copper-
constantan thermocouple is used [or measuring the temperature rise of the
calorimeter, The thermocouple leads are extended through a Kovar-to-Pyrex
scal and sealed to the glass with Pvscal to aveid any unneccessary junctions,
The temperature of the shield is manually controlled to follow that of the

calorimeter,

The clectrical circuit for enerygy supply and thermocouple measurcments

(Fig. 7 ) consists of the folloving: (1) a K-3 potentiometer for energy
measurement, (2) a sccond K-35 potentiometer for thermocouple rveadings,

(1) a d-c microvolt amplifier and a recorder which, when used in conjunction

with the K-35 potentiometer gives a plot of temperature (emf ) vs time, are
used to determine the temperuture rise of the calorimeter. amd (ﬁ) a sccond
amplifier which, when used in conjunction with a differential thermocouple
bhetween the shield and the calorimeter. indicates the temperature dilferential

hetween the two surfuaces.
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Under normal conditions, when measurements are Leing made, the entire

space hetween the calorimeter and outer case is under high vacuum

(prcssurc Z 1077 mm Hz). Appreciable desorption of gas during an experi-
ment can result in a spuriously high value for the specific heat; tnerefore,
it is necessary that the apparatus initially be thoroughly degassed. This
was accomplished by surrounding the apparatus with a water bath held at
about 30 ¢ and pumping for 2 days. Cooling below amhient temperature was
impractically slow (if dependent on radiation transfer alone); therefore,
helium at a few microns pressure was introduced inte the caiorimeter system
to act as the heat transfer medium. When the desired temperature was

obtained, the system was agoin ~vacuated,

The copper-constanian thermocouple used to measure the temperature rise of
the calorimeter (followving the input of a known amount of electrical energy)
was calibrated at the temperatures of freezing CNCIs, freezing CCln, and
boiling ethanol (refcrence junction at 0 C). The values obtained were com-
pared with those in the NBS circular 561 (Ref. 4 ), which contains reference

tables for thermocouples, and a plot of clectromotive force vs temperature

was made.

The amount of electrical energy added to the calorimeter was calculated from

the equation:

o

H=i"It
vhere

H = electrical energy, joules
i = current

R = E/i

t = time, scconds
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The specific heat (Cs) wis then derived from the measured change in
temperature caused by this addition of clectrical energy:

¢, = [ (H/AT) - ucj,' wt sample

sample

where

AT = temperature risc (C) determined from a plot of temperature
vs time by extrapolating te the midpoint of the heating

g curve

I} = calorimeter constant

Apparatus Calibration. The specific heat data ohtained from measurcments
on chlorine trifluoride and monemethylhydrazine indicated that the calorimeter

system was giving high results (in compurison to those from earlier experimental
efforts by others at lower tompcrnturos). For this reason, the clectrical
ecircuit was thoroughly rechecked and measurements were made on a liquid whose
heat capacity is accurately known over the temperature range of interest.

A copper calorimeter was constructed, wound with resistance wire, and cali-
hrated (empty) at temperatures from 0 to 80 C. This is the same procedure

used for the measurements on CIF3 and cuaxnns.

The calorimeter was then filled in a dry hox with 7.18 grams of spectrograde
methanol whose water content was found to he 0.08 percent by a Karl Fisher
analysis and confirmed hy the determination of the critical selution tem-
perature of a 2:1 mixture of n-hexane and methanol. Data ebtained from

specific heat mcasurements on methanol over a temperature range of 0 to 40 (

were somewhat high when compared with the previously reported values at

comparahle temperatures (Rer. 3).

Further investigation revealed that when the two amplifiers in the ~vstem

were interconnccted, one amplifier would loud the other, cause un crror in
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the emf reading, and an error in the emf vs time curve was recorded.

One amplificr is used to monitor the temperature differential between

the calorimeter and the shield. The second amplifier amplifies output of
the thermocouple which measures the temperature rise of the calorimeter;
this amplified zignal is then fed inte a recorder (rom which the eml va

time curve ic obtained. Thus, the thermocouple connections to the calor-
imeter allow the amplifiers to interact. This ecrror, which was lincar over
the eml range and did not change with temperature, resulted in an 11 percent
correction to AT. The voltage reading was also found to “e in error hy

10 to 11 percent.

Corrections to the experimental methanol data resulted in values within

3 percent of the reported values. The corrections for these errors were
also applied to the experimental Cle and C",'NQH3 data. Suitable modifi-
cations are being made in the calorimeter system to eliminate suc. errors

in the future,

Specific Heat of Chlorine Trifluoride. The specific heat of CIF3 was mea=

sured over a temperature range of -10 (1% F) to 70 C (158 F). These data

extended existing C1F3 specific heat data (Ref. 0 ) over a wider temperature

rangte.

After obtaining a vacuum < | x 10" Hg in the calorimeter system, cali-
bration measurements on the cmpty calorimeter were made from ahout 0 to 70 C.
After passivation, 11.02 grams of propellant-grade ClF.3 was condensed into
the calorimeter from a viv'rum line, and the filling tube was crimped and
sealed with soft solder. The results are reported as Cs’ which is the
specific heat of a liquid umnder its own vapor pressure, since neither the
volume nor the pressure was held constant. In ti.e measurement of the liquid
specific heat at saturated conditions, a two-phuse system is present in the
calorimeter. If the quantity of vapor, which changes in volume (and density)

as the temperature is changed, is significant, it is necessary to apply a
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vapor correction to the apecific heat data. The size of this correction
varies with the degree of filling of the calorimeter, Treating the
problem from an entropy standpoint, the corrected specific heat can be

calculated from the following equations:

O = [Coee - T G I

and

.. dP
§' =57 (V-Mv )

wvhere

S' = excess entropy of a system, as compared with the same mass

of saturated condensed phase
T = absolute temperature of calorimeter and contents
M = mass of waterial contained in calorimeter
V = volume of the calorimeter
V., = volume per unit mass of conden J.phuse

P = pressure (equal to vnpor‘Byégsure of material at temperature T)
'l

A vaper correc:ian was applied to'the (fll".s data because the volume of the
vapor phase was significant.(The sizc of the correction ranged up to
2 percent of the specific heat at 70 C.) The corrected experimental data
are given in Table 4 . These data also include all corrections resulting
from the methanol c¢hlibrations. In addition, a correction of 0.7 percent
sis applied to the observed current to account for that portion of current
which passed through the volt hox (Fig. 7 ). This correction wax calenlated

from the relationship:
I =1 + =1 +-——-—"
meas. cale, IVB cale. Rvn

nvn = 112350 ohms
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EXPERIMENTAL SPECIFIC

TADLE 4

HEAT DATA FOR ClFs*

Average zcmpernture, csut’cal/g'c Average 5ompornturc, qut’ cal/g-C
=08 0.2%9 28, 0,282
-h.8 0.255 30.6 0.284

0.2 0.258 6.7 0,388
3.4 0,262 "0.6 0,201
100 0,200 ho .8 0.293
1743 0.272 30.3 0,200
15.0 0.275 30.5 0,299
18,06 0.273 3.7 0.502
20.7 0.275 60,06 0.507
27.2 0.279 65.7 0.510
70.6 0.51%

*Sample composition (after me

asurements): Cng, 99,8+ weight peoveent;
F,, € 0,03 weight percent:
CIF, 0,075 weight percoent:
Cl,, < 0.01 weight pereent:

Ci0,,, ~ 0.03 weraht percent
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The accuracy, determined by estimating (1) the effect of errors introduced
from measurcrent of time and temperature, and (2) errors resulting from
the large corrections thut had to he made to the voltage and A T values,
is about =35 percent. The precision is ahout 0.5 percent. By curve-fit

of the experimental specific heat data, the following mathematical ex~
pression for the relationship hetween specific heat and temperature was
ohtained:

K

’ -t _’ .
= ~0.80%0 + 0.9815 x 107° T(g) - 0-2481 x 10 ' rfl\.) .

cs(cu],uﬂhK)

05050 x 107 sz

Agreement between the experimental curve and the calculated values is hetter
than 0.% percent.  The graphical presentation of the curve-fitted data and
representative experimental points is shown in Fig., 8 . The specilic heat
values obtained are somewhat lower than extrapolation of the values reported
previously (Ref. 6 ) at lower temperatures. Differences in the slopes of
the plot of Cs va temperature vary by a factor of 3 to . The difference

in these data cannot be explained becuause alsolute measurcments of eneruy

vore nade in hoth studjes.

Chemical analysis of the ClF; sample used in the specific heat measurcments

indicated the following composition:

CIF7 - 499.8 veight percent
F - < 0,07 weight pereent

C1F - 7 0,03 weight pereent

0
—
o
-
(]

< 0,01 weight pereent

Cclo < 0.05 weight percent
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Specific lleat of Monomethylhydrazine, Specific heat mecasurements were

completed on Cll.jNQIl.5 over the temperature range of about 20 C (68 F) to

120 € (248 F). These data extend the existing CH3N2H3 specific heat

values reported by Asten, Fink, Janz, and Russell (Ref. 7 ). The latter
reported heat capacity values for CH3N2H3 from 15K (-433 F) to 298.16 K (77 F).

The entire calorimeter system was evacuated. After outgassing, a vacuum in

-r -
the 10°7 to 1070
calibrated from ~ 25 to 120 C, Because of the low mass of the alwainum

mn Hg range was maintained while the calorimeter was

calorimeter, the energy input period (to cause a temperature risec of 1 C

in the cmpty calorimeter) was less than 40 seconds. This low heating period
results in an appreciable error in the time measurement; thereforc, sufficient
resistance was added in the electrical circuit (for heat input) to increcase

the heating period to about 75 seconds.

The C!l,'lell.7 (7.85 grams) wus loaded into the calorimeter in a dry box, and
the filling tube was crimped and sealed with solder. Because of the diffi-
culties involved in soldering aluminum, a special solder and flux were used
and the tube was soldered in the nitrogen atmosphere of the dry box., Although
it was assumed that crimping the filling tube sealed the calorimeter, the tip

wasg soldered as an added precaution aguinst leaks.

The corrected results from the Cll_szll.5 specific heat measurements are
reported in Table 5. Since the volume of the vapor phase wa= small it was
not necessary to apply the vapor correction. However, the current, voltage,
and AT corrections were made in tlie sume manner as for CIFT The accuracy
of these data is estimated to be about *3 percent. This was determined
largely from the estimated accuracy with which corrections could be applied

to the voltage and AT readings. The precision is much better.

The data were curve-fitted and the following mathematical expression for the

relationship hetween specific heat and temperature was obtained:

-1 -4 2
Cs(cal/gm—l() = -0.7"58 + 0.1132 x 10 T(K)— 0.2963 x 10 T(K) +

0.2648 x 1077 T?K)
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TABLE 5

AFRPL-TR-G6~122

Average Tegpernture, Csat,cal/g-C, Average Temperature, ant’ cnl/ﬁ-c
21.1 0.689 e 0.7
22,2 0.694 39.0 0,710
235.4 0.700 00,0 0.713
24,6 0.097 685 L
95.7 0.699 T i, 7
25.7 0.698 50,3 0, 7uz
26.9 0.701 230 0,72
27.8 0,703 100.8 0,752
32.6 0.698 10%. 4 0.7.%
39.5 0.70% i, 0 0730
W 8 0, "\, . 0.7?7 -

*Sample compositionh: 9.0 wersht pwroul ‘H3\3“7:
MM

0.1 wveighe percent

0,2 weight percent othier sotuble inpuritics:

trace pereent ﬂH

L2

GONFIDENTIAL




CONFIDENTIAL RO

The agreement bhetween the experimental and curve-fitted values (multiple

error of estimate), which is greater than 0.8 percent, is shown in Fig. 9.
Chemical analysis of the rn;x”nj sample indicated a composition of:

C"T\‘,,"- - 99,0 weight percent
- )

Monomethylamine - 0.1 weight percent
N"? - trace

Other soluble impuritics = 0.2 weight percent

Specific Heat of ClFs. The Qpcoific heat values previonaly ohtuined and

reported for C1F; under contract AFOA(611)-9363 (Ref. 1), were corrected
as a result of the methanol calibrations for a ~ 10 percent error in the
voltage reamding and a 0,7 percent error in the current remding. The AT
vulues obtained during these previous measurements on C1P5 were not in

error since oaly once amplifier was used in the carlier measurement cireuit.

The corrected values of Cq for C1F1 are reported in Table 6, The accuracy

of the data is estimated to he about 235 percent. X curve fit of the cx-

perimental data gives the following expression:

Y _). o
N . = NT - il - 200 v i
‘S((‘ﬂll ,'_'Pﬂ-K) = ].08“ 0.‘) )_’.‘ X 10 T(K) + 0. ))‘)) X 10 1('\)
< W00 v -7 3
0. 4500 « 10 T(K)

This curve=fit and representative experimental points were shown in lig. 10
Agreement hetween the experimental and calculated values is better than

0.3 percent

Iz 4

53 .
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TABLE o

SPECTIFIC IIEAT OF Cll".;'

Average
gz? Tempe;uturo, cs’ cal/m-K
la 6,92 0.292
9,08 0.293
11.67 0.2905
14,84 0.296
18.01 0.290
21.07 0.298 .
23.91 0.298
27.64 0.300
29.39 0.301
' 31.85 0.302
1b 4.76 0.291
7.6 292
10.16 .294
12.82 0.29%
15.56 0.296
17.63 0.297
20,57 0.298
23.10 0.298
25.7% 0.300
28.53 0.301
31.05 6.302
33.70 0.303
36.54 0.3C4 -
h2.5% 0.7306
k.99 0.307
' 47,606 0.308

*Sumple composition: Pretest, ~ 99 weight percent Cl1F., < 0.05 weight
. percent F,, < 0.05 weight percent CIF, 0.3 weight pefcent ClFs,

0.5 weight™percent HF; Posttest, > 00 weight percent CIFS, 0.3 weight

nercent Ou. < 0.3 weight percent C1Ps, < 0.1 weight percent SF,,

0.1 weight percent Fo + CFj, + No (N2 contamination occurred during

transfer for unulysis.)

CONFIDENTIAL




CONFIDENTIAL

TABiE 6

AFRPL-TR-66-122

(Concludad)
Average
Run Temperature,
No. c Cas cnl,l',«zm-K
2n ~h7. 0 0.271
=%, 30 0.272
-38.0% 0.u7%
=34,08 0.271
-31.90 0,275
=-28,95 0.276
-25.93 0.277
-22,92 0,278
-10,97 0.279
-16.02 0,280
~13.91 0,281
-10.90 0,285
=79 0 28,
~h.93 0,285
-2,04 0.286
' H.712 0,288
oh AN 0,272
-h0.83 0.273
«37.7 0.27%
~3h.08 0.275
~-31.958 0,276
=08,47 0.277
=22, 14 0,278
-19.20 0.279
~-16.03 0,481
-13.10 0,282
-10.23 0,283
=-7.3 0,285
=-4,38 0,286
' ), 101 0,287
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Density and Vapor=Liguid lelationship Measurements

The saturated Tiguid density of ClF3 was measured over o temperature
range of 0 € (32 1) to 177 € {331 F) using the variable volume apparatus
illustrated in Fig. 11, These data extend the existing data of Banhs and
Rudge (Ref. 8 ) to the critical temperature, The apparatus, described
hy Poole and Nyhery (Ret. 9). is constructed entirely of 300 series
stainless steel and is capable of withstanding pressures up to 1500 psi,
well in excess of the critical pressure of lej. The variabic volume
capability provided by the stainless-zteel hellows permits density meas-

urements over a range of temperatures without r+loading.

The densimeter operates on the principle that a sudden rise in pressure

will be sensed by the transducer and that upon mechanical reduciion of

the volwne of the crvity containing the liquid PIF3 in cq&ilihrium with

its vapor. all vapor 13 forced to condense. The volume of the contained
liquid at this point is indicated by the micrometer attached to the bhellows,
Becanse the weight of contained liquid is known and the volume is hnown by
prior calibration of the micrometer with degassed water. the density can

he caleulated.

After condensing a known amount of CIF.5 into the evacuated swmple cavity,
the densimeter was placed in a constant-temperature environment and allowed
to reach thermal equilibriwn at selectsd and regulated temperatures.  The
constant-temperature environment of the apparatus was maintained by placing
it in a Fisher Isotemp oven (thermostated to 20.5 C of any desired set

point).

Upon attaining thermal equilibrium, a slight pressure was applied to the
back of the hellows with gascous nitrogen. The hellows was expanded hy
turning the micrometer knob until a rapid rise in pressure was obhserved

by the pressure transducer rcadout system. This indicated that (11 C]F3
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. ?mmﬂﬂ
RITRGeth
i s
SAMPLE INLET

PRESSURE
TRANSOUCER

Figure 11, Poole-Nybeirg Densimeter
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vapor had been comdensed and that the volume of the sanple cavity at that
point reprezented the volume occupicd by liguid (’ll'..,. The bellows wasx
contracted and the procedure repeated several times at cach temperature
level,  The volume of the xample cavity was aseertained by relating tie
micrometer setting to the caliivs tion crapue VD apparatus manipnlatons

were made remotely without opening the oven.

The temperature and pressure readout equipment. hich was used previens|y
for vipor precome and critical temperature swasurcments, was hased on
the use of o leeds & Nortirvup <tudent potentiometere  Two pover wupplies
were huilt to replace the <tandard cell and working cell ueed with the

potentiometer,

A referonee voltage supply wax designed witn culficient prevegulation.

hoth vith res ect to fuput voltage wind o terperaturn . te epsure a constant
current to a refereme diode,  the reference diode doecs pot deilt more thap
0.001 percent per degeee Coin output voltage,  \ voltage divider sax used
to bring the voliage level to that which wvould he rcasurcd by the leeds &

Northrup potentioneter,

The constant-current supply. uxed in place of the wvoraing cellowas adjusted
by a variable re<istor. line adjustment was provided by external variable

resistors an parallel with the output,

Tuwo transducer power sotgces were combined in the swne supply (e souree
was designed to supply abont 28 volts with minumal regulation because the
Micro Systems driver, used with the Miero Sy«tems transducer, supplied
additional regulation. The other source wax o regulated amd temperatures
coapensated supply of nearly 7 volts requived by Statham transducers.  [The
equi tibriwn temperature ol the swnple was recorded to ‘0,03 € W a chromel-

alumel thermocouple taped to the outside of the densimeter,
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The vapor pressure of C1F. was measurcd over the temperature range

of 33 € (95 F) to 180 € (536 F) using a constant volume bomb. The

vapor pressure apparatus consisted of a 10-milliliter, 500 series
stainless-steel cylinder with an immersion thermocouple, pressure
transducer, and sample valve attached. The immersion thermocouple
(Tomptron No. 2092) had a chromel-alumel junction and a 316 stainless
steel sheath, The thermocouple was senled into the 10-milliliter
evlinder. permitting dircct measurement of the temperatures of the
cylinder contents, The thermocouple wax calibrated at the melting point
and hoiling point of water. A 1000 psig Statham pressure transducer was
connected to the cylinder to measure pressure. The pressurs transiducer
was calibrated with a lleise gage to rorrohorate the calilitution factors
reported hy the manufacturer. The readout syatem described in the
previous discuszsion of the dens meter wus used to meet the readout

requirenents of the thermocosuple and pressure transducer.

A sufficient amount of CIF1 wag loaded into the vapor preasure apparatus
to ensure the presence of sowe liquid at all ivimes over the range con-
siderced.  The bomb and contents were allowed to reach thermul equilibrium
at selected temperaturcs, and the equilibrium vapor pressures were
recorded. Constiant temperatures above 35 € were ohtained by placimg the

entive apparatus in a Fisher isovemp oven,

During companyv-spensored ef fort imacdiately prior to the prosrwn. the
critical temperature of Png was measured in an apparatus of the type
descrihed by Ambrose and Grant {Mef.10). This method determines the
critical temperature hy the disappearance and recnpearance o) the lignid-
vapor meniscus as the temperature of the liquid sample contained in a

scaled quarts capillary is raised and lowered through the critical noint.

In the meniscus method, a S-centimeter quartz capillary with a 2-millimeter
inside diameter and an S-millimeter outside Adiameter was heated while under
vacuum to ensiare dryness, It was then passivated with small amounts of

f1F3 vapor in successive steps until passivation was complete. The capillary
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was then filled to onc third of its volume with liquid Cng. After heat
sealing. the capillary was placed in a furnace preheated to 125 C. The
furnace consisted of an electrically heated aluminum block insulated with
fire brick and hored and slotted for reception and observation of the
quartz capillarics. Temperatures werc measured by a chromel-alumel
thermocouple located near the meniscus. The temperature was increased

at the rate of 0.2 C per minute untii the meniscus disappeared. The

temperature was then decreased until the meniscus reappearcd.

Density of Chlorine Trifluoride. With the variable volume capabilities

of the Poole~Nyherg densimeter, it was possible to conduct measurements
of CIF over the temperature range of 0 C (32 F) to 177 € (351 F) with
four fillings of the apparatus. Three runs were also conducted with the
constant volume vapor pressure apparatus in an attempt to determine the
critical density. The experimental points obtained from the densimeter
and one of the constant volume measurements are given in Table? and
Fig. 12: the experimental data of Banks and Rudge who determined the
density of CIF. to 45 C (113 F) are included for compar:ison. Data from

3
the other two density measurements in the constant volume bomb are still

heing reduced.

The density data over the temperature range of -4 C (25 F) to 161 C (322 F)
were curve-fitted by a least-squares computer program, which resulted in

the following equation:

3

plg/cc) = 5.433 = 2.955 x 10027 + 8.625 x 10°°T° - 9.374 x 1077
(K) () ()

The multiple error of estimate for this equation is 0.3 percent. Because the
density/temperature relationsnip of CIF, changes rapidly above 160 C, the
data obtained above 161 C werc omitted so that the data could be expressed

with a reasonable equatipn.
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TABLE 7

EXPERIMENTAL DENSITY DAT\ FOR LIQUID C1F7

Ohserved | Caleulated -
Iun | Temperature, | Density, | Density, |4 p x 107°
Nunher C mm, cc um ce om, cc
A -h.07 1.8969 1.901 4
h 0.00 1.884 1,887 -3
A 1.70 1,.8805 1.881 ~1
A 9,64 1.83565 1.835 2
A 12,68 1.8473 1.845 3
A 20.92 1.8217 1.819 3
h 23.10 1.816 1.812 h
26,90 1.8050 1.800 3
A 3R8.71 1.7633 1,704 1
1 h2,08 1.747 1.750 -3
A h35.63 1.7430 1,742 1
h 32,928 1.7235 1,72 2
1 . 02,13 1.684 1,689 -3
3 69,68 1.063 1.663 0
i 7h.03 1.638 1.645 -7
1 80.73 1.618 1.624 -6
1 21.35 1.570 1.582 -0
3 9.140 1.572 1,562 10
1 108.38 1.508 1.509 -1
3 115.08 1.486 1,476 10
2 121.96 1.4350 1.%41 -11
1 124.50 1.%3h 1027 b i
2 133.08 1.376 1.579 -3
2 144.85 1.312 1.306 ©

A* Banks and Rodge's data (Ref.8 )

Sample

Analysis:

> 99,5 weight percent C1P., < 0..
weight percent CIF, < 0,01 weight percent 3

la,

< 0.02 weight percent Fp, < 0.01 weight percent ClU.,
0.4 weight percent HF

53
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TABLE 7
(Concluded)
Ohserved |Calculated
Run  |Temperature, | Density, | Density, |& nx 1073
Number ) gn/ce o/cc gm/ce
2 150.53 1.269 1.267 2
2 161.18 1.18% 1.190 -6
3 171.38 1.104
3 177.15 0.957
B* 179.60 0,860

B* Data from vapor pressure apparatus
> 99,5 weight percent CIF;
< 0,03 weight percent CIF
< 0,01 weight percent Clo

Sample analysis:

< 0,02 weight percent F,

< 0,01 weight percent C10p

0.4 weight percent HF

‘>
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The composition of the CIF3 sample used in the density und vapor pressure
measurements was > 99,5 weight percent, < 0.05 weight percent CI1F,

< 0.01 weight petcent Cl,, < 0.92 weight percent F,, < 0.01 weight
percent CIOQ, 0.4 weightbperceqt HF, -

Vapor Pressurc of Chlorine Trifluoride. Three vapor pressure runs werc

conducted on CIF3 (snmpl- compogition identical to ihat of the density
sample) with the constant volume apparatus. All ClF3 vapor pressure data
gencrated under this program are tabulated in Tabhle & . These data are
in agreement with data obtained by Grisard,ct al. (Ref, 6) at lower

temperatures.

Additional pressure-~volume-temperature relationships are being determined
with the constant volume vapor pressure apparatus at reduced ClF3 loadings
to determine the exact values of critical density and pressnure and to
increase the accuracy of the vapor pressure curve. The vapor pressure
data will be fitted with a suitable curve-fit equation by a least squares

computer program when these runs are completed.

Critical Temperature of Chlorine Trifluoride. Critical temperature deter-
minations were made on two different samples of CIF3 (sample assay >99 weight
percent Cle) in two different capillaries. The temperatures resulting from
ohservations of the ClF3 liquid-vapor meniscus dizappearance were in close
agreement (within 1 degree €). The average value for C1F, critical temper-
ature by this method was established as 179.6 0.5 C (355.3 F).

Inert Gas Solubility Measurements

The apparatus for inert gas solubiiity measurements was designed for initial
use with CIFS; the high chemical activity and probable low inert gas solu-
bility of this compound will provide a stringent test of the apperatus prior
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TABLE 8

Run Temperature, Pressure,
No. C psia
1 42,65 74
1 80.85 143
1 110.00 278
1 136.40 482
1 159.73 758
1 173.18 980
2 42,80 54
2 71.43 119
2 116.85 331
2 154,03 668
3 39.45 37
3 73.55 141
3 101.65 263
3 133.05 479
3 163.30 797
3 174.48 961

CONFIDENTIAL
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to its uge with additional propellants. DBecause of materials compati-
bility limitations (no compatilble nonmetallic seals for dynamic applica-
tion) imposcd in the case of C]FG’ a simple technmique wirich uses no
moving parts (except valves) has heen adopted. In this technique the
inert gas is introduced from a volume calibrated veservoir into a volume
calibrated test tank containing a known quantity of propellant. The
volume of the gas ahsorbed at a known temperaturce and after agitation

is calculated from pressure changes that occur in the systen. These
pressurce changes are monitored by two precision differential pressure

transducers.

The entire apparatus (Fig. 13) has heen asscmbled into a reasonably
compact unit which has heen mounted in a thermostat equipped air hox

(16 x 51 x 36 inches). The temperature conditioning hox s supported

upon a rocking platform which will be used in agitating the test solution
until equilibrium conditions are attained. Adequate thermostatic control
within the air box is maintained by use of six heaters and two circulation
fans. A variable transformer regulates power to four of the heaters, and
a temperature contrnller supgplies the power to two heaters. Improvement
in thermal control was achieved by covering a major portion of the inside

walls of the bhox with aluminum tape.

The complete unit consists of a metal plate to which all parts of the
apparatus are mounted. The solubility test tank, a differential pressure
transducer, a total pressure trunsducer and associated valves are mounted
on one side. The gas reference volume system, which includes four gus
reservoir chamhers, a differential pressure transducer, a total-pressure
transducer, and associated valves, are mounted on the other side, Two
valves on the test tank side, which will he manipulated during the ex-
perimental determinations, have been mounted so that the valve handles
protrude through the metal plate. This enables all functioning valves

of hoth the reference volume and the test tank to he manipulated from

the same side.
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It had been intended that the valves used during the experimental run
would be remotely controlled air-operated valves. Anticiputed leakage
rates with these valves made them undesirable, therefore, positive-
sealing bellows hand valves are used. By utilization of the multiple
chambers (with appropriate valving) in the reservoir section of the
apparatus, the basic design has been made flexible enough to account
for several ranges of solubility. This will facilitate any necessary

volumetric changes indicated during preliminary solubility measurements.
The operation of the apparatus may be described briefly as follows:

1. With valve G closed, the inert gas is admitted to both sides
of 4 P| transducer. The appropriate inert gas volume is
selected by opening or closing valves to the multiple chamber
reservoir. Valves B and C are closed, and the reference

pressure is locked in.

2. With a lmown quantity of propellant loaded into the test
tank, valve H is closed. Valve G is opened and then closed.

3. Pressure tranaducer A Pl registers a decrease; and transducer
A P, registers an increase which decreases upon agitation of
the test cell.

These pressure changes, the temperature, and the volumes can be used to
calculate the amount of inert gas absorbed. The necessary calculations
will be discussed when the first solubility data are reported.

Step 2 of the operating procedure represents a single increment in pressure
and can be repeated until the desired final pressure is achieved.

Calibration of the reference and test volumes of the solubility apparatus
with N, (g) and the differential pressure transducers has been completed.
Initial tests with CIF5 will be run at about 100 F in the saturaiion to
1000 psia range. Solubility will be measured with < 20 psi differential

driving pressure. The two differential pressure transducers and the two
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total preasurce transducera have bheen calibrated accordingly. The test
side of the soluhility apparatus has heen passivated with ClFs and
ahout 300 gms of CIFG have been loaded into the system. Preliminary
solubility tests with nitrogen are under way. Information from these
first tests will be used primarily to test asswaptions and to determine
more preciacly what volume of CIPS should be used to yield the hest

accuracy.

Viucosity Mecasuroments

As a part of the program, viscosity mcasuremcnts were plasned for a
variety of propellants at extended temperatures and pressures. Chlorine
pentafluoride characterizes the special prohlems of corrosivity and high
pressurces that will he encountered in this work. To satisfy all potential
viscosity requirements, an alle-metal capillary viscometer was designed for
the measurements. The lakricatior of the prototype unit is nenring

completion,

Several alternative techniques of viscosity measurement vere considered,
including oscillating-hody and falling-hody approaches. All possihilities
are hindered Ly one basic condition, the necessity or desirability of con-
fining the liquid in an all-metal system capable of withstanding fairly
high pressures and corrosive action without cxcessive deterioration. This
requirement ultimately imposcs difficulties in design, construction, or

procedure which render ordinary experimental techniques unattractive.

The capillary flow technique was selected for its relative simplicity of
construction and operation. In capillary flow measurements, viscosity is
obiained by chaerving the fluwrate through capillary tubing and the cor-
responding driving fluid head, usually a simple gravity head. Both of the
parameters in turn involve ohserving the position of at least one gas-
liquid interface in the flow system, which, in conventional glass capillary

viscometers, is a direct visual observation.
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The central idea of the present concept is to follow the motion of a
gas-liquid interface within stcel tubing by means of a magnetic steel
float at the interface and a differential transformer surrounding the
tube. A tube thus equipped can serve as either the source or catch
reservoir for a capillary flow operation. Flowrates and gravity heads
are calculated from u volumetric calibration of the liquid-filled system

volume,

Fabrication of the float a.d transformer units was completed during the
third quarter of the program. The floats are simple cylindrical cups
designed to fit closely in 0.75 x 0.049-inch steel tubing. The cylindrica!l
differential transformer surrounds a G-inch length of the tubing. These
units underwent preliminary testing with a water-filled system to deter-
mine their operating characteristics. In the intended mode of operation
the transformer lacked sensitivity to float poaition. lowever, an
alternative method was developed in which the secondary coils of the
transformer are used as two arms of the impedauce bridge. With this
concept, float position cen be accurately scmsed over the entire trana~
former span, and the utility of this detector is enhanced. Tests were
alsc conducted to ascertain the reproducibility of the transformer-float
signal vs liquid level position under conditions of changing level. Lack
of equilibrium between float and liquid is not expected to introduce

uncertainties if the rate of fall is level or reasonably slow.

The first viscometer design incorporated conventional capillary tubing

of about 0.Cl-inch ID and " inches in length. Some units of this type
prepared for use in the viscometer were not serviceable because of plugged
hores. In the present design, the viscometer will utilize relatively
long, large-bore capillary tubing, typically 0.025-inch ID and 30 inches
long. The larger tubing will help reduce the possibility of plugging or
otherwise altering the bore. Also, the larger tubing provides for the
necessary flow impedance and flowrates at lower velecities, thus reduncing
the importance of frictional losses at the tubing ends. These losses,
wvhich are nonlinear in viscosity, and therefore difficult to calibrate,
can be important at the low viscosities (approaching 0.001-inch stroke)

to he measured.
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With the liquid-gas interface detection system there are various ways in
which the flow system may be arranged to carry out repeated capillary
flow tesis. These various arrangements would not differ conceptually,
but merely in form of use and calibration. In the viscometer configura-
tion selected, the source and catch reservoirs are simply two limbs of a
"U-tube" connected by the capillary tubing. The 3/4~inch tubing equipped
for interface detection is one of these reservoirs; the other is a choice
betwveen 1.5~inch and 0.375-inch tubing sections. Thus, with a given
volume of liquid, the observeble height of interface displacement may be
ugzd to set up either a small driving head with the large<bore reservoir,
or & relatively large head with the smzll reservoir. This choice provides
added control over the duration of a flow experiment. In addition, a
given viscosity may be measured in the same capillary at substantially
different Reynolds numbers. Hence, the effect of frictional end losscs
may be directly observed and corrections applied at the lowur viscosities

as necessary.

The entire assembly of reservoirs, capillary tubing, ana accessory plumbing,
nearly 5 feet long, will be contained within a thermal-control dry box.

Sowe difficulties were experienced in supporting the unit to obtain a
atraight, strain-free capillary run., Bending of the capillary would have
reduced the problems arising from lack of compactness with the long
capillary, but any useful bends would introduce frictional effects nonlinear
in viscosity and would tend to invalidate the advantages of the long
capillary. The present capillary location is such that the capillary tubing
will receive little mechanical stress from the remaining plumbing and mcy

be replaced with relative ease.

The viscometer flow system is complete except for installation of the
capillary itself which will be the final step in assembly. The current
activity is to complete the heating and circulation system of the temper-
ature control box. After the assembly is complete, the temperature control
system will be checked to ensure satisfactory temperature uniformity over

the capillary length. The float-transformer detcction system will be
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tested and calibrated in place. The capillary tubing will then be
calibrated against liquids of lknown viscosity prior to actual
viscosity measurements on ClF5. These initial measurements will
extend the present ClP5

temperatures and pressures.

data described under Phase III to higher
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PHASE III: DATA EVALUATION

. OBJECTIVE

Phase iII constituted the overall analysis, internal correlation, and
evaluation of propellant properties data. The initial effort, based on
Air Force requirements and early results of the literature survey, was
directed at establishment of propells at property requirements for Phase II
experimental characterization. Re-evi uation and modification (either
additions or deletions) in the scope of Phase II effort was to be made,
if required, during the continumtion of Phase III effort. Necessary
changes in the property requirements were to be approved by the Air Force
Project Engineer. During the remainder of the program, Phase III efforts
were directed toward evaluation and compiletion of the data generated
during Phases I and II.

RESULTS AND ACCOMPLISHMENTS

Propellant Property Requirements

Phase III effort was initiated with a preliminary evaluation of data ob-
tained from a rapid review of the literature under Phase I. This review
provided an initial summary of the missing properties for each of the
propellanta of immediate interest to the Air Force. RNor the most part,
these propellants had not been defined with respect to thermal conductiv-
ities, dielectric constants, electrical conductivities, surface tensions,
compressibilities (or sonic velocities), and inert gas solubilities,
However, several propellants of primary importance wers not adequately
characterized (experimental data over wide temperature and/or pressure
ranges) with respect to the basic properties of density, specific heat,

and viscosity.
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An illustration of the original physical property data gaps for the pro-
pellants listed in Phase I is showr in Tables 9 and 10. In these illus-
trations, the existing data on each of the selected propellants are
represented by circles divided into four main quadrants. The absence of
any data is denoted by a blank circle. The existence of a few experimental
point. or some calculated data is represented by the first or northwest
quadrant. Experimental data over a range of temperature are shown by the
second (southwest) quadrant. Completion of the third quadrant indicates
the existence of a majority of the essential data required for the pro-
pellant's application. Complete experimental physical characterization
over all desired conditions of temperature and pressure is shown by a
completed circle. A partially completed circle under critical properties
indicates the absence of experimental data for one or more of the defining
conditions. This summary, in addition to consideration of the immediate
availability and readiness of equipment, was used to prepare the experi-

mental priority list for Phase II.

Using these criteria, the following initial experimental plan for Phase II
determinations was submitted to the Air Force Project Engineer for approval:

1. Physical property measurements were to be initiated on
a. Thermal conductivity of UDMH-N5HA(50-50) .
b. Sonic velocity (adiabatic compressibility) of CIF5

c. Specific heat of ClF3 from 30 F

d. Density of CIF3 from~ 50 C to critical point

e. Inert gas solubility in ClF5
f. Viscosity of CIF5 (over extended temperature aund pressures)

2. Thermal conductivity measurements were to continue throughout
the remainder of the program on propellants ranked in the order
of MMH, UDMH, MHF-3, MHF-5, CIFS, H,0,, MON, Alumizine, B,

Hybalines, BSH§' FLOX, OFQ, and NﬁFh'
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Sonic velocity measurements were to continue ranked in the order

of CIF3' Néok, MON, 3502, MHF-3, MHF-5, Alumizine, Bybalinﬁf,
B’jﬂ9’ 3236’ FLUX, 0F2, and N2F‘,‘.

4. Specific heat measurements were to continue ranked in the order of
WME-NH, (50-50), MMH, UDMH, MHF-3, MHF-5, Alumizine, Hybalines,
MON, 8202, F2, F1LOX, OF_, and N2Fz. in temperature ranges where
data are missing.

5. Density measurements <wesre to continue ranked in the order of
uvm-nzn&(so-so) (160 F to 500 F), MHF-3 (freezing point to de-
composition point), MHF-5 (freezing point to decompositicn point),
and FLOX (range of mixtures over liquidus range).

6. Inert gas solubility measurements were to continue in the order
of MM and UDME-N.H, (50-50) (if present data are inadequate),
CIFS, MHF-3, and MHF-5.

7. Viscosity measurements over extended temperature and pressure
ranges were to continue ranked in the order of CIFS, MHF-3,

MHF-5, UDMH-N.H, (50-50), and MMH.

8. Other propertiss were to be measured as the need existed.

Data Compilation

All original sources of data obtained through the Phase I literature sur-
vey were used to compile individual propellant bibliographies regardless
of the eventusl use of the data therein. However, before their inclusion
in the bibliography, these sources ws.. checked for correctness and com-
pleteness of the reference. Where Rocketdyne was unable to obtain the
original source, a secondary reference was used and noted. The complete
bibliography for each propellant was tabulated in a form besed on refer-
ences for each propellant and according to physical property.

Completed physical property bibliographies for MHF-1, Hﬁ'—}, MHF-5, Cle,

and CIF5 are included in this report (Appendixes A through E). Each of
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the sources included in the bibliographies has been checked for correctness
and completeness of the reference. (A BQHG physical property bibliography
has also been prepared, but the reference check is incorplete.) A short
description of each of these enclosed bibliographies is given in the fol-

lowing paragraphs.

The MHF bibliographies are limited to physical property data. Although
several quarterly reports containing the data bhave appeared under the
referenced contracts, only the final reports were used whenever possible.

The CIF3 Libliography primarily contains sources of physical property data,
but some references are also included for chemical properties. The pub-
lications cited under "General Referencés" are a compendium of physical
property data. Although these sources are secondary, they were included
because of their extensive and comprehensive coverage. Sources of cal-
culated data were used where experimental data were not available, but

the eventual publication of these data will include their referencing

as such.

The Cng bibliography includes all of the available engineering properties
data; however, only original data sources have been referenced. Where
data are given in both quarterly and final reports of contracts, only the

final report is referenced.

Data Evaluation

The remaining Phase III effort has been c ncentrated on the reduction,
evaluation, and correlation of date generated during Phases I and II.
Physical property data from original publication, as located through the
Phase I literature survey, are being checked for authenticity of the data
(with reference to measurement technique, propellant purity, handling of
results, etc.) and cataloged for future summary publications of each pro-
pellant, Within this cor *ext and as part of this effort, studies under
Contract AF04(611)-9563 (Ref. 1 and 11), and Rocketdyne-sponsored
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wok, a comprehensive draft of a CIFS Engineering Properties and Handling

Manual has been essembled for Air Force approval and publication.

Thus far, authenticity checks have been completed on the physical property
data contained in the bibliographies of the five propellants (MIF-1, MHIF-3,
MIF-5, Cle, and CIFS) listed in the appendices. Although there are some
conflicts in the data for various properties of some of the propellants,

the authenticity check of the experimental data revealed only one potential
cause of discrepancy. Experimental data on CII-‘5 phase properties as summar-
ized in Report RMD 5025-F (p. E-1) resulted from measurements on a propellant
sample of comparatively low (~ 96 w/o CIFS) purity. Resolution of the other
discrepancies will be continued and presented to the Air Force Project Eng-

ineer for approval before their publication,

Phase III data evaluation efforts also included the curve-fitting of repre-
sentative data from Phase II experimental recsults and correlations with
other data, if required. The Phase II data curve-fits and resulting
graphical repreaentations are shown in Phase III. Additional analytical
eveluations arc in progress to determine the correlation of the epecific
heat results for Cle, CH3N2H3, and C1F5, described herein, with those

of other investigators (Ref. 6, 7, and 12, respectively) at different

temperature levels,

Chlorine Pentafluoride Viscosity. As a part of the data correlation

efforts, experimental Cl¥_ viscosity data resulting from two different
studies (Ref. 1 and 12) with overlapping temperature ranges were curve-

fitted from ~130.5 to 68 F, The equation which describes the data is:

108 M(1p /¢ 4-gec) = -4.80138 + 60&.1&5/T(R)

The multiple error of estimate of the icast squares curve-fit shown

graphically in Fig. !4 was 1.86 percent.
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Figurel4, Viscosity of Chlorine Pentafluoride
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FUTWRE EFFORT

The objectives and effrrts described in this program have been extended
for a period of 2 years under Contract AFO4(611)-11407. This new three-
phase program, which was initiated on 1 April 1966, will continue the
survey of propellant properties literature; cxtend the experimental phys-
ical characterization to additional propellants and properties; and con-
tinue the analysis, correlation, evaluation and selected summary publication °

of data generated in Phases I and II.

CONFIDENTIAL




1.

2.

8.

10.

11.

CONFIDENTIAL APRPL-T8-66-122

REFERENCES

R-6055, Final Reporc, Preparation and Characterization of a New High
Epergy Oxidizer, Rocketdyne, a Division of North American Aviation,

Inc., Canoga Park, California, AFRPL-TR-65-51, Contract AF04(611)-9563,
CONFIDENTIAL.

Greenspan, M. and C. E. Tschiegg: "Tables of the Speed of Sound 1n
Water," J. Acoust. Soc. Am., 31, 75 (1959).

Wilson, W. D.: "Speed of Sound in Distilled Water as a Function of
Temperature and Pressure,” J. Acoust. Soc. Am., 31, 1067 (1959).

NBS Circular 561, Reference Tables for Thermocouples, Nation~l Bureau
of Standards, 27 April 1955.

Timsserman, J.: Physico-Chemical Constants of Pur- Organic Compounds,
Elsevier Pub. Co., New York, 1950.

Grisard, J. W,, H. A. Bernbardt, and G. D. Oliver: "Thermal Data,
Vapor Pressure and Entropy of Chlorine Trifluoride,” J. Am. Chem. Soc.,
3, 5725 (1951).

Aston, J. G.,H. L. Fink, G. J. Janz, and K. E. Russeil, J. Am. Chem.
Soc., 73, 1939 (1951).

Banks, A. A, and A. J. Rudge: "The Determination of the Liquid
Density of Chlorine Trifluoride,” J. Chem. Soc., Vol. 1, 191 (1950).

Poole, D. R. and D. G. Nyterg: "High Pressure Densimeter," J. Sci.
Instru., 30, 576 (1962).

Ambrose, D. and D. G. Grant: "Critical Temperatures of Some Hydro-
carbons and Pyridine Bases," Trans. Faraday Soc., 53, 771 (1957).

R-6445, Addendum to Final Report, Preparation and Characterization
of a Nev High-Fnergy Oxidizer, Rocketdyne, a Division of North
American Aviation, Inc., Canoga Park, Califormia, January 1966,
Contract AFO4(611)-9563, CONFIDENiTAL.

FEVIWS PAGE WAS BLANK TIETRFORE WAS NOT PIDED

75
CONFIDENTIAL




CONFIDENTIAL AFRPL-TR66-122

12. RMD 5050-F, Advanced Oxidizers for Prepuckaged Liguid Engines,
Reaction Motors Division, Thiokol Chemical Corporation, Demville,

New Jersey, Contract NOw 64~0447-C, 31 July 1965, CONFIDENTIAL.

76
CONFIDENTIAL




CONFIDENTIAL AFRPL T8 66-122

APPENDIX A

S — ————

MEF-1 (23.3 w/o N,H,, 45.3 w/o CE;N By, 31.4 w/o NQBSNOB) B IBLIOGRAPHY

PHYSICAL PROPERTY BIBLIOGRAPHY

Composition

RMD 239-F, High Performance Storable Liquid Propellants, Reaction
Motors Division, Thiokol Chemical Corporation, Denville, New Jersey,
Report Period: June 1958 -~ May 1959, Contract NOas 58-64k-c,
CONFIDENTIAL.

Melti Freezing) Point

RMD 239-F, Hagh Performance Storable Liquid Propellants, Reaction
Motors Div., Thiokol Chemical Corporation, Denville, New Jersey,

Report Period: Jume 1958 - May 1959, Contract NOas 58-6h44-c,
CONF IDENTIAL.

RMD 2004-F, High Performance Packageable Liquid Propellants, Reaction

Motors Div., Thiokol Chemical Corporation, Denville, New Jersey,

Report Period: Jan. - Dec. 1960, Contract NOw 60-0106-c, CONFIDENTIAL,

Boiling Point

RMD 239-F, High Performance Storable Liquid Propellants, Reaction
Motors Div., Thiokol Chemical Corporation, Denville, New Jersey,

Report Period: dJune 1958 - May 1959, Contract NOas 58-64i-c,
CONFIDENTIAL. (Extrapolated from vapor pressure data.)
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Density, Liguid

RMD 239-F, High Performance Storable Liguid Propellants, Reaction
Motors Div., Thiokol Chemical Corporation, Deuville, New Jersey,
Report Pericd: June 1958 ~ May 1959, Contract NOas 58-0kh-c,
CONFIDENTIAL :

RMD 2004-03, High Performance Packageable Liquid Propellants, Reaction
Motors Div., Thiokol Chemical Corporation, Denville, New Jersey,
Report Period: July - Sept. 1960, Contract NOw 60-0106-c, CONFIDENTIAL

Vapor Pressure

RMD 239-F, High Performance Storable Liquid Propeliants, Reaction

Motors Div., Thiokol Chemical Corporation, Denville, New Jersey.
Report Period: June 1958 - May 1959, Contract NOas 58-bhk-c,
CONFIDENTIAL.

RMD 2004-F, High Performance Packageable Liqujd Propellants, Reaction
Motors Div., Thiokol Chemical Corporaiion, Denville, New Jersey,
Report Period: Jan. - De: 1960, Contract NOw 60-0106-c, CONFIDENTIAL.

Heat Capacity, Liquid

RMD 2004-F, High Performance Packageable Liquid Propellants, Reaction
Motors Div., Thiokol Chemical Corporation, Denville, New Jersey,
Report Period: Jan. - Dec. 1960, Contract NCw 60-0106-~c, CONFIDENTIAL.

osi Lj

RMD 239-F, High Performance Storable Liquid Propellants, Reaction

Motors Div., Thiokol Chemical Corporation, Denville, New Jerszy,
Report Period: June 1958 - May 1959, Contract NOas 58-6hk-c,
CONFIDENTIAL.
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Decomposition

RMD 1150-F, Rescarch Program to Study Interhalogen Oxidizer Systems,
Reaction Motors Div., Thiokol Chemical Corporation, Denville, New

Jersey, Report Period: April - Oct. 1959, Contract NOas 59-6209-c,
CONFIDENTIAL.

Toxicity

CRDLR 3104, Acute Toxicity of a Mixed Hydrazine Fuel (MIF-1), Chemical
Research and Development Laboratories, Army Chemical Center, Maryland.
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APPENDIX B

MHF-3 (86 w/o CH N, Hy, 14 w/o N2Hk) BIBLIOGRAPHY

PHYSTCAL PROPERTY BIBLIOGRAPHY

Coizposition

RMD 5046-F, Advanced Propellants Investigation for Prepackaged Liquid
Engines, Reaction Motors Div., Thiokol Chemical Corporation, Denville,
New Jersey, Report Period: May 1964 - June 1965, Contract
N600(19)62259, CONFIDENTIAL.

Physical Properties, Compendia

RMD 5046-F, Advanced Propellants Investigation for Prepackaged Liquid
Engines, Reaction Motors Div., Thiokol Chemical Corporation, Denmville,
New Jersey, Report Period: May - Aug. 1964, Contract N600(19)62259,
CONFIDENTIAL.

Melting fFreezigg! Point

AGC 1426, Summary, Investigation of Liquid Rocket Propellants,
Aerojet—General Corp., Azusa, California, Report Period: Jan. 1948 -
Dec. 1957, Contract N7oar-462, CONFIDENTIAL.

Boiling Point

RMD 5046-F, Advanced Propellants Investigation for Prepackaged i.iquid

ines, Reaction Motors Div., Thiokol Chemical Corporation, Denville,
New Jersey, Report Period: May 1964 -~ June 1965, Contract
N600(19)62259, CONFIDENTIAL.
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Density, Liquid

RMD 1150-F, Research Program to Stucdy Interhalogen Oxidizer Systems,
Reaction Motors Div,, Thickol Chemical Corporation, Denville, New
Jersey, Report Period: April ~ Qct. 1959, Contract NOas 59-6209-c,
CONFIDENTIAL,

DMD 5073-Q1, Advanced Propellants for Prepackaged Ligquid Engine,

Reaction Motors Div., Thiokcl Chemical Corporation, Denville, New
Jersey, 11 August 1965, Contract NOas 65-0575-c, CONFIDENTIAL.

Yapor Pressure

RMD 5046-F, Advenced Propellan.s Investigation for Prepackaged Liquid
Engines, Reaction Motors Div,, Thiokol Chemical Corporation, Denville,
New Jersey, Report Period: May 1964 - June 1965, Contract
N600(19)62259, CONFIDENTIAL.

Viscosity, Liquid

RMD 2004-F, High Performance Packajyeable Liquid Propellants, Reaction
Motors Div., Thiokol Chemical Corporation, Denville, New Jersey,
Report Period: Jan. - Dec. 1960, Contract NOw 60-0106-c, CONFIDENTIAL,
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APPENDIX C

MAF-5 (55 w/o CH,NBs, 26 w/o N,H,, 19 w/o N,H.N0s) BIBLIOGRAPHY

PHYSICAL PROPERTY BIBLIOGRAPHY

Composition

RMD 5005-F, Packaged Liquid Propellants, Reaction Motors Div., Thiokol

Chemical Corporation, Denville, New Jersey, Report Period: dJan. -
Sept. 1962, Contract NOw 62-0785-¢c, CONFIDENTIAL.

Melting (Freezing) Point

RMD 5005-F, Packaged Liquid Propellants, Reaction Motors Div., Thiokol
Chemical Corporation, Denville, New Jersey, Report Period: Jan. -
Sept. 1962, Contract NOw 62-0785-c, CONFIDENTIAL.

Boiling Point

RMD 5046-F, Advanced Propellant Investigation for Prepackaged Liquid
Engines, Reaction Motors Div., Thiokol Chemical Cerporation, Report
Period: May 1964 - June 1965, Contract N600(19)62259, CONFIDENTIAL.

Density

RMD 5005-F, Packaged Liquid Propellants, Reaction Motors Div., Thiokol
Chemical Corporation, Denville, New Jersey, Report Period: Jan. -
Sept. 1962, Contract NOw 62-0785-c, CONFIDENTIAL.

RMD 5046-F, Advanced Propellant Ynvestigation for Prepackaged Liquid
Engines, Reaction Motors Div., Thiokol Chemical {orporatiom, Denville,

New Jersey, Heport Period: May 1564 - Jume 1965, Contract
N600(19)62259, CONFIDENTIAL,
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Vapor Pressure

RMD 5005-F, Packaged Liquid Propellants, Reaction Motors Div., Thiokol
Chemical Corporation, Denville, New Jersey, Report Period: Jan. -
Sept. 1962, Contract NOw 62-0785-c, CONFIDENTIAL.

RMD 5046-F, Advanced Propellant Investigation for Prepackaged Liquid
Engines, Reaction Motors biv., Thiokol Chemical Corporation, Denville,
New Jersey, Report Period: May 1964 - June 1965, Contract
N600(19)62259, CONFIDENTIAL.

Heat Capacity

RMD 5046-F, Advanced Propsllant Investigation for Prepackaged Liquid
Engines, Reaction Motors Div., Thiokel Chemical Corporation, Denville,
New Jersey, Report Period: May 1964 - June 1965, Contract
N600(19)62259, CONFIDENTIAL.

Viscosity

RMD 5005-F, Packaged Liquid Propellants, Reaction Motors Div., Thiokel

Chemical Corporation, Denville, New Jersey, Report Period: Jan. -
Sept. 1962, Contract NOw 62-0785-c, CONFIDENTIAL.

Flash Point

RMD 5046-F, Advanced Propellant Investigation for Prepackaged Liquid
Engines, Reaction Motors Div., Thiokol Chemical Corporation, Denville,

New Jersey, Report Period: May 1964 - June 1965, Contract
N600(19)62259, CONFIDENTIAL.
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Shock Sensitivity

RMD 5005-F, Packaged Liquid Propellants, Reactir: ‘"1tors Div., Thickol

Chemical Corporation, Denville, New Jersey, Re:. : Jeriod: Jan. =~
Sept. 1962, Contract NOw 62-0785-c, CONFIDENTIAL.

Decomposition Rate

RMD 5046-F, Advanced Propellant Investigation for Prepackaged Liquid
Engines, Reaction Motors Div., Thiokol Chemical Corporation, Denville,
New Jersey, Report Period: May 1964 - June 1963, Contract
N600(19)62259, CONFIDENTIAL.
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APPENDIX D

CHLORINE TRIFLUORIDE BIBLIOGRAPHY

GENERAL IDENTIFICATION

Molecular Weight

International Atomic Weights, 1959

Molecular Structure

Burbank, Robinson, D., and Bensey, Frank N., "The Structure of the
Interhalogen Compounds. I. Chlorine Trifluoride at -120°," J. Chem.
Phys., 21, 602-8 (1953).

Pitger, Kenneth, "Bonding in Xenon Fluorides and Halogen Fluorides,"
Science, 139, 414-5 (1963).

Smith, D. F., "The Microwave Spectrum and Structure of Chlorine

Trifluoride,” J. Chem. Phys., 21, 609-14 (1953).

General References

AECU-4720, Rogers, Max T., "Physical Properties of the Halogen Fluo-

rides and Their Solutions," U, S. Atomic Energy Commission, 1959.

AGC LIRP 178, Physical Properties of Liquid Propellants, Aerojet-
General Corp., Sacramente, California, 13 July 1960.

The Battelle Memorial Institute, Liquid Propellant Handbook, Vol. 2,
"Miscellaneous,"” 1958, CONFIDENTIAL.

Greénwood, N. N., "Physicochemical Properties of the Interhalogen
Compounds,” Revs. Pure Applied Chem. (Australia), 1, 84-120 (1951).
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Liquid Propellant Information Agency, Liquid Propellaat Mapual,
"Chlorine Trifluor.de," 1958.

NARTS 55, Reinhardt, T. F. (ed.), Final Report, Chlorine Trifluoride
and Ins Use as an Oxidizer of Rocket Fuels - A Critical Review, U. S,
Naval Air Rocket Test Station, Dover, New Jersey, December 1934,

y CONFIDENTIAL.

P.S.M.Co. CT-1, Manual, Chlorine Trifluoride, Properties and Methods
of Handling, Pennsalt Chemicals, Pennsylvania Salt and Manufacturing

Co., Philadelphia, Pa., Revised 9 June 1952.

FR 59-48, Propellant Properties Manual, "Chlorine Trifluoride,”
Rocketdyne, & Division of North American Aviation, Inc., Canoga Park,

California, 1 February 1960.
Shisbkov, Yu D., and Opalovekii, 4. A., "Physicochemical Properties
of Chlorine Trifluoride,” Uspekhi. Khim., 29, 760-73 (1960).

TA-8532-2, Technical Bulletin, Chlorine Trifluoride d Othe
Halogen Fluorides, General Chemicals Div., Allied Chemical and Dye
Corp. (Baker and Adamson Products), New York, N. Y.

Vincent, L. M., and Gillardein, J., "Chlorine Triflueride,” Comm.
Energie At. {France), Rappt. CEA No. 2360 (1963).

PHASE PROPERTIES

Melting (Freezing) Point

Grisard, J. W., Bernbardt, H. A., and Oliver, George D., "Thermel
Data, Vapor Pressurs and Entropy of Chlorine Triflworide,” J. Am.
Chem. Soc., 73, 5725-7 (1951)

Ruff, Otto, "New Developments in Fluerine Chemistry,” Angev. Cbenm.,
46, 73942 (1933).

Ruff, Otto, and Krug, Herbert, "A New Chiorofluoride Cli’,," Z. anorg.
allgem. Chem., 190, 270-76 (1930).
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Iransition Point

Grizard, Bernhardt, and Oliver, op. cit.

Boiling Point

Grisard, Berahardt, and Oliver, op. cit.
Ruff and Krug, op. cit.
Ruff, op. cit.

Banks, A. A., and Radge, A. ¢., "The Determination of tbe Liquid
Density of Chlorine Trifluoride,” J. Chem. Soc., 1950, 191-3.
Triple Point

Grisard, Bernhardt, and Oliver, op. cit.

Critical Constants

Grisard, Bernhardt, and Oliver, op. cit.

Ruff and Krug, op. cit.

Density, Liguid

Banks and Rudge, op. cit.

NOTS TP 3002, rterly Progress Report 2 Densities of Liquid
Oxidizers, (Nyherg, D. G., and Poole, D. R.), April-June 1962,
CONFIDENT IAL.

Rocketdyne, this contract.
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Density, Vapor

Banks, A. A., Davies, A., and Rudge, A. J., "Tbe Determinaticn of the
Surface Tension and Viscosity of Liquid Chlorine Trifluoridas,”
J. Chem. Soc., 1953, 732-5.

Vepor Pressure
Grisard, Bernhardt, and Oliver, op. cit.

Buf? and Krug, op. cit.
PQSQH‘CO. CT—-I, op. cit.

P—— -4

Surface Tensian

Barks, Davies, &ad Rudge, op. cit.

Rogers, Max T., and Garver, Emerson E., "Viscositiss and Surface
Tensions of Some Liquid Halcgep Fluorides," J. Phys. Chem., 62,
952-4 (1958).

Coefficient of Thermsl Expansion

Roberts, J. E., Leigh, G. A., aad Tavler, A. J., "The Ignition of
Liguid Moro-Propellants for Gunm,” Armement Design Establisamens,
Ministry of Supply, Tech. N¥ote A.D.E. (leng) 54/R113, April 1054,
pe 26, CONFIDERTIAL.

Parachor

Banks, Davies, and Rudge, ep. cit.
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THERMODYNAMIC PROPERTIES

General Refcrences, Compendia of Therwod,namic Data

JANAF Thermochemical Data, 30 June 1961,

’ NARTS 55, Reiuhardt. T. F. (ed.), op. cit.

Rossini et al., "Selected Values of Chemical Thermodynamic Properties,”
Circular 500, National Buresu of Standards, U. S. Government Printing
0ffice, Washington, D.C., pp. 26, 549, February 1952.

Scheer, M, D,, "Thermodynamic Propertiea of Chlorine Trifluoride,”

J. Chem. Phys., 20, 924 (1952).

Reat of Formetion

Evans, Willium H., Munson, Thomas R., and ¥Wagmen, Donaid D.,
"Thermodynumic Properties of Some Gaseous Halogen Compounds,”
J. Research Natl. Bur. Stds., 53, 147-6t (1955). (calculated)}

NARTS 55, Reinhsrde, T. F. (ed.), op. cit. (calculated)

Schmitz, H., and Schumacher, li. J., "The Heat of the Reaction
1/2 F, + 1/2 C1, = CIF," 2. Naturforachg., 2a, 262 (1947).

"Chlorine Trifluoride,” JANAF Thermochemicail Data, the Dow Chemical
Gompany, Thermal Luboratory, Midland, Michigan, March 1966, CONFIDENTIAL.
(calculated)

Heat of Fasion

Grisard, Bernhardt, and Oliver, op. cit.

Heat of Transition

. Grisard, Bernhardt, ard Oliver, op. cit.
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Heat of Vaproization

Evans, Munson, and Wagman, op. cit. (caleulated)
Srisard, Bernhardt, and Oliver; op. cit. {calculated)

Ruff and Krug, op. cit.

Heat Capacity, Solid

Grisard, Bernhardt, and Oliver, op. cit.

Heat Capacity, Liquid

Griscrd, Bernhardt, snd Oliver, op. zit.
Rocketdyne, this contract.

deat Cupacity, Vepor

Claassen, Howard H., Weinstock, Bernerd, and Melw, John G.,
"Vibratiorel Spectra and Thermedynamic Promerties of (.‘IP‘3 and Bri‘.),"
J._Chem. Phys., 28, 285-9 (1958). (calculated)

Scheer, Milten B., op. cit. {calculated)

Shafer, V. K., and Wicke, £., "Raman Snectrum, Symsetry, and
Thermodynamic Propertica of Chlorire Trilluoride," Z. Elcktrochsx:.,
52, 205-9 (1948). (calculated)

Entropy

Claasson, Weinatock, and Malm, op. civ.
Evans, Munson, and Wagman, op. cit.
Grisard, Bernhardt, aad Oliver, op. git,
Scheor, #ilton D., ep. cit.

Shafer, V. K., and Wicke, E., op. cit.
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Weber, Alfons, and Ferigle, Salvador M., "Thermodynamic Propertics

of Chlorine Trifluoride,” J. Chem. Phys., 20, 1497 (1952).

Hleat of Dissociation

Shafer, V. K., and Wicke, E., op. cit.

Heat of Reaction-

Schmitz and Schumacher, "The Equilibrium CIF + F, = Cll‘-‘3," op. cit.

Schmi%z, H., ond Schumacher, H. J., "The Equilidrium
CII-‘3 + CIF, = (CIF3)2," . Noturforschg., 2a, 363 (1947).

Energy of Activatiun

Rogers and Garver, op. cit. (colculated)

Force Constants

Long, D. A., oand Jones, D. T, L., "Foree Constant Culculutions. V.

In Plane Vibrations of Chlorine Trifluoride, CIFT" Trans. Faraday Soc.,

59, .273-5 {1963).

TRANSPORT PROPERTIES

Viscosity

Bonks, Daviea, nnd Rudge, op. cit.

Rogers and Garver, op. cit.

Thermal Conductivitv .

AGC LRP 178, op. cit. (caleulated)
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ELECTROMAGNETIC PROPERTIES

Dipoie M&ment

Magouson, Dale W., "Dielectric Constant Measurementa of Chlorine
Trifluoride at 9400 Mc/sec.,” J. Chem. Ihys., 20, 229-32 (1952).
Magnuson, Dale V., "Microwave Dielectric-Constant Measurements,"
J. Chem. Phys., 24, 344-7 (1956).

Rogers, Max T., Pruett, R. D., and Speirs, Joha L., "The Electric
Moments of Some Interhalogen Compounds," J. Am. Chem. Soc., 77,
5280-2 (1955).

Dielectric Constant

Magnuson, Dale W., J. Chem, Phys., 20, op. cit.
Magnuson, Dale W., J. Chem. Phys., 24, op, cit.
Rogers and Gerver, op. cit.

Rogers, Max T., Thompaon, H. Bradford, and Speirs, John L.,
"Dielectric Censtants sf Liquid Chlorine Trifuloride and Iodine
Pentafluoride," J. Aw. Chem. Soc., 76, 4841-3 (1954).

Electric Conductivity

Danks, A. A., Emel€us, H. J., and ¥oslf, A. A., "Electrical Conduc-
tivity of Chlerine Trifluoride, Bromina Trifluoride, and Iodine
Pentafluoride,” J. Chem, Soc., 1949, 2861-5.

PCC 8518-ASPR-12/64, Annual Summary Progress Repori, Synthesis of

Inorganic Oxidizers, Pennsalt Chemicals Corp., Wyndmesr, Psz. Contract
AFD&(GIZ)-8518, 1 November 1963 ~ 1 December 1964, CONFIRENTZIAL.
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Magnetic Susceptibility

Rogers, Max T., Panish, M. B., and Speirs, John L., "The Magnetic
Susceptibilities of Chlorines Trifluoride, Bromine Trifluoride,
Bromine Pentafluoride, and Jodine Peniafluoride,” J, Ap. Chem. Socg.,

72, 5292-3 (1955).

Magnetic Properties, Paramagnetism and Diamngnetism

Rogers, Paoish, snd Speirs, op. cit.

Polarization, Electric and Molar

Mpgiuson, Dele W., J, Chem. Phvs., 20, op. cit.

Magnusop, Dale W., J. Chem. Phys., 24, op. cit.

Rogers, Pruett, and Speire, op. citl.

OPTICAL: ANy SPECTROSCOPIC FROPERTIES

Infrared Snectrum

Clsasaen, Wrinstock, and Malw, op. cit.

Jones, E. A., Parkinson, T. F., and Murray R. B., "The Infrored and
Raman Spectra of Chlcrine Trifluoride," J. Chem. Phys., 17, 501-2
(1949).

Raman Spectrumn

Claassen, Weinatock, and Malm, op. cit.

Jones, Perkinson, and Murray, op. cit.
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Shafer, and b .ck2, op. cit.

Vidrational Spestrum

Claassea, Weinstock, and Malm, op. cit.

Nuclear Megnetic Resonance

Alexakos, Louis G., and Cornwall, C. D., "Collisjon-Narrowing Tech-
nique for Nuclear Magnetic Resonance Studies of Gases at Moderate
Pressures,” J. Chem. Phys., 39, 1616-17 (1963).

Alexakos, Louis G., and Cornwall, C. D., "Nuclear Magnetic Resonance

(NMR) Spectra of CIF3 and C1F: Gaseous Spectra and Gas-to-Liguid

Shifta," J._Clem. Phvs., 41, 2098-107 (1964).

Index of Refractica

Rogers, Max 1., Malik, Jim G., and Speirs, John L., "The Refractive
Indexes and Molar Refractions of Some Hnlogen Fluorides and Fluero-

carbor Derivativea in the Vapor State," J. Am. Chem. Soc., 78, 46-7
(1956).

CHIMICAL PROPERTIES

General Chemistiry and Reactions

Booth, Harold S., and Pinkston, John T., Jr., "The lalogen Fluorides, "
Chem. Rev., 4l, 421-39 {1947).

NARTS 55, NMeinhardt, T. F. (ed.) op. cit.
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PCC-8518 QPR Nos. 1-10, Quarterly Progress Reports, Svnthesis of
Inorganic Oxidizers, Pennsalt Chemicals Corp., King of Prussia, Pa.
Contract AFO4(611)-~8518, CONFIDENTIAL.

RMD 5005-F, Final Report, Packaged Liquid Propellants, Reaction
Motors Div., Thickol Chem. Corp., Denville, N. J., Report Period:
Jan. -~ Sept 1962, Contract NOw 62-0785-c, CONFIDENT IAL.

Ruff, and Krug, op. cit.

Shighkov and Opalovskii, op. cit.

Solubility

NARTS 55, Reinhardt, T. F. {ed.), op. cit.
PoScMoCO. CT"l, 22. E.i!..-

RM 585-392, P-3 Quarterly Progress Report, Rocketdyne, a Division
of North American Aviation, Inc., Canoga Park, Calif., § January 1960.
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APPENDIX E

CILORINE PENTAFLUORIDE BIBLIOGPAPHY

PHYSICAL PROPERTIES

Phase Properties

R-5309, Final Report, Research in the Synthesis of High-Energy Storable

Oxidizers, Rocketdyne, a Division of North American Aviation, Inc.,
Canoga Park, California, RTD-TDR-1117, Contract AFO04{611)-7023, December
1963, CONFIDENTIAL.

R-6055, Final Report, Preparation and Characterization of a New Higzh

Energy Oxidizer, Rocketdyne, a Division of North American Aviation, Inc.,
Canoga Park, California, AFRPL-TR-05-51, Contract AFU4(611)-93563, April
1965, CONFIDENTIAL.

R-6147, Final Report, Physico-Chemical Characterization of High~Energy

Storabie Propellants, Rocketdyne, a Division of North American Aviation,
Inc., Canoga Park, California, AFRPL-TR-05-125, Contract AFU4(611)-9380,
May 1963, CONFIDENTIAL.

R-6535, Final Report, Engincering Propertiecs of Rocket Propellants,

Rocketdyne, a Division of North \merican Aviation, Inc., Canoga Park,

California, AFIPL-TR-06-122, Contract AFOM(611)=10540, January 190t
CONFIDENTIAL., (This report)

™MD 5025-F, Heterozeneous Propellant Prorram, Reaction Motors Division,

Thiokol Chemical Corporantion, Denville, New Jersey, Report Periad:
17 December 1962 to 1963, Contract NOw 03-03Uh-c, CONFIDENTIAL.
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RMD 5036-F, Advanced Esrth Storable Liguid Propellants, Reaction Motors
Division, Thiokol Chemical Corporation, Denville, New Jersey, Contract
NOw 635-0740~¢, February 1965, CONFIDENTIAL.

RMD 5050-F, Advanced Oxidizers for Prepackaped Liquid Engines, Reaction

Motors Division, Thiokol Cherical Corporation, Denville, New Jersey,
Contract NOw 64-0447-c, 31 July 1965, CONFIDENTIAL.

0801-01-2, Evaluation of High Energy Materials as Liquid Propellants,

Aerojet-General Corporation, Azusa, California, Contract DA-04-495-AMC-
255(2), January 1964, CONFIDENTIAL.

Thermodynamic Properties

R=5309, Rocketdyne, op. cit.
R-6055, Rocketdyne, op. cit.
BMD 5050-F, Reaction Motors Division, op. cit.

AR-18~63, Preparation and Charncterization of Compound F,,BG and Its
Mixtures With Uther Uxidizers, Dow Chemical Co., Midland, Michigan,
RTD-TDR-63-1065, Contract AFU4{611)-8524, 5 July 1963, CONFIDENTIAL.

PR No. 16, Rocket Propellant Research and Development, American Cyanimid,
Stamford, Connecticut, Contract NOrd 18728, August 1964, CONFIDENTIAL.

Transport Properties

R~6U35, Rocketdyne, op. cit.
R-6248-3, Rocketdyne, op. cit.

BMD 5050-F, Reaction Motors Divisiom, ep. cit.
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Eleciromagnetic Properties

R-6055, Rocketdyne, op. cit.

QPR 6, Synthesis of Inorganic Oxidizers, Pennaalt Chemical Company, King

of Prussia, Pennsylvania, Report Period: 1 March 1964 to 1 June 1964,
Contract AFUL(611)-8518, CONFIDENTIAL.

SHEMICAL PROPERTIES

R-6055, Rocketdyne, op. cit.
R-6147, Rocketdyne, 'p. cit.

24D 5050-F, Reaction Motnrs Division, op. cit.

“R-19, Research on High Energy Oxidizers for Advanced Solid Rocket
Fropellants, Allied Chemical Corp., Morristown, New Jersey, Contract

DA-3U~069-0RD-2638, 31 December 1903, CONFIDENTIAL.

PR=20, Research on High Enerpgy Oxidizers for Advanced Solid Rocket
Propellants, Allied Chemical Corp., Morristoewn, New Jersey, Contract

DA-30-069-0RD-2633, 31 March 1904, CONFIDENTIAL.

Fil=21, Research on High Fneigy Oxidizers for Advanced Solid Rocket
Propellants, Allied Chemical Corp., Morristown, New Jersey, Contract

[::=30~-069-0RD-2638, 30 June 1964, CONFIDENTIAL.
PR-22, Research on High Energy Oxidizers for Advanced Solid Rocket

Propeilants, Alliee'i Chemical Corp., Morristown, New Jersey, Contract
Di-30-069~0RD-2638) 30 September 1964, CONFIDINTIAL.

PR-23, Research on High Energy Oxidizers for Advanced Solid Rocket

Propellarts, Allisd Chemicul Corp., Horrisvown, New Jersey, Contract
[4~30-009-0RD-2633, 31 Decemher 1964, CONFIDENTIAL.
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AFRPL-TR-65-62, Synthesis of New Oxidizers for Solid Propellants, Monsanto
Research Corp., Everett, Massachusetts, Report Period: 1 October 1963
through 31 January 1965, Contract AF04(611)-8520, CONFIDENTIAL.

QSR. No. 5, Fluorine Oxidizers, Union Carbide Research Institute, Tarrytown,
New York, Report Period: 1 June 1964 to 1 September 1964, Contract DA-31-
124-ARO(D)-77.

QSR. No. 6, Fluorine Oxidizers, Union Carbide Research Institute, Tarrytown,
New York, Report Period: 1 September 1964 to 1 December 1964, Contract
DA-31-124-AR0O(D)-77, CONFIDENTLAL.

Streng, A. G.: Solubil‘ty Tests and Sowe Chemical Properties of Fluoridyne
QCogggund A), The Research Institute of Teaple University, Philadelphia,
Pennsylvania, 2 Deceaber 1904, CONFIDENTIAL.

MIXTURES

0801-01-3, Evaiuation of High Energy Materials as Liquid Propellants,
Aerojet-General Corporation, Azusa, California, Contract DA~04-495-AMC-

255(Z), April 1964, CONFIDENTIAL.

0801-01-%, luation of High Energv Materials as Liquid Propellants,
Aerojet-General Corporation, Azusa, California, Contract DA-04-495-AMC-
255(2), July 1964, CONFIDENTIAL.

0801-02-7, luation of High Energy Msterials as Liquid Propellants,
Aerojet-General Corporation, Azusa, Califernia. Contract DA-04-'9j-AMC-
255(2), April 1965, CONFIDENTIAL.

0801-02-8, luatiory of Hi ¢ Materigls as Liquid Propellants,
Aerojet-Generzl Corporation, Azusa, California, Contrnsct DA-04-/195-AMC-
255(Z), July 1965, CONFIDENTIAL.
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PR-24, Research on High Energy Oxidizers fox Advanced Solid Rocket
Propellants, Allied Chemical Corp., Morristown, New Jersey, Contract

DA-30-069-0RD-2633, 31 March 1965, CONFIDENTIAL.

» PR-25, Research on High Energy Oxidizers for Advanced Solid Rocket
- Propellants, Allied Chemical Corp., Morristown, New Jersey, Contract

DA-01-021-AMC-12264(Z), 30 Jure 1965, CONFIDENTIAL.

PR-26, Research on High Fuergy Oxidizers for Advanced Solid Rocket
Propellants, Allied Chemical Corp., Morristowm, Nevw Jersey, Contract

DA-01-021-AMC-12264(Z}, 30 September 1965, CONFIDENTIAL.

QPR No. 5, Synthesis of Inorganic Oxidizers, Pennselt Chemicals Corp.,
King of Prussia, Pennsylvania, heport Period: 1 December 1963 to March

1964, Contract AF04(611)-8518, CONPIDENTIAL.
QPR 6, Pennsalt, op. cit.

QPR No. 7, Synthesis of Inorpanic Oxidizers, Peansait Chemicals Corp.,
King of Prussia, Pennsylvauir, Report Period: 1 Jume 196% to ! Septesber
1964, Contract AFO4(611)-8518, CONFIDENTIAL.

QFR No. 8, Synthesis of Inorganic Oxidizers, Peansalt Chemicals Corp.,
King of Prussia, Pennsylvanis, Report Period: 1 Dezember 1964 to 1 March

1965, Contract AFO4(611)-8518, CONFIDENTIAL.
QPR No. 9, Synthesis of Inorganic Oxidizers, Pennsalt Chesicals Corp.,

King of Prussia, Penasylvania, Report Period: 1 Marck 1965 to 1 June 1965,
Contract AFO4{611)-8518, CONFIDENTIAL.

QPR No. 10, Synthesis of Iporgenic Oxidjzers, Pennsalt Chemicals Corp.,

King of Pruasia, Pennsylvania, Renort Period: 1 Jum: 1967 o ! Saptember
1965, Contract AFO4(511)-8518, CONFIDENTIAL.

QFR No. 11, Synthesias of Inorganic Oxidizers, Pennsalt Chemicals Corp.,
King of Prussia, Penusylvania, Report Period: 1 Sepiember 1963 to
1 December 1965, Contract AF04{611)-8518, CONFIDENTIAL.

CONFIDENTIAL




v 6512

0801-02-9, Evaluation of High Energy Materials as Liquid Propellants,

Aerojet-General Corporation, Azusac, California, Contract DA~04-495-AMC-
255(2), October 1965, CONFIDENTIAL.

0801-02-10, Evaluation of High Fnergy Materinis as Liquid Propellants,
Aerojet-General Corporation, Azusa, California, Contract DA~04-495-AMC-
255(2), January 1966, CONFIDENTIAL.

PR~19, Allied, op. cit.
AFRPL-TR-62, Monsanto, op. cit.

RMD 5036-F, Reaction Motors Division, op. cit.

RMD-5061-~Q1, The Formulation of New High Energy Storable Propellants,

Reactior Motors Division, Thiockol Chemical Corporation, Denville, New
Jersey, Contract NOw 65-0430-c, March 1965, CONFIDENTIAL.

RMD-5061-Q2, The Formulation of New High Energy Storable Propellants,

Reaction Motors Division, Thiokol Chemical Corporation, Denville, New
Jersey, Contract NOw 65-0430-c, 14 June 1965, CONFIDENTIAL.

BMD-5061~Q3, The Formulation of New High Fnergy Storabls Propellants,

Reaction Motors Division, Thiokol Chemical Corporation, Denville, New
Jersey, Contract NOw 65-0430-c, 14 September 1965, CONFIDENTIAL.

R-6147, Rocketdyne, op. cit.

R-GIR-1, Quarterly Progress Report, Physico-Chemical Characterization of

High Energy Storable Propellants, Rocketdyane, a Division of North American
Aviation, Inc., Canoga Pork, California, Contrac AFU4(611)~10544, July
1965, CONFIDENTIAL.

6218-2, Quarterly Progress Report, Physico-Chemical Characterization of

High Energy Storable Propellants, Rocketdyne, a Divizion of North American
Aviation, Inc., Canoga Park, California, Contract AFO4(611)-1054%4, October
1965, CONFIDENTIAL.
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6218-3, Quarterly Progress Report, Physico-Chemical Characterization of

High Eneryy Storable Propellants, Rocketdyne, a Division of North American
Aviation, Inc., Canoga Park, California, Contract AFO4(611)-10544, January

1966, CONFIDENTIAL.
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