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FOREWORD
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Research Division, with Dr. E. F. C. Cain serving as Program Manager and Mr. M. T.
Constantine'serving as the Responsible Project Scientist.

(U) This report has been assigned the Rocketdyne identification number R-7029.
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I
ABSTRACT

(U) The results of tie initial 12-month period of the current 24-month program

on the analytical and experimental characterization of the physical properties

of selected liquid propellants are presented in three phases. In Phase I,

a continuous review of the literature was conducted to ensure the acquisition

and documentation of the latest possible propellant properties data for

evaluation and possible inclusion into a propellant properties handbook.

Phase II experimental efforts have resulted in the measurement of chlorine
trifluoride density and vapor pressure; sonic velocity in chlorine tri-

fluoride and chlorine pentafluoride; nitrogen gas solubility in chlorine

pentafluoride; specific heat of UDll 50 w/o hydrazine-50 w/o UDIT, and

KEF-3; thermal conductivity of UDMI, WIF-3, and MIF-5; and viscosity of

chlorine pentafluoride. Phase III efforts included the evaluation and

assembly of all data generated in Phases I and II, preparation of complete
S~physical property bibliographies for dihorane and hydrazine, and assembly

i• of hydrazine physical properties data.

i4 A/i,

i,

I2



CONTETS

Foreword . .* * . . . . . . . . . . . ... .

Abstract . . . . . . . . . ... . . . ... iii

Introduction . . . . . . . . . . . . . 1

SuMitary . . . * .. .. . . ... . . 3
Technical Program . . . .. . . . . . . 7

Phase I: Literature Search . . . . . . . . .. & a 7

Objective . .. . . . . . . .. . .. 7

Results and Accomplishments . . . . . . . . . . . . 8

Phase II: Experimental Determinations ......... 9

Objective . . . . . . . . . . . . . . . . . 9
Results and Accomplishments . . . . . . . . . . . . 9

Phase III: Evtluation and Compilation of Data . . . . . . . 69

Objective . . ... . . . .. . . . . 69

Re3ults and Accomplishments . . . . . . . . . . . 69

References . . .. * . * 0 * * 0 * * * * * & 73

Appendix A . . .* 0 * . * 0 a 0 . . . . & . * 0 A-1

B-H 6 Physical Property Bibliography . . .* a * 0 0 * * A-I

Appendix B . .. . . . . . . .. . . . . . .. ..B-
N2H. Physical Property Bibliography . . . . . .. . . . B-I

2peldi x C . . . . . . . . . . . . . . . . . . . C-

Phyrical Properties of Hlydrazine . . . . . . . . . . . C-I

Apaend~ix 1) . . . . . .. • . . . • • •

Contractual Distribution . . . . . . . . . . . . . D-1

/VAL



ILLUSTRATIONS

1. Poole-Nyberg Densimeter o .. . . . ........ 11
2. Density of Saturated Liquid Chlorine Trifluoride .... 141
3. Density of Saturated Liquid Chlorine Trifluoride .... V';

4. Ionic VelocityApparatus. ;e......... . .. . .. 18

5. Sonic Velocity in Saturated Liquid Chlorine Pentafluoride . . ,2

6. Sonic Velocity in SaturatedrLiquid Chlorine Pentaf.uoride . . 23

7. Adiabatic Compressibility of Saturated Liquid

Chlorine Pentafluoride ... . . . . . . .. . 26

8. Adiabatic Compressibility of Saturated Liquid

Chlorine Pentafluoride . . . .... 27

9. Sonic Velocity in Saturated Liquid Chlorine Pentafluoride . . 29

10. Sonic Velocity in Saturated Liquid Chlorine Trifluoride . . 30

11. Adiabatic Compressibility of Saturated Liquid

Chlorine Trifluoride . . . . . . . .. .. . 32

12. Adiabatic Compressibility of Saturated Liquid

Chlorine Trifluoride . . ........... ... 33
13. Simplified Schematic Diagram of Solubility Apparatus . . . 34

14. Block Diagram of Circuit Used in Specific

Heat Measurements ... . . . . . . . . . . . 41

15. Saturated Specific Heat of N2 H1-UDMI (50-50) Fuel Blend 49

16. Thermal Conductivity Cell . . . ...... 53

17. Thermal Conductivity of (c 3)2N21! ......... 57

18. Thermal Conductivity of MIF-3 . . . . . . . .. 60

19. Capillary Viscometer Schematic ......... 6.

vii/viii

I!



TABLES

1. Experimental Density Data for Saturated Liquid CiF 3 • • 13

2. Experimental Vapor Pressure Data for CF 3. . . . . . . 16
3. Experimental Sonic Velocit;- Data for Liquid COF 5  .... 20

4. Sonic Velocity in CIF3 . .... ............ 28

5. Nitrogen Gas Solubility in Chlorine Pentafluoride . . . . 38

6. Description of Sample Containers . . . . . . . . . . 40

7. Experimental Saturated Specific HIeat of IUD[H . . . . . . 46

8. Experimental Saturated Specific Heat of 50 w/o N2 H4 -

50 w/o UDMH Fuel Blend . . .. . .... .. . 48

9. Saturated Specific Heat of MTIF-3 (Preliminary Data) . . . 51

10. Experimental Thermal Conductivity Data on (CH3) 2 N2 H2  . . . 55

11. Experimental Thermal Conductivity Data on NWIF-3 . . . . . 59

12. Preliminary Experimental Thermal Conductivity

Data on MHF-5 . . . . . . . . . . . . . . . . 62

13. Experimental Chlorine Pentafluoride Viscosity Data . . . . 67

ix/X



INTRODUCTION

(U) Under Contract AF04(611)-10546, Rocketdyne initiated a 12-mopth analytical

and experimental program on the rational and systematic physical character-

ization of selected liquid rocket propellants. This program was designed

as a primary step ini the elimination of the data gaps which have hindered

propellant utilization and development in the past. The overall program

objective was to assemble and experimentally complete the data on essential

physical properties of current and near-term liquid rocket propellants

over temperature and pressure ranges of practical use to propulsion

engineering.

(U) This initial program, conducted in three interrelated phases, was completed
on 31 March 1966 (Ref. 1). During the effort, a compilation of physical

properties data was made as a result of an extensive literature survey.

Experimental efforts resulted in the measurement of: (1) the thermal con-

ductivity of NlI-(CI13)2Nh12 (5050) and CtI 3N H3; (2) IRFNA and ClF5 sonie

velocity (and calculation of compressibility); (3) CIF3 and ClT3N213 specific

heat, and correction of ClF 5 specific heat data; (4,) CIF3 phase properties;

and (4) the design and assembly of apparatus for measurement of inert gas

solubility in liquids and liquid viscosities at extended temperatures and

pressures. Analytical efforts included the assembly and evaluation of

physical property data on MrF-l, MTIF-3, KGCF-5, CIF,, and ClI 5 for future

correlation and summary publication.

(U) The present three-phase program, being conductud iunder Contract AF04(611)-Jl?,07,

represents a 24-month extension and expansion of the objectives of the

previous effort. Phase I effort consists of a "ontinuous review of the

current literature to document i,,p.rted propellant properties. In Phase II,

effort In directed at the experimental determitiation of unavailable ei-

gineertng data for selected oxidizers and. fuels which are reqviired to

document reptrted propellant properties. Lffort under Phase III includes

the cotpilation, correlation, and evaluation of all data obtained from
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Phases I and II and presentation of the valid data in an annual technical

report.

(U) This report describes each phase of the present program in terms of the

objective and ski arizes the results and accomplishments achieved during

the first 12 months.

II



(U) Analytical and experimental research conducted during the initial 12-month

period of the current 24-month program on the rational and systematic phys-

ical characterization of selected liquid rocket propellants in described
' in three phase@.

(U) Phase I consisted of a continuous revner of the current literature and

efforts of other investigators in the field to ensure the acquisition and

documentation of the latest possible pr6pellant properties data for evalua-

tion and possible inclusion into a propellant properties handbook. During

this survey, a preliminary screening of 3894. reports resulted in the de-

tailed review of 461 reports for potentially pertinent data.

(U) The experimental characterization of es.sential physical properties of

selected propellants was conducted under Phase II. Experimental efforts

were directed at measurements of phase properties, sonic velocity (and

compressibility), inert gas solubility, specific heat, thermal conductivity,

and viscosity of selected propellants in an order related to their ira-

portance to the Air Force. During the initial 12-month period of the

present contract, Phase II experimental efforts have resulted in the

measurement of chlorine trifluoride density and vapor pressure; sonic

velooity in chlorine trifluorido and chlorine pentafluoride; nitrogen gas

solubility in chlorine pen ftaflloride; specific heat of UM%0, hydrazine-

UDM! (50-50) and MJW'-3; thermal conductivity of 1tI)4l, HIF-1 and HIP'-5;

and viscosity of chlorine pentafluorldo.

(U) A Poole-Nyberg densimeter was used to extend the saturated liquid OF P

density data to the temperature rnnei of -22 to -8 C (_9 to 18 V). These

data were correlated with previous dota asti curve fit over a temperature

range of -22 to 161 C (-8 to 322 F) with the following equations:

P(gm/cc) " 4.924 - 2.317 x 106- T(K) + 7.I29 10" T (K) - 8.215 x W" T0(K)



and

P(lb/cu ft) -121.360 - 1.22 x 10-1 t(F) + 2.127 x 10 t(F) 8.850 x 16" t(F)

(u) Vapor pressure data for .CiF3 were obtained over the temperature range of

42.9 to 147.6 C (108 to 298 F), using a constant-volume vapor pressure bomb.

Additional vapor pressure data are being determined in this and the critical

temperature region to extend presently available data.

(U) Measurements of sonic velocity in liquid CIF 5 and CF 3 were conducted at

saturated liquid conditions and under pressures of 500 and 1000 psia. The

data for saturated liquids were curve fit with the following equations over

the indicated temperature ranges:

OF c(M/sec) - 1755 - 4.074 T(K) + 5.936 x 106- T(V)2 (-77 to 69 C)

and
€(ft/sec) - 5758 - 7.426 T(R) + 6.011 x 10"h T(R) (-107 to 156 F)

COF - 1951.8 - 3.7508 Tto 7.5

-3 (w/ae) T(K) (-59.7 to7 )5

and

O(ft/sec) - 6401.8 - 6.8348 T(n) (-75.5 to 166.1 F)

(!1) Adiabatic compressibilities calculated from these data e*oablished the follow-

ing relationships for saturated liquid COF5 aid CIF 3:

( 0(sr-F) - 1.1565 x 10 + 1.39'2 106 t + 1.2708•108 t 2

1.14680 2 10-10 t(c) 3 9.685 I tc'1 )

ti)÷94 ,•z tc

"! 4-t# :



1 .4103 x 10710 tP2 + .95x10-13 t()3+1.403x o• t(F) + 9.0915 x 10 t(F) +

S:' 6.2782 x 10"1 t(F)

CFP 1 - 6.2594 x 10-3 + 6.1059 x 1075 t(C) +

3.7345 x 10-7 t (c) + 2.6649x 16-9t(c) t

2.1283 x 10' t(c)'.

and

S (paia-) - 3.5921 x 1074 + 1.8837 x 10-6 t(1 ) +

5.7058 16-9 t(F)o + 1.3434 x 10-11 t(')3 +

1.3795 x 11013 t(F) 4

(U) As & result of measurements of nitrogen gas solubility in CIFP5  a 90 F

solubility point of 2.35 • 10-5 lb Nlb CIF -pei was established at a

total pressure of 350 pal&. A set of data at 120 F contained values from
2.58 x 10-5 to 3.28 z 10- 5 lb N2/lb COF-psi fto• total pressures from

400 to 910 psia.

(U) Specific heat measurements were made on M01OI N fl4-UMfl(5G.-50), and

?IP-3 using an adiabatic calorimeter. The specific heat of UlI*0 was de-

termined over a temperature range of 1.7 to 70.5 C (33 to 159 F); however,
some discrepancies were noted in the data with the use of different apparatus

sample chambers. 'The specific heat data resulting from measurements on

N2 14-UUIQ(50-50) were curve fit over the temperature range 2 to 30 C
(36 to 100 F) to the following equation:

Cs(cal/g-c) w 0.715 + 0,00047 t(c)

I



CONFIDENTIAL

Preliminary measurements of HlfE-3 specific heat were conducted from

-47.8 to 24.9 " (-54 to 77 F). A determination of N2 H4 specific heat,

used for calibration purposes, agreed with previously established data.

(C) Thermal conductivity measurements were conducted on UDMH, MHF-3, and

MiF-5 fuels through the use of a steady-state concentric-cylinder con-

ductivity cell. The valid data for UDMH were curve fit from 0.5 to 251 F

with the equation;

k(Btu/hr-ftF) 0.1014 - 1.368 x 10-4 t(F)

The thermal conductivity data for MIER-3 over the temperature range 0.4 to

251.3 are represented by the equation:

k(Bt/hrftF) 0.1688 - 1.063 x 106 t(p) - 1.891 , 10- 7 tx(1

Preliminary results for the thermal conductivity of HMF-5 indicate values

from 0.188 to 0.171 Btu/hr-ft-F over the temperature range 0.5 to 201 F.

(U) Final assembly,'check-outo and calibration of an all-metal capillary

viscometerhave been completed. Two viscosity data points have been oh-

tained for saturated liquid CIF at 154 F (0.215 ep) and 176 F (0.185 ci).
5

Additional measurements are being obtained in the present viscometer to

provide viscosity data over the complete tempe'ature range.

(U) Phase III involved the assembly of all data generated in Phases I and II,

verification of all the data sources, critical evaluation and comparison

of conflicting data, and tabulation and correlation of the results. As

a result of these efforts, complete physical property bibliographies were

compiled for B2 H6 and N2H". In addition, effort was initiated on compila-

tion of a bibliography of N2 04 physical properties. The N2 H4 physical

property bibliography was used to prepare a set of physical property

data sheets on N2f 4 .

CONFIDENTIAL



TECHNICAL PROGRAM

PHASE I: LITERATURE SEARCH

OBJECTIVE

(U) The Phase I objective is the maintenance of a continuous review of the

current literature and efforts of other investigators in the field to

ensure the acquisition and documentation of the latest possible propellant

properties data for evaluation and possible inclusion into a propellant

properties handbook. This survey is designed to include, but not neces-

sarily be limited to, the properties of the following fuels and oxidizers:

Oxidizers Fuels

Liquid Oxygen (LO2 ) Liquid Hydrogen (LH2)

Chlorine Pentafluoride (C1F 5 ) N2H,-UDI*1I(50-50)

Chlorine Trifluoride (CIF ) Hydrazine (N2 HA)

Fluorine (M) (CH 3 )

Hydrogen Peroxide (H202 ) UDM0 E(C11) 2 N2 H2J

Nitrogen Tetroxide (N2 04 ) N2H.-MMII mixtures

Mixed Oxides of Nitrogen Hybaline B-3
(N 2 4-No)

FLOX Mixtures (02 -F 2 ) Alumizine

Oxygen Difluoride (oF2 ) Pentaborane (B5H9 )

Tetrafluorohydrazine (N2 V4 ) Diborane (B2H6 )

MBF fuels

MAY fuels

7



RESULTS AND ACCOMPLISMGENTS

(U) A formal survey of current propellant literature, which was initiated under

'Contract AF04(611)-10546 (Ref. 1), was continued as Phase I of the present

program. This survey, which includes the location, acquisition, and docu-

mentation of all available propellant properties data of interest to the

Air Force, was originally directed at a comprehensive review of physical

properties data. However, under the present contract, the survey has been

t extended to additional engineering properties data.

(U) The literature survey is being accomplished through two different techniques.

One part of the effort is directed at the survey of all reports acquired

I by Rocketdyne through normal distribution channels. Each of these reports

are surveyed with respect to subject matter, and reports containing po-

tential propellant properties data are selected for detailed review. All

pertinent data contained in these reports are documented for assembly

under Phase III.

(U) To ensure a complete awareness of all available propellant properties data

and their subsequent acquisition and documentation during the current pro-

gram, this report survey effort is supplemented by a continuous survey of

the current releases of Chemical Abstracts, NASA CSTAR Abstracts, Chemical

Propulsion Information Agency (CPIA) Abstracts, the Defense Documentation

Center (DDC) Technical Abstract Bulletin (TAB), the NBS Cryogenic Data

Center's Current Awareness Service, and propellant manufacturers' bulletins.

Any pertinent reports located through these abstract sources that have

not been acquired previously by Rocketdyne are ordered immediately and

eventually reviewed in detail.

(U) During the first year of the current program, 3894 reports were surveyed;

of this tothl, 461 reports were reviewed in detail for propellant proper-

ties data. Pertinent data contained in these reports are being compiled

and evaluated under Phase III.

I0
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PHASE II: EXPEIIlNTAL DETERMINATIONS

OBJECTIVE

(U) The objective of Phase II is the experimental characterization of essential

physical properties of selected liquid propellants. This phase essentially

constitutes a 24-month continuation of the efforts initiated under Phase II

of Contract AF04(611)-10546 (Ref. 1). Selection of the propellants and

properties to be experimentally characterized is related to the unavail-

ability of required data and relative importance of the data to the Air

Force. Initial efforts have emphasized the completion of those propellant

properties recommended for initial characterization under the previous

program. Additional efforts are continuing in an order related to the

importance of the data to the Air Force as determined by the Air Force

Project Engineer.

(U) The selected properties are being determined over the liquidus temperature

range and over a pressure range of 1.7 psi to 1000 psi, where practical.

Changes to the selected list can be made at any time during the program

through mutual agreement of Rocketdyne and the Air Force Contracting

Officer. Standard test methods are used if available. Wherever unique

or new test methods are used, their use has been approved by the Air Force

Contracting Officer.

RESULTS AND ACCOMPLISMOMS

(U) During the initial 12 months of the current 21 -month program, Thse II

efforts were directed at the measurement of phase properties, sonic velocity

(and calculation of compressibility), inert gas solubility, specific beat,

thermal conductivity$ and viscosity of selected propellants. The apparatus

and techniques used in these measurements were essentially those used pro-

viously in similar efforts conducted under Contract AF0.(611)-10546 (RPt. 1);

however, some further modifications and development of the inert gas solubility,

£4
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specific heat, and viscosity apparatus were necessary to improve the

quality and accuracy of the measurements. The efforts and results in

each of these areas of study are described in the following paragraphs.

Included in tbe discussions are details of the changes in experimental

apparatus or methods instituted during the current program.

Phase Properties

(U) Phase property measurements have been designed to expand the available

experimental data on chlorine trifluoride (ClF3) dentity and vapor pres-

sure. Density measurements on saturated liquid COF 3 over a temperature

range of -22 C (-8 F) to -8 C (18 F) extended the low-temperature ex-
tremity of the previously available data (Ref. 1 and 2). Additional ClOF

vapor pressure measurements were conducted over the temperature range of

42.9 C (109 F) to 147.6 C (298 F) to increase the accuracy of previously

available (Ref. 1 and 3) vapor pressure data in the high-temperature and

critical region.

(U) The experimental apparatus used in the density measurements has been

described previously (Ref. 1). A diagram of the apparatus, which wai

constructed from the design of Poole and Nyberg (Ref. 4), is presented

in Fig. 1. This densimeter operates on the principle that a sudden rise

in pressure (sensed by the pressure transducer) will occur then all vapor

in the variable volume propellant cell is forced to condense by mechanical

reduction of the cavity volume containing both liquid and vapor. The

volume of the cell (and thus the contained liquid) at this point is in-

dicated by the position of the micrometer attached to the bellows and a

prior calibration of the micrometer (defining the micrometer setting-cell

volume relationship) of the apparatus with liquid of known density. The

density of the sample at this point is tht'n calculated from the weight of

the prop1llant sample and the indicated volume.

(u) The apparatus is constructed entirely of 300 series stainless steel and

is capable of withstanding pressures up to 1100 psi. The volume range

10
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Figur* 1. Poole-Nyberg Densimeter.
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provided by the stainless-steel bellows permits density measurements over

a wide range of temperatures without change of the propellant sample size.

The densimeter is placed in a constant-temperature bath for temperature

selection and regulation. The temperature of the propellant sample is

indicated ty a chromel-alumel thermocouple taped to the densimeter and

is recorded during the density measurement after the propellant sample

has reached thermal equilibrium with the environmental bath.

(U) The apparatus used in the vapor pressure measurements consisted of a 10-

milliliter, stainless-steel cylinder with immersion thermocouple, pressure

transducer, and sample valve. The thermocouple, a chromel-alumel junction

with stainless-steel sheath, was sealed into the cylinder with a swedge

fitting, thus permitting direct measurement of the temperatures of the

cylinder contents. The thermocouple was calibrated at the melting and

boiling points of water. The 1000-psia pressure transducer was cali-

brated with a Heise gage over the temperature and pressure ranges of

intended use.

(U) During the measurements, a sufficient amount of CF 3 was loaded into the

vapor pressure apparatus to ensure the presence of some liquid at all

times over the range considered, The bomb and contents were allowed to

reach thermal equilibrium at selected temperatures, and the equilibrium

vapor pressures were rcorded. Constant temperatures above ambient were

maintained by placing the entire apparatus in a Fisher Isotemp oven.

(U) Pensaty of Chlorine Triflooride. With the variable volume capabilities

of the Poole-Nyberg densimeter, it was possible to conduct measurements
on propellant-grade CIF over the temperature range of -22 C (-8 F) to

-8 C (18 F) with one filling of the apparatus. The density data result-

ing from thest measurements are presented in Table 1 with the chemical

analysis of the propellant nwtple. These density data together with that

obtained from previous experimental measurements (Ref. I and 2) were curve



fit by a least squares computer program over a temperature range of -22 C(-8 P) to 161 C (322 F), which resulted in the following equations:

P(gm/cc) - 4.924 - 2.517 x 10-2 T(K) + 7.3842 x 10-5 T(K)2

8.215 x 1o-8 T3 (()

P(lb/ft 3 ) - 121.360 - 0.1246 t(F) + 2.127 x 10-4 t(F)2

8.850 x 1o-7 t(F) 3  
(2)

The standard deviations for these curve fits are 0.005 gm/cc and 0.31
lb/ft 3, respectively. These equations are represented graphically In
Fig. 2 and 3, respectively.

TABLE 1

EXPEIMITAL DENSITY DATA FOR SATMA 7TM LIQUID CIF1P

Observed Calculated*-*STemperaturet Density, Density, Ap x 10,

Cc _• • c e g m /cc = cC K / c
-22.-553 1-958 1.9609 2.9
-20.15 1.949 1.9523 3.3
-16.18 1.940 1.9383 -1.7
-8.73 1.913 1.9128 -0.2

*Sample composition: CIF3 -99.5+ v/o

H3P-0.4 w/o
Noncondennables--t race

**From 1i. I

13
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(U) Vapor Pressure of Chlorine Trifluoride. The vapor pressure of propellant

grade ClF3 was measured over the temperature range of 42.9 C (109 F) to

147.6 C (298 F). The data obtained thus far are presented in Table 2

with the chemical analysis of the propellant sample. Upon completion of

additional measurements in this temperature region and extension of the

measurements to the critical temperature (355 F), all data, including

that previously determined (Ref. 1 and 3), will be curve fit by a least

squares computer program.

TABLE 2

EXPRIMXINTAL VAPOR PRESSURE DATA FOR CIF

Temperatureo Pressure,
C F psa

42.9 109.2 465

61.1 142.0 78

74. 6 166.3 1l1,

93.1 199.6 182

S111.3 232.3 274

131.4 268.5 4,08

147.6 297.7 560

*Sample composition: C1F -- 99.5+ W/o3 '
llF-.-0. It w/o

Nncondonabla e- t race

on Lt V I or i... f"and Adiabat I c Comr_ i.•n l_.tiuremrntm

(U) Sonic velocity meoaiirementm were conducted In liquid chlorine trifluorido

(CIF3) and chlorine pentafluorile (CIFr). These measiurements covered a

temperature range of -77 C (-107 F) to 69 C (156 F) and pressures of fat-

uration, 500 and 1000 psia.

16



(U) The experimental apparatus, which has been described previously in Ref. 1

and is illustrated in Fig. 4, is used to accurately measure the distance

of test fluid through which sound waves of a known frequency travel. The

interferometer, which is capable of withstanding pressures to 1000 psia

and temperatures to 200 F, is constructed of type 347 stainless steel

(which is compatible with most propellants of interest). The dial gage,

which provides precise linear location data also enables the differentia-

tion between the reflected signal (and its harmonics) and reflections

from the metallic interferometer body. Displayed pips, from true reflecti

move on the oscilloscope as the reflector is moved, while spurious signals

remain stationary.

(U) The measurements are conducted by initiation of a 5-megacyle radio fre-

quency signal from the pulsed oscillator, which in fed simultaneously to

the oscilloscope and a quartz piezoelectric crystal (with 5-megacycle

resonant frequency) attached to the bottom of the interferometer. The

sound waves, emanating from the crystal, travel through the bottom of the

interferometer, through a known distance of test liquid to a reflector,

and then back to the crystal. The initial and reflected waves are dis-
played on the oscilloscope, thus allowing measurement of the time required

for the ultrasonic waves to traverse the known distance of test fluid.

(U) During the determination@, the interferometer was immersed in a constant-
temperature bath and allowed to reach thermal equilibrium at a selected

temperature level before a measurement was conducted. The equilibrium

temperature was then measured using a chromol-alumel thermoeouple(iith

,a type 316 stainless-steel sheath) imersed in the test fluid.

(U) The sonic velocity apparatus wva calibrated over a temperature range of

0 C (32 V) to 74 C (165 F) at pressures of 14.7, 500, and 1000 psi&, using
distilled water and absolute methanol as test fluids. The data obtained

from sonic velocity measure~mnts in these fluids with this apparatus were

compared with literature values for these fluids (Ref. 5, 6, and 7) to

~-n~mrnmr7

• I
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obtain a calibration factor. The agreement between the values obtained

with this apparatus and those of the literature were within 1.5 percent

with a precision of < 1 percent.

(U) Using the resulting sonic velocity data anJ the liquid density, the adiabatic

compressibility of the liquid was calculated from the relationship:

S1 (3)pc2

where

= adiabatic compre..-bility of the Jiquid

p - density of the liquid

c - velocity of sound in the liquid

(U) Sonic Velocity of Chlorine Pentafluoride. The velocity of sound was

measured in propellant-grade liquid CIF. under: (1) saturated liquid

conditions over a temperature range of -77.1 C (-106.8 F) to 68.7 C

(155.7 F); (2) total pressurization of 500 psia (uning gaseous nitrogen)

over a temperature range of -73.5 C (100.3 F) to 69.2 C (156.6 F); and

(3) total pressurization of 1000 pmia (using gaseous nitrogen) over the

temperature range -27 C (-16.6 F) to 16.8 C (62.2 F). The results of

these meamurements are presented in Table 3 with results of chemical

analysis of the propellant sample.

(U) The experimental data for the velocity of mound in COF5 under saturated

liquid conditions were curve fit using a least sqtares cumputer program.

The resulting equations, which represent the saturated liquid data from

-77 to 69 C (-107 to 156 F) in both metric and !`lglish units are:

C(•/s•) - 175- 4.074 T(K) + 5.936 z 1o0" T (K) (')

19
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TABLE 3

PERIMENTAL SONIC VELOCITY DATA FOR LIQUID C1F 5

Temperature Sonic Velocity, m/sec

C r Pressure Experimental Calculated A , =/see

-77.1 -106.8 Saturation 979.0 978.6 0.1

-56.5 -69.7 Saturation 900.0 899.9 0.1

-31.0 -23.8 Saturation 801.0 803.1 -2.1

-19.6 -3.3 Saturation 757.0 760.0 -3.0
-6.0 22.2 Saturation 708.0 708.8 -0.8

-0.8 30.6 Saturation 692.0 689.3 2.7
0.1, 32.7 Saturation 693.0 684.8 8.2

3.6 38.5 Saturation 677.0 672.8 4.2

8.3 ,6.9 Saturation 6A8.0 655.2 -7.2

15.1 59.2 Saturation 631.0 629.8 1.3

26.2 79.2 Saturation 586.0 588.3 -2.3

31,.1 93.9 Saturation 555.0 557.8 -2.8
4,8.9 120.0 Saturation 50o.0 50o,.0 0.0

68.7 155.7 Saturation ,32.0 430.8 1.2

-73.5 -100.3 500o psi 951.0

-54,.2 -65.6 500 poi. 883.0

-27.9 -18.2 500 pots 745.0

-18.2 -0.8 500 poti7n.

-1.9 29.6 500 pats 675.0

,.8 40.6 500 poln 652.0

11.0 51.8 500 pain 627.0

22.41 72.3 500 pal 599.0

25.7 78.3 500 pois 577.0

33.6 92.5 100 pain 552.0

-,3.5 110.3 500 palo 520.0
51,.? 130.3 500 Paai 4,87.0

69.2 154.6, j!)0 psin a,19.0
-27,0 -16.6 100 paio 7(60,0
-31.6 -7.2 1000 pats 71,_.0 -

-3.2 26.2 1000. Pa• 612.0 1 0.

16. 62.2 00o0 patn 622.0 ....

'gaaie | opositionlI

* CI? CIO
Prorun Atijlysla 9-W3 v/ 0,0 w•/, 0.6 v,!.•.0,05 vi*
Pentrus Aunlyala A+,. V/0c 0.1 v/o 0,6 w!e qO'5 v/a

WTIl •Calfulat e. 6nni volerity valuos at*. tho.. fI.4talf+10d at lfb.
fosurowmet topperotu.to, .nlI* the ap,'roprlnt# rtvrvee+it oquastioll,

_20



and

C(ft/see) -5758- 7.426 T(R) + 6.011 x 10 T(R) (5)

The standard deviations of these curve fits are 2.2 u/sec and 7.2 ft/sec,

respectively. Graphical representations of these equations are presented

in Fig. 5 and 6, respectively.

(U) An anomaly was noted in the data resulting from the sonic velocity measure-

ments in the pressurized liquid. ..... 3Ally. the velocity of sound in a

liquid at constant temperature has been found to increase with increasing

pressure. In addition, the change in slope of a sonic velocity-temperature

plot is relatively equivalent for various isobars over the same temperature

range. The data at both 500 and 1000 psia indicate that at the lower tem.-

peratures investigated, the velocity of sound in COF5 was decreased as

the saturated liquid was pressurized. However, as the temperature was

increased, the saturated liquid plot and the isobars (which can be plotted

from the data at 500 and 1000 psia) %N1 eventually meet and reverse this

condition.

(U) Consideration of possible effects resulting from liquid solubility of

the nitrogen gas, which was used for pressurization, offers a reasonable

expianation of this anomaly. A. gas content is increased in ths liquid

(this would accompany an increase in pressurant gas piessure), the

velocity of sound will decrease, As temperature of the liquid is increased,

the gas content (solubility) in the liquid should decrease. The combina-

tion of these two effects together with the assumed effect of pressure

on sonic velocity In'ClF5 are probably responsible for the anomalous

trends in the experimental observations.

(U) To eliminate the influence of dissolved pressurant gas in the measurements,

a bellows asssmbly could be used instead of a pressurant gas to apply

pressure to the liquid sample. flowever, the small magnitude of the observed

,pressure effect (typirally, a 0.5 percent difference in sonic velocity from

1.
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saturation to 500 psia) within the experimental conditions under con-

sideration does not justify a modification of the apparatus at the present

time. In addition, the effect of inert gas on physical properties should

be considered because similar conditions are encountered in the design

and development of propulsion systems.

(U) An experiment has been planned to demonstrate the effect on sonic velocity

of a dissolved gas in a propellant. This effect, which will be characterized

in both CIF, and COF , will be studieJ by determining the change in conic

velocity in a liquid sample as the sample is subjected over a period of

time to a constant inert gas pressure at a preset temperature level,

(U) Adiabatic Compressibility of Chlorine Pentafluoride. The sonic velocity

and density data (Ref. 8) of saturated liquid COF 5 were used to compute

adiabatic compressibilities according to Eq. 3. A least squares curve

fit of the resulting calculations from -80 to 70 C (-112 to 158 F) es-

tablished the following compressibility-temperature relationships for

saturated liquid C1F 5 (in both metric and English units):

* -- 4- -6
P'(atm-) 1.1565 x 10 + 1.3942 x 10 t( 0 ) +

1.2708 x 1O-11 2 + 1.4680 x 1O-10 t +

1~c) (W

9.6855 x 10l1 t(c) (6)

and

(psia-1 ) 6.4065 x 1O-6 + 4.0065 1078 t(F) +

1.4103 x 10-1top) + 9.0915 10 t +

6.2782 t(F) (7)

24
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The standard deviation of these curve fits, which are graphically pre-

sented in Fig. 7 and 8irespectively, are 8.85 x 10-7 atm- 1 and 6 x 1078 psia-1,

respectively.

(U) Sonic Velocity of Chlorine Trifluoride. Sonic velocity measurements were

conducted in propellant-grade liquid chlorine trifluoride, COF 3 , under

saturated liquid conditions over a temperature range of -59.7 to 74.5 C

(-75.5 to 166.1 F), and under total pressures (using gaseous nitrogen)

of 500 and 1000 psia over temperature ranges of -51.2 to 74.9 C (-60.2

to 166.8 F) and -49.5 to 34.1 C (-57.8 to 93.4 F), respectively. The

results of these measurements and the chemical analysis of the propellant

sample are presented in Table 4. A curve fit of the sonic velocity data

obtained from measurements in saturated liquid COF3 resulted in the follow-

ing equations.

C(M/Bec) 1951.8- 3.7508 T(K) (8)

and

S0(ft/sec) - 6401.8 - 6.8348 T(R) (9)

The standard deviations for these curve fits, illustrated in Fig. 9 and

10, respectively, are 2.9 M/see and 9.4 ft/sec., respectively.

(U) An anomaly, similar to that observed in the sonic velocity measurements

in CIF5 , appears in the data presented in Table 4. As noted in the pre-

vious discussion on CIFS, the velocity of sound in a liquid at constant

temperature normally increases with increasing pressure, and the change
in slope of a sonic velocity-temperature plot is approximately equivalent

for various isobars over the same temperature range. Table 4 indicates

erratic and conflicting results in some of the data obtained in the

pressurization of the CIF to 500 and 1000 paia. As noted previously,

the probable cause of this anomaly is postulated as an effect of pres-

suritation gas solubility in the liquid. This effect in currently being

characterized.

25
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TABLE 'i

SONIC VELOCITY IN CIF 3

Temperature, Sonic Velocity, m/arc

C r Presmure Experimental Calcul&ted M /Mec

-59.7 -75.5 Saturation 1157.4 1151.1 -6.3

-27.6 -17.7 1026.5 1030.7 4.3
-18.1 -0.6 99g.5 995.1 '.6

-5.2 22.6 946.1 946.7 0.2

0.0 32.0 926.9 927.2 0.3

6.3 143.3 900.8 9"3.6 2.8

I14.6 58.3 871.7 872.4 0.7

26.2 79.2 832.1. 828.9 -3.5

36.2 97.2 794.0 791.4 -2.6

44.18 112.6 760.1 759.2 -0.9
55.6 132.1 718.2 718.7 0.5

63.5 14.6.3 68).5 689.0 -0.5

74.5 166 -.1 617.14 61.7.8 0.4
-51.2 -60.2 500 pota 1110A - -

-27.3 -17.1 1018.7 - -

-22,2 -8.0 1002.1 - --

-111.3 1..5 977,8 --

-5.2 22.6 939.5 -- -

6.5 143.7 901.8 ...

15.1 59.2 879,6 - --

6.26 79.2 M42.5 ....

34.; 1 91,9 790.7 ...

42.6 101,7 759.6 ....
5.5 1 124,.7 726.1. ....
59., i ,.i 6,,., ..

71..9 166.14 619.1 --

-4.9.9 -57.8 10010 WaA 1114.0 -

20.2 68.1. 851,6 .....
34,1 4)3,. "102.9 ....

*Mmplo en'npolttlonz

Prerun Analyalas " 9),1 w/o 0.1. V'!o 0,2 W," 0.01 V1/1

P, .trun Analysio ) ,1 w/O 0, 1' W/o 013 w/o 0.01 V/6

NOM'Ftc,,Inted *onlr0 veoerlty v+aes aore thsee raltrulotd aI the
lestsorempnt temperalure tWeli$ tho approprital turvo fit vquallot,.

+ + . -I
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(U) Adiabatic Compressibility of Chlorine Trifluoride. Adiabatic compres-

sibilities of CIF3 were computed according to Eq. 3 using the sonic
velocity data from the saturated liquid measurements and the saturated

liquid density data noted previously. A least squares curve fit of the

resulting calculations from -56 to 76 C (-69 F to 169 F) established the

following compressibility-temperature relationships for saturated liquid

COF3 (in both metric and English units):

l(atm-1) =6.2594 x 10-3 + 6.1059 x 10-5 t(C) + 3.7345 x 10- 7 t(c)

2.6649 x io-9 3 1 0
1  4 (0

(C) + 2.1283 x 10- t(c) (lO)

P(psia-1) - 3.5921 x 10-4 + 1.8837 x 10-6 t(F) + 5.7058 x 1079 t(F)t((F)

1.3434 x 10711l + 1.3795 x W0-13 t(F (1

The standard deviations of these curve fits, which are graphically pre-

sented In Fig. 11 and 12, are ,.5 x 1 .-6 7m91 and 3.1 x 10-7 (a1
respectively.

Inert GR4 Sollhib1i ty Ileami~lrementm

(U) Measurements of nitrogen gas solubility in propjellont-grade chlorine

pentafluoride are being conducted dtiring the current prollrnm. Is thesse

determinationn~the experimentally derived quantity is a differential

solubility (the gas dissolved per unit mass of propellant and per unit

preanire increase) meanAired at a particutlar temperature and pre•msure.

This quantity can readily bo integratd to give total (absoluto) soluhility.

(U) A simplified schematic diatgram of the apparatuis, which has been previotusly

described in detail (lief. 1),is presented in Fig. 13. The Inert gas is

1I



CALCULATED DATA
CURVE FIT FROM -56 TO 76 C WITH EQUATION

111.0 *7'5 1 7

P(ATM-;)629xolo ~ (C) (C)

+2.66419 x10'- t(3) +2.1283 X 1011l t(4)I-

13.0:j

2~ ... 2.........g

......... ..

.L ..... ..
I 1 .0. .... ...

7:17 ....

-0 ..~~~ ....1:1- *
10.-

t~~~.. ...0.. .....~.. 2  I J

ZZ "LlJ'

6 .0 - ~ ,.

F.0 t:!: t I L J

-80 -60 -110 -20 0 20 110 60 so

TEMPER.ATURE, C

Figure 11. Adiahntic Cornpronaibility of Satuarated Liquid Chiorinp.
Trifluoride
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introduced from a volume-calibrated gas reservoir into a volume-calibrated

test tank, or propellant cell, which contains a known quantity of propel-

lant. The volume of the gas absorbed at a known temperature and after

agitation is calculated from pressure changes that occur in the system.

These pressure changes are monitored by two precision differential pressure

transducers. The entire apparatus, including both the propellant cell

and the gas reservoir, is mounted within a thermostated enclosure,

which maintains desired temperature during a solubility determination.

The temperature conditioning enclosure is supported upon a rocking plat-

form which in used to agitate the test solution in the propellant cell to

attain equilibrium conditions.

(U) At the beginning of a solubility determination, the propellant cell is

charged with a measured quantity of liquid propellant, large enough to

ensure that the cell will always contain a significant amount of liquid

at the desired test temperature. The equilibrium cell pressure at the

start of a test is then determined by the combined effects of propellant

vapor pressure, inert gas content (e.g., total mass) in the cell, inert

gas solubility, and relative volumes of ullage and liquid in the cell.

The gas reservoir pressure is set at an adequately larger value than that

required for supply during the solubility measurement.

(U) The first step in a solubility determination consists of introducing gas

from the reservoir into the cell ullago by temporarily opening the con-

necting input valve. The resulting pressure decrease in the reservoir

and pressure increAse in the cell are recorded by the corresponding

differential pressure transducers which have controlling valves to isolate

the initial preanurts as reference pressures. The initial pseudo-equilibrium

pressure in the cell (before inert gas can diffuse into the quiescent liquid

to an appreciable extent) involves only ullage pressurization. A material

balance between the reservoir gas and gas in the ullage can be written

as follows:

"(a T ) T

tlTO ...... ..............................



where is the reservoir volume which can contribute input gas;

is the isothermal change of density with pressure for the pure reservoir

gas at the test pressure; (AP)G is the pressure drop recorded by the

reservoir transducer; VU is the ullage volume in the propellant cell;

(ap/P)TrU is the isothermal change in density with pressure for the inert

gas in the vapor-gas ullage mixture at the test pressure, and (A P)c, is

the initial pseudo-stable pressure increase in the cell.

(U) The second step of a solubility determination is to agitate the liquid

until solution equilibrium is established. Solution of inert gas causes

the decline in cell pressure, and a lower differential pressure (than that

obtained before agitation) is recorded by the cell pressure-transducer.

Another material balance established between inert gas in the ullage and

gas in solution can be written as follows:

-UFA& P)C, 2 I -)C (1 M ) (13)

where (AP)c, 2 is the second (lower), equilibrium pressure increase in

the propellant cell; a is the differential solubility of the Inert gas

in the propellant; and M is the mams of liquid propellant.

(U) These material balances are combined to eliminate the ullage volume and

gas compressibility, which are unknown quantities because the partial

volume of solution and the P-V-T characteristics of the gas-vapor mixture

in the ullage are unknown. (Experience to date verifies that these prop-

ertie. depart considerably from the ideals of a constant volume liquid

and a perfect gas mixture.) To Justify the cancellation of ullage prop-

erties, as well as the use of point values or averages for the density-

pressure derivativesj the pressure range of a single test must be maintained

reasonably low; the differential pressure transducers of the apparatus

operate within a range of approximately 20 nsi.
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(U) The combination of Eq. (1• and 41 gives the following expression:

VG (AP), (AIP)G [('&lC.1 - ) (' 21 (14
G (AP)C,l P)C,2

Thus, the establishment of the solubility requires a knowledge of the

absolute volume of the gas reservoir tank, the mass of propellant in the

cell, the density-preseure behavior of the pure inert gas, and the var-

ious transducer pressure readings.

(U) This experimental approach has proved to be generally sound. However)

test experience revealed one experimental drawback; at low total pressures

(i.e., large vapor/inert gas ratio in the ullage) the initial pressure

equilibrium is not readily established following introduction of the gas

into the ullage. Rather, the gas input induces some vapor condensation,

and corresponding loss in cell pressure is only restored by a very slow

(e.g., 20 minutes) transient buildup (controlled by either vapor-gas dif-

fusion or heat transfer to the cell) under the necessary quiescent con-

ditions. This slow equilibration is experimentally unacceptable, as it
does not permit a definitive observation of the initial ullage equilibrium,
unaffected by the process of solution. At higher total pressures (relative

to the propellant vapor pressure),the effect diminishes and reliable ob-

servations are possible.

(U) Nitrogen Gas Solubility in Chlorine Pentafluoride. An initial set of

data on nitrogen-chlorine pentafluoride solubility was obtained at 120 F.

These data are presented in Table 5.

Because of the delayed equilibrium effect discussed previously$ data

could not be obtained at 1lir total pressure (tho vapor pressure of COF5
is approximately 115 pet& at 120 F). lBecatise data acceptability is best

judged by the precision of consectitive sol-ibility measurements within

a relatively small pressure range, the da#a points given in Table 5 are

averagus for several consecutive measuzements within t19 percent or less.

The scatter wus largely associated witb temperature fluctuations during a

measurement.

i3



TAR R I

NITROGEN GAS SOLU13ILITY IN CHORINE PENTAFLUORIDE

Total Solubility x 16-5,
Temperature, Pressure, lb N2/lb CIF -psi

F psia 2

120 400 2.58

120 610 2.94

120 780 3.26

120 910 3.28

90 350 2.35II
(1f) Before attempting further measurements, the experimental arrangemenf was

modified to provide the most direct possible input of gas to the propellant

cell ullage (as permitted by the design of the cell) to minimize condensa-

tion and slow diffusion mixing within restricted line volwmes. ('.'ie pro-

pellant cell necessarily has line connections for the input gas, differ-
ential pressure transducer, total pressure transducer, and safety burst
diaphragm.) Other modifications included relocation of the transducer

monitoring recorders to permit closer control of the input rate by the

operator u-.d the incorporation of idore stable thermal control.

(U) These modifications resulted In higher precision isa the high-pressure

region, but negligible improvement with regard to the initial equilibration

problem. Attempted measurements at low pressure and temloerature betv.'en

90 and 180 F yielded no useful results. Tentative experimental prcedures
involving slow and/or pulsed gas inputs with small therma and meclanieal

shocks were unsuccessful.

(u) Following these modifications, a reliablo.solubility data potnL (three

connecutive measurements 11 percent) Vos obtained at 9)0 P where the vapor
pressure of CI? is approximately 72 psia. This p,)it is shown as the

last data point in Table 5. This test sequenco wvn not ,xtended further



to experimentally favorable high nitrogen contents because of corrosion

failure of the valve controlling the propellant cell differential-pressure

transducer. Testing will resume upon replacement of this component.

Specific Heat Measurements

(u) The specific heats of VDMI!, N2H-.UDMWI (50-50) and MIF-3 were measured in

the calorimeter developed previously under Contract AF04(611)-9563 (Ref. 8)

and further utilized under Contract AFV)•(611)-10546 (Ref. 1). The calor-

imeter consists of an outer copper Jacket surrounding a small dewar vessel

which is suspended by nylon cord from a copper ring attached to the top

plate of the calorimeter. A sample container 13 positioned in the center

of the dewar vessel and is isolated from it by several small pieces of

foamed polystyrene insulation. A vacuum of 10-5 mm fig is maintained in

the calorimeter system to control conduction heat losses, and the silvered

walls of the dewar vossel reduce radiative heat transfers. The calorimeter

Is completely Immersed in a liquid bath medium.

(U) Four cylindrical sample containers with1 volume# from 12 to 15 cc were used

during the present cottraet. They were equipped with a filling tube ex-
tending from one end, and a hcater winding of No. 30 PAS gage constantan

wire. The windings were coated with glyptal and covered with copper

foil to reduce the heat loss by radiation. A copper-constantan thermo-

couple was used for measuring the temperature. Significant differences

among the four sample containers are described in Table 6.

(U) A diagram of the electrical circuitry is showm in Fig. 14; toe energy

supplied to the heaters in accurately determined by means of a K-3 potenti-

ometer in line with a galvonoweter. The output from the sample eontainer

thermocouple is recorded by merns of av other K-3 polentiometer In conjunctiom

with a d-c microvolt amplifier wAd recorder.
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TABLE 6

DESCRIPTION OF SAMPLE CONTAINES

Container Equilibration Thermocouple
No. Material Fins Position

I Copper, Pb-Sn Solder Yes Exterior

II Aluminum Yes Exterior

III Copper, Gold Plated, Pb-Sn Yes Well
Solder

IV Copper, Unplated, Ag Solder No Well

(U) When previous measurements with this apparatus indicated discrepancies

ili the recorded data (Ref. 1), a company-initiated program was undertaken

to locate and define the measurement errors. This effort was completed
prior to the start of this report period and led to certain modifications

which were incorporated into the apparatus. In the original design

(Ref. 1), the calorimeter inclut'd an electrically heated copper shield
surrounding the sample container. Because the source of the error in the
thermocouple electromotive force reading (Ref. 1) was located in the heat

shield circuitry, the heat shield was replaced with a small dewar vessel

(to reduce temperature drift). The electrical leads attached to the

sample container windings were modified to decrease the IR drop across

them. The resistance across the volt box was increased, reducing that

current loss (Ref. 1) from I percent to less than 0.1 percent. A further

modification of the general calorimeter system consisted of completely
immersing the calorimeter in the bath, thereby reducing the time required

for the lid to reach a the-mal steady state.

(U) A riLratiidteu.ngofAjlayptias. Prior to each series of measuirements,

the sample container to be used was calibrated empty at tvo or more tem-

peratures so that its heat capacity could be subtracted lorm the measure'd

values. Verification teras also were oseasionally contuctd eumploying
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liquids with known specific heats. This ensured that the various modi-

fications did not adversely affect the accuracy of the measurements. The

calibration and testing of the various modifications of the apparatus are

detailed in the following paragraphs.

(U) Sample Container No. I. After the previously mentioned circuitry

modifications had been completed (but with the calorimeter not completely
immersed), measurements were conducted with sample container No. I to de-

termine the specific heat of spectrograde mitharol. The values obtained

agreed within 1 percent of those reported in the literature. In addition,

the effects of variables such as the cooling or warming rates (negligible

with maintenance of reasonable rates), power input rate (best results when

the power input was kept constant from crlibration to sample run), and

heating period (no noticeable etffect) were determined.

(U) Sample Container No. II. An empty calibration run with an aluminum

oample container exhibited good p-ecision; but aeasurements of the specific

heat of water yielded high, scattered results. Because the new circuitry

had been checked by the methanol run, the discrepancies in the water results

were thought to be related to the sample container itself.

(U) Sample Container No. TII. A copper sample container was fabricated

with all internal parts gold-plated to make it more adaptable for use

with a wide variety of liquids including the hydrazine-type fuels. A

now feature of this sample container was its thermocouple well which is a

centrally located cylinder within the container. Thin, copper disks,

spaced along the thermocouple well in contact with the outer wall of the

container, aided thermal equilibration.

(U) Using this sample container, the op~elific heat of spectrograde methanol

(dry-box loaded) was measwred over the temperature range from -23 to 60 C.

:: 42
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11 The empty sample container was calibrated at room temperature and at 51 C.

Analysis of these data resulted in a consistent linear beat capacity-

temperature calibration curve f or the empty calorimeter and established

that the apparatus would 'provide tbe desired accuracy. Because tbe

calibration curve is lineatp a satisfactory sample container calibratio~n

requires only determination of the heat capacity of the empty container

at two sufficiently separated temperatures.

(M During specific heat measurements on the N2R,-UDhM (50-50O) fuel blend,

this sample container developed leaks in the crimped section of the l'ill-

ing tube, which was capped with Pb-Sn solder. Tests Ludicated that a good

(heliumt-leakproof) cold-veld copper crimp can be made, but additional

studieo demonstrated that hydrazine fuels eventuially leali through the

crimp and that Pb-Sn solder possesses only a limit'td effectiveness in seal-

ing against hydrazine-type fuel leaks. This problem was finially solved with

the use of a silver solder capping on the crimp. However, the gold-platdi

sample container had been fabricated with Pb-Sn solder and during subnequent

t testing, leaks also developed in the weld around its bottom cap.

(U) SnMrle Container No. LP. A new unplated coppet, saupip container was

fabricated with silver solder welds (Rample container No. IV). After

further apparatus modification (complete immersion), it was necessary to
4 reconfirm the accuracy of the equipment and technique employed; a rerifi-

cation ran was conducted with hydrazine (98.8 W/o N 2 R 4 0.5 W/o MSL.

0.7 W/o %0~). Thrte measurements of its specific beat were made at 19l C.

The average of the results agreed exactly with the literature wtlu#

(Bef. 9); the average deviation between the three measured values %as

approximately 1 percent.

(U) _tjjjj. Pressure build-up test* wifli containers No. titl and

lV Indicated that their compatibility with N H.-type furel wRam satisfactory

at room temperature for the period of time involved in the spreifir beat

measurements. Only ii x 16-3 percent decomposition of NjI 2 1 49urre'd iii

the unplated sample conta:ner, No. WV, over a 5-day period.



(U) Calculation of Results. The amount of electrical energy input, the re-
sultant temperature rise (A T), and the saturation specific heat (C)

are normally calculated using the equations contained in Ref. 1. In

some runs, ATwas calculateri using an alternative method employing a

series of equations derived by Regnault and Pfaundler (Ref. 10):

a Ad tT(T -TI) + k (A) (5

where

VIand V 2  the linear rate of temperature change preceding and
following the heating period, respectively.

TIand T 2 -the temperatures at which the extrapolated linear-
portion of the heating curve Intersect@ the extrapolated
ante- and post-period temperature drift curves, respectively.

k Newtonian cooling constant

Aw area beneeth the extrapolated heating period of the
experimental t Ie- tempsra tozri curve bounded by the
zero-drift temperature (T)

T. zero drift temperature which ts the apparent temperatturef ~of the heat sink am calculate'd by:

The wethod of flegnault and 1Proitindler provides further insiltht Into the

interpre tat ion of the retv~ilts of individtial experiments. For #%ample,

avariable tero-drift ten1;e-raturet and a conaiderable temperature difference

betwel-n T 0 anid T, prodisve a. negative Nevtonlu-n coolitig conatatit, which is

sufficient reason to eliminate a given run. Stich a negative cooling constant

suggests that tho temperature of tUe systom drifted during the measpremont.



The complete imersion of the calorimeter (a modification suggestod by

the results of this method of data treatment) has resulted in considerably

reduced temperature drift rates.

(U) Specific Heat of UDMIT. The results of Aston et al. for the specific heat

of UDMH (Ref. 11) from the melting point (-57 to 25 C)(-71 to 77 F) fit

the linear expression:

C5 (Cal/gm-o). 0.640 + 0.00057 t W

The aluminum sample container (No. 1i) was used to extend these measure-

ments to 70.5 C (159 F). The risults obtained are presented in Table 7.

These values, however, averaged 4 to 5 percent greater than the values

given by Eq. 18, even at the overlapping temperature range in the area

of 25 C. This and the high values obtained for the specific beat of water

in this sample container a*tggents that aluminum is not a satisfactory

material for use in these studies.

(U) Alditional determination* were conducted on UU91 using the unplated copper

sample container (No. iv) as a verification run prior to measurement of

the specific heat of N2 11 ,_-Dl (50-50). These results with UVOI, also

presented in Table 7, had an average deviation of I.%, percent and averaged

1.8 percent above the values given by FI. 18. The discrepancies in these

various sets of data are presently being analyzed and conclusions will

be presented in future reports under the contract.

(U) Specific Bloat of NAl. The results of Scott for the specific heat of

hydrazine (Rof. 9) From 2 to 67 C (36 to 153 F) fit the following linear

expression:

¢ a 0,726 + 0.0001,9 t(.) (19)



TABLE 7

EERIMENTAL SATURATED SPECIFIC HFAT OF UDM

Average Temperatur Specific Heat,
IC F pecific cal/gm-C

1.7 35.1 0.657a

2.8 37.0 0.6558

8.9 48.0 0.650'

10.0 50.0 0.673"

16.0 60.8 0.652"

17.1 62.7 0.6728

22.4 72.3 0.670

"23.4 74.1 0 . 68 9b

24.4 75.9 0.689

29.6 85.3 0.701b

30.1 86.2 0.675b

31.1 88.0 0.690b

35.4 95.7 0.693b

36.3 97.3 0 .690b

411.2 11.6 0 . 693b

45.1 113.2 0.705h

50.8 123.4 0.69lb

51.9 123.4 0 . 70 1b

127.4

53.- 128.8 0. 698

59.8 139.6 0.69'b

60.4 140.7 O. 704,h

64.0 147.2 C.701# b

65.0 149 0 0-704

(68.9 156.0 0-716

69.8 157.6 j 0.6mo

a. Copper sample container (No. IV); analysis of UVMJI--98.8 w/o U11MO,
0.8 v/o 20, O*4t w/o other soluble impurities (with traces of Nilt
and (tid, ?a)w

b. Aluminut6 "ample container (No, 11); anAlysis of UV•t1--99.4 v/o 140I1,
0.3 v/o 0,20, 0.2 ./o (U15). Hi,40.It v/o other soluble impurtities

.10,0.2 /o (ý), 01'46i

* : _



Three verification rims made in the unplated copper calorimeter (No. Iv)

yielded the following values for the specific heat of N2H4 :

Temperature, C,
C (F) calhri-C

17.7 (61,) 0.742

18.8 (66) 0.737

19.8 (68) 0.727

The average of these three results agrees exactly with the value given

by Eq. 19.

(U) Specific Heat of N2 H4 -UDKJ (50-50). Specific heat measurements were con-

ducted on propellant-grade N214-UDMJ (50-50) over the terperature range

from 2.2 to '.9.2 C (36 to 120 F). The results are listed in Table 8 and

shown in Fig. 15. Results obtained in both the plated and unplated copper

calorimeters, (No. III and IV) agreed quite well. The experimental specific

beat data were curve fit to the following linear exprespion over the tem-

perature range from 2 to 38 C (36 to 100 F):

C. ao.1 .ooo,47 t~c (20)

The average deviation of the data from this curve is 0.8 percent. Ilamed

on two data points, the specific heat of this fuel blerzd appears to in-

crease nonlinearly above 38 C.

(U) Tne, weaoare.J specific heat for N2f,-111I (50-50) is approximately 5 percent

greater than the previously reported calculated values (11,f. 12). The

previous calculations were bamed on the specific heats of the individutal

components (Eq. 18 and 19) and an assumption of ideality between the two

components. The deviation of the actual specific heat of this blend from

that of an ideal solution appears reasonable. This deviation is well es-

tablished in the prement study because both of the components a&rd the

wlsture were run in the some calorimeter.

47
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TABLE 8

EXPERIM SArJRATI- SPECIFIC HEAT OF 50 W/O N,214-

50 W/O UiDx RUa BLEND*

Average Temperature, Specific Heat,

C F cal/gm-C

2.2 36.0 0.723'

3.1 37.6 o.710o

4.6 40.3 0.715b

5.8 42.4 0.726b

10.7 51.3 0.723b

11.8 53.2 0.718b

16.6 61.9 0.727b

17.7 63.7 0.727b

22.8 73.0 0.725"

23.2 73.8 0.739a

24.6 76.3 0.734 b

27.8 82.0 0 . 7 2 5B

28.9 84.0 0 .733'

29.7 83.5 O.732"

35.5 95.9 0.100"'e

36.5 97.7 0.850",

36.9 98.4, 0.741

37.7 99.9 0.721

48.3 118.9 0.764'

49.2 120.4 0.71.ts

*8rmple compo.ition: 51.3 w/o N, 48.3 w/o 11014, 0.4 v/o 110 ,wit

other soluble impuritim. 2s

a. 6old-plated copper .malpl,, container (No. i11)
b. Coppir 0ample rontoin.er (No. IV)

c Values ap•ear to be orron'otim; however, nao experimental r.na4n t*x N

for omimaion.
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CONFIDENTIAL

(U) The only experimental data reported previously by others for this fuel

blend, 0.692 cal/gm-C at 27.3 C and 0.698 cal/gm-C at 38.8 C (Ref. 13),

are also approximately 5 percent lower than the resulta obtained during

the present study (Eq. 20). However, this earlier experimental work was

conducted with a method-of-mixtures calorimeter, which has a normal maxi-

mum accuracy of ±5 percent. An error of at least 5 percent in these

earlier data would be expected because a single dewar vessel was used in-

stead of the customary two (for the blank and the sample), identical heat

losses were assumed in all cases, the effects of vaporization during

opening were ignored, and .a constant-temperature container was not used

for the calorimeter dewar vessel.

(C) Specific fleat of MRT-3. Specific heat measurements were initiated on a

sample of MlF-3 (nominal composition: 86 w/o N1j,-14 w/o d113N2 13) over

a temperature range of -47.8 to 24.9 C (-54 to 77 P). However, the re-

sulting data (Table 9) exhibited as much as 5 percent &catter in the worst

cases. Because apparatus calibration data (obtained from subsequent

specific heat measurements on the empty sample container) appear to have

good precision, and excellent reproducible results have been obtained

from the calorimeter during rectnt months in measurements on similar

materials, the integrity of thiu set of measurements on IUF-3 is suspect.

The reason for the poor precision and the apparently anomalous results

is under investigation, and there is an indication that the problem is

in the electrical equipment in the calorimeter circuit.

Thermal Conductivit

(U) The thermal conduetivities of three propellants, unsynmietrical dimethyl-

hydrazin, (i.e., P)MAI or (ci )2 N 2112), iP-3, and RIF-5, were measured thus
far in this program. The apparatus umed for obtaiiiing thermal conductivity

data was a steady-stato, concentric cylinder conductivity cell, which was

used during ,he precedinii contractual effort (Re.f. 1) to measure the thermal

conductivity of N,2 114-(Cl111)-N, and mcnomlhylhydrazine (i.e.,

MI or C11 N"11

CONFIDENTIAL



CONFIDENTIAL

TABLE 9

SATURATED SPECIFIC HEAT OF MWIF-3 (PRELIMINAWY DATA)

Temperature Specific Heat,
C F cal/gm-C

-47.8 -54.0 0.726

-46.6 -51.9 0.706

-40.9 -41.6 0.703

-39.6 -39.3 0.706

-34.5 -30.1 0.705

-33.4 -28.1 0.731"

-27.8 -18.0 0.721

-26.6 -15.9 0.717
-22.1 -7.8 0.684
-21.1 -6.0 0.719

-14.9 5.2 0.700

-13.8 7.2 0.735

-8.9 16.0 0.712

-8.0 17.6 0.735

-1.6 29.1 0.737

-o 4 31.3 0.704

4.8 40.6 0.729

5.9 42.6 0.715

11.1 52.0 0.736

12.1 53.8 0.732
17.6 63.7 0.719

18.6 65.5 0.716

23.9 75.0 0.729

24.9 76.8 0.706

Sample composition: CJ 3? 2 H3 84.7 v/o
•.21I4 14.0 w/o
ifo 1 .o /o
3 010. w/o

Other soluble impurities 0.2± v/o
OMH3NH 2  Trace).
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(U) The cell used in this program is shown schematically in Fig. 16. In this

apparatus, the test fluid is contained in a thin annular passage between

two aluminum alloy cylinders. The annulus is approximately 1 inch in

diameter, 0.020 inch thick, and 5-3/4 inches long. The ends of the annulus

are sealed with two Teflon O-rings, 'ihich hold the cylinders concentrically

and minimize the heat conduction path between the cylinders. To maintain

end effects at a minimum, two thermal barriers fabricated of Teflon are

fitted over the ends of the cylinders. The cell is held together by two

stainless-steel end plates which fit over the thermal barriers. Six pairs

of copper-constantan thermocouples are embedded at various positions in

both cylinders, close to the surface of the cavity containing the test

fluid. Thermocouple wire diameter is maintained as small as possible

to minimize heat losses. 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 cylinder is regulated

by immersion of the cell in a constant-temperature bath.

(U) The experimental procedure is straightforward but rather tedious. A sample

of the test fluid is placed into a stainless-steel loading apparatus attached

to the cell. By proper manipulation of the loading apparatuis, the annulus

is first evacuated, and then the test fluid is drawn into the cell. The

cell in placed in the constant-temperature bath which is adjusted to some

preselected and regulated temperature. Electrical power is applied to

the cell heater through use of a regulated d-c power supply until a tem-

perature gradient of the desired magnitude 4s obtained across the annulus.

Temperature gradients are maintained at approximately I F to minimize con-

vection. After thermal equilibrium is attained, measurements of heater

voltage and current are made through use of a Leeds and Northrup K-3

potentiometer in conjunction with a precision volt box and current shunt.

This instrument is also used to measure the temperature gradient across

the annulus and the bath temperature.
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(U) The thermal conductivity of the test fluid is calculated through use of

the equation:

k = (21)

where

k = thermal conductivity, Btu/hr-ft-F

Q - heat flux, Btu/hr

A = heat transfer area normal to heat flux, sq ft

A X - liquid layer thickness, feet

A T = temperature gradient, F

(U) Prior to conducting actual thermal conductivity measurements on test fluids,

a series of vacuum calibrations of the cell are made. These calibrations

are necessary to account for cell heat losses along thermocouple wires,

along heater lead wires, and through the ends of the cylinders. Calibra-

tions are made at 50 F Intervals throughout the temperature range of

interest. Electrical power levels required to maintain given temperature

gradients (-. I F) across the annulus are measured at each operating tem-

perature. These heat losses are subtracted from the total heat input

measured during actual thermal nonductivity runs to obtain a net heat input.

(U) Thermal Conductivity of UDMI. Thermal conductivity measurements were

made on propellant-grade unsymmetrical dimethylhydrazine (U)DMI), (('I13 )P.,l; 2 ,

over a nominal temperature range of 0.5 to 251.0 F; the results of these

measurements are presented in Table 10. All UDMI! samples were obtained

from a single large quantity of propellant which was analyzed and found

to be within specifications as presented in MII,-P-2560'.C. The analysis

is presented in Table 10. The initial series of measurements were con-

ducted on Sample A at 50 F intervals from 0 to 150 F. To increase the

reliability of these data, measurements were attempted on another sample

of propellant from the original propellant batch. dowever, after the

f
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TABLE 0

EXPTUERIMML THERMAL CONDUCTIVITY DATA

O*N (C15)A2Nk

Temperature, Thermal Conductivity,

Sample F Btu/hr-ft-F

A* 0.6 0.101
A 0.6 0.107**
D* ,0.5 0.100
D 0.5 0.100

A 51.1 0.095
A 51.1 0.098
B* 51.0 0.095
B 51.0 0.095

A 100.7 0.085
A 100.7 0.085
B 100.7 0.087
B 100.7 0.088

A 150.7 0.081
A 150.6 0.082
B 150.7 0.081
B 150.7 0.085

B 200.8 0.076
B 200.9 0.075
C* 200.9 0.073
C 200.9 0.012

B 251.0 o.068
B 251.0 O.066

C251.0 0.066
C 251.0 0.066

*Sample Composition: (cis) 2N2 1I 99.8 v/u

Other Soluble 0.21 W/o
Impurities

.'0 Trace)

(CR3 V1Trace]
**Discarded data point; exilanlntion contained in text

•:4 ' " J' " 4" ': • '• " S : r" " ' • '' 4'F r•" ' . . :m. .., " • : •|" • : ' • " °" • m •m " " m• i m mm



sample was placed in the cell and measurements resumed, abnormal thermo-

couple output voltage signals were obtained.

(U) A search for the cause of the difficulty was initiated and centered about

the electrical components (and electrical connectors) associated with the

cell. After this search revealed no apparent problem areas, the problem

was traced to incomplete filling of the cell annulus with the liquid pro-

pellant. As a result, somc thermocouples were reading the temperature

drop across a liquid layer while others were reading the tenperature drop

across a vapor layer. The cause of the difficulty occurred during pro-

pellant loading operations, when a valve, located between the cell annular

gap and vacuum pump, apparently leaked, and a portion of the propellant

sample was drawn out of the cell. The malfunction was corrected, and

measurements were resumed on a new propellant charge (Sample B).

(U) Thermal conductivity measurements were made using Sample B at temperatures

of approximately 50, 100, 150, 200, and 250 F. The data obtained with

samples A and B compared favorably in the overlapping range, i.e., from

50 to 150 F. A third propellant charge, Sample C, of the original batch

was placed in the cell, and measurements were made at 200 and 250 F. Again,

the data compared favorably with the data obtained with Sample B at 200 and

250 F. Sample D was placed in the cell and duplicate meas•urements at the

0 F temperature level were made. One data point taken at this temperature

level was discarded because of its disagreement with the ofher data and

becaus', its deviation from the average was greater than twice the standard

deviation.

(U) The valid data were curve fit from 0.5 to 251.0 F, and a graphical presenta-

tion is shown In Fig. 17. The equation which represents the date is:

k (Btu/hr-ft-F) =0.1014 - 1.36 x 10' t(p) (M2)

The standard deviation of the least squares curve fit in 0.0017 lti/hr-ft-V.
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(C) Thermal Conductivity of MaF-3. Following completion of measurements on

UD2I1, thermal conductivity determinations were made on the MIF-3 fuel

blend (nominally 86 w/o MI-14 w/o hydrazine). Measurements were con-

ducted on two different propellant-grade samples (A and B) at approximately

50 P intervals over the temperature range of 0.4 to 251.3 F. The results

of these measurements, presented in Table 11, show that the thermal con-

ductivity of NEIF-3 ranges from 0.170 to 0.128 Btu/hr-ft-F over this tempera-

ture range.

" " (C) The data were curve fit from 0.4 to 251.3 F and a graphical presentation

of the data is shown in Fig. 18. The eqaation which represents the data is:

k(Btu/hrftF) - 0.1688 - 1.063 x 10-4 t(F)- 1.891 x 10-7 t(F)2 (23)

The standard deviation of the least squares curve fit is 0.0025 Btu/hr-ft-F.

(U) During the measurements on propellant sample 9, unstable thermocouple

voltages were observed. This was finally traced to a poor electrical con-

nection in the apparatus measurement system. After repair and checkout

tests (in which the apparatus functioned n6rmxally), the W&UF-3 thermal con-

ductivity measurements were completed.

(C) The two M1[F-3 samples used in the measurements wre obtained from a specific

batch of propellant prepared for this purpose. The H[F-3 feel blend, which

has a nominal composition of 86 w/o monomethyihydrazine, CH 3Nj03, and 14

w/o hydrazine, SIY, was blended from propellant graxde samples of Clyh

and NK.J4 . The blond was prepared under a nitr-gen ttmosphere in a dry box

to prevent mGikture absorption and fuel reaction with oxygen and carbon

dioxide in the air. The result. from chemical analysis of th,. homogeneous

blend are listed in Table 11.

(C) Thremal Condtcvtjjt .JY--. Stbheque,,t to the completion of wcasmirom-nti%

on 1IF-3, thermal cond.ic"ivify 6,ter.Ainatiunu were initiated on tle KIP-5

fuel blend using the sawe cell and tsporimental technique. 8ecaw' a wple

of the IFP-5 fuel, which hAs a no3i00l composition of 55 w/,o (i1 1 1 1
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TABLE 11

EXPERIMENTAL THERMAL CONDUCTIVITY DATA ON KtF-3

1

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

A* 0.4 0.166

A 0.4 0.166
D* 0.7 0.167

B 0.7 0.170

A 51.0 0.166

A 50.9 0.163

B 51.1 0.168

B 51.1 0.166

A 100.7 0.15%

A 100.7 0.156

B 100.6 0.155

B 100.6 0.160

A 150.7 0.146

A 150.7 0.148

3 150.6 0.148

3 150.6 o.1i6

A 201.1 0.I141

A 201.1 0.142

B 201.2 0.138

B 201.2 0.136

A 211.2 0.13l

A 251.2 0.132

3 231.3 0.12A

3 251.3 0.130

*Sample eoipoittion: Clip,2 1.1 W/o

s~w• 13.9 w/o
If120 0.8 W/O

Nit 3 0.1 w/o

Other Solublo lopitrities 0.1 W/o
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N2?4 and 19 w/o N2H4.HN03, was not available, a small sample was prepared

from propellant-grade samples of CH3N2 "3 and N2A , and an analytical grade

sample of Nh NO . The sample was prepared in an inert atmosphere of dry

nitrogen in a dry box to prevent the propellants from absorbing moisture

and from reacting with oxygen and carbon dioxide in the air. Because

N2 H4"HNO3 was not available, N11,N0 3 was used to prepare the hydrazine salt.

The NH4 NO was added to the CH3 N2H3 , rather than to the N2 A, to minimize

the malt concentration and hence the impact sensitivity hazard. The tem-

peratare of the solution was continuously monitored during the addition

of NH4N0 and a slight temperature rise was noted. Ammonia produced in

the solution was reduced to an acceptable level by vacuum distillation.

The blending process was completed by adding CI3N2H, (lost during the dis-

tillatiin) and N0!4 . The chemical analysis of the resulting fuel blend

is presented in Table 12.

(C) An initial series of measurements was conducted on a sample (designated

as Sample A) of •W-5 at approximately 50 F intervals over a temperature

range extending from 0.5 to 201.0 F; the results of -these measurements
are presented In Table 12. Preliminary text results indicate that the

thermal conductivity of KIF-5 varies from 0.188 to 0.171 BtuA/hr-ft-F over

this range. To increase the reliability of these data, another series of

measurements will be made over approximately the same temperature range

on a second sample of propellant from the same batch of the KIPL-5 fuel

blend. The thermal conductivity cell was thoroughly flushed and dried in

preparation for tkis second series of measurements. Following loading

of the cell with propellant, thermal conductivity measurements will be

continued on MlFl-5.

(U) Yiscosity

Under the present program, viscosity measurements have been planned for

a variety of propellants at extended temperatures and pressures. To satisfy

all potential visosity requirements, an all-.etal capillary viscometer was

designed for the measurements. The capillary flow technique %as selected

because of the rlative simplicity of the visoometero construction and operat

ET
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TABLE 12

PRELIMIARY EXPRIMIN'TAL TIU1tMPAL COND)UCTIVITY DATA ON MIF-5*

Temperature, Thermal Conductivity,

Sample F B t u,/hr- f t-F

A* 0.3 0.187

A 0.5 0.188

A 50.9 0.183

A 50.8 0.183

A 100.6 0.180

A 100.6 0.180

A 150.5 0.175

A 15). 5 0.176

A 200.8 0.172

A 201.0 0.171

*Sample composition: ClI 3N),13  54..') w/O

N P4254/o

N2 l II Mo 3  18.,) w/o

Nil 3  0.2 w,

110 0.0. w/O

(u) lTh' design of the apparatus in shown schemat ically in Fig. 19. ITl this

apparatusI the viscosity In obtained lby obnei.vii Ieh, flowrate throiughh the

capillary tubing and tihe corremponding driving fluid head, which in thin

opparctus, In a simple gravity head resnultiig from a differeice in the

elevation of the liquid level in the two lega of the l- tubh. The reservoir

in one of them(- legs Is a aection of 0.71-Inch liblpiig which ronlllls a

magnetic float at the gane-liquid interface. TI..' ponition of thin float

within a vertical range of approximately 6 inche.s is senned by), a differential

transformer unit stirrotundinsz the tubing. For the nther leg of the U}-tube,

valves 11 and C provide a choice between a 1-1/2-inch and 35/8-inch tubini

reservoir.
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MAGNETIC FLOAT
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~CAPILLARY
TUBING

Figure 19. Capillary Vincometer Schematic
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(U) The viscometer is constructed entirely of stainless-steel tubing and

fittings to permit testing corrosive liquids at pressures up to 1000 psi.

The capillary tubing is 0.023-inch ID and approximately 26-1/2 inches long.

This long, large-bore capillary was selected in an attemnpt to minimize the

relative importance of entrance and exit friction losses at low kinematic

viscosities, which may approach 0.1 centistoke for propellants of interest.

For the case of flow between the 3/4-inch float reservoir and the 1-1/2-

inch reservoir, this capillary would lead to experimental flow times ranging

from minutes to hours in the viscosity range contemplated. To increase

the speed of the test process at the higher viscosities, the option of

the 3/8-inch reservoir has been provided, which permits setting up a much

larger differential head within the operating range of the transducer and

float. In addition, this option permits testing of a given viscosity u:nder

significantly different driving heads, flow velocities, and hence, Reynoldsi ~numbers, for the capillary. This feature could pe~rmit estimation or cal-

ibration of the end effects at low viscosities. It may be possible to ex-

tend the applicability of tie viscometer into a range where end effects

are important through a technique of self-calibration, in which a given

viscosity is measured over a sufficiently wide Reynolds number range.

(U) Not shown in the figure are accessory connections and valving for loading,

venting, and/or pressurizing the viscometer with inert gas. The overall

unit, approximately 5 feet tall, is housed in a temperature-controlled

dry box equipped with heater, circulation fans, thermocouples, pressure

transducer, etc.

(U) In operation, the viscometer in filled with liquid propellant to an eleva-

tion within the sensing range of the float and transformer. A differential

head is established between the float reservoir aid one of the other reservoirs

by inert gas pressurization or by venting propellant vapors from one of

the reservoirs. Subsequently, this head is allowed to dissipate by flow

through the capillary tubing. A line mand valve (D) connecting the gas

spaces of the float reservoir and the other reservoirs separate these

spaces while establishing the initial liquid head, and permit equalization

of the pressure over the liquid during the capillary-flov process. The
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flow through the capillary may be in either direction; the choice of flow

direction determines the elevation of initial fill, or equilibrium liquid

level position, within the range of the float and transformer.

(U) Calibration of the relative volumetric capacities of the U-tube legs es-

tablishes differential liquid heads as a function of float position with

reference to the equilibrium position. Valve A allows bypassing the capil-

lary tubing to facilitate the processes of establishing a differential

head and the equilibrium position. Viscosity is determined from the time

history of head dissipation in flow through the capillary plus calibration

of its flow resistance.

(U) The flow process leads nominally to an exponential decay of liquid head

with time which may be given as

dt (ln x) C (24)

where x is float displacement from the equilibrium position, t is time,

V is the kinematic viscosity of the liquid, and C is a nominally constant

factor involving fundamental constants and instrument parameters (capillary

length and radius, and areas of the U-tube reservoir arms).

(U) The principal calibration factor, C, was obtained from tests with a liquid

of known kinematic viscosity. Calibration runs were made with deionized

water at temperatures of approximately 65 F (kinematic viscosity approxi-

mately 1.0 centistoke), 110 F (0.6 centistoke), and 160 F (0.4 centistoke).

Several tests were conducted at each viscosity level using each of the

optional secondary reservoirs which complete the U-tube with the float

reservoir.

(U) The performance of the viscometer was generally satisfactory dulring these

tests; the exponential decay of float position with time was accurately

realized; no float sinkings were experienced. Valnes derived for the

principal calibration factors (C corresponding to each optional secondary

arm) were consistent within 3 percent, and agree reasonably well with
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estimates based on dimensions of the apparatus. The scatter in experi-

mental values was largely due to uncertainty or variation in the tempera-

ture, and hence the viscosity, for a run. Temperature has negligible

direct effect on the instrument parameters.

(U) Viscosity of Chlorine Pentafluoride. After apparatus calibrations had

been completed, viscosity measurements were initiated on chlorine penta-

fluoride, ClF5, to extend the experimental data above the presently avail-

able temperature range, -130.5 to 68 F (Ref. 1). During initial determinations

with ClF the instability of the open-cup float was found to be a serious5
experimental problem. It was assumed that the float would sink if sufficient

liquid were allowed to condense inside it, and this condition would be

more likely to occur with relatively high vapor pressures (e.g., at higher

temperatures and with relatively volatile liquids like CIF5 ). Thus, pre-

cautions were observed in the experimental procedures to prevent this occur-

rence. However, despite these preventative measures, the float consistently

failed to remain afloat during the first trial runs with ClF 5. Upon dis-

assembly of the apparatus it was found that float sinking was actually due

to leakage of liquid through a corrosion pinhole. After replacing the

float, sinkings have only been experienced diiring operations involving

thermal fluctuations, as in heating thO apparatus and setting up the initial

liquid head. More efficient experimental procedures are being developed

to overcome these difficulties.

(U) In the initial viscosity determinations on CIF-, it was observed that the

viscometer caii apparently operate near 0.1 centintolhe without introdocing

sigiificant end-effect problems. During tosts near this levelt, a sub-

stantial portion ef the float travel follows the exponential decay law

expected with simple streamline flow resistance. As a result of thes,

determinations, two viscosity points have been obtained for propellant-

prade CIF 5 at III& and 176 F1 utder saturated l iqid conditions. Thome

data are presented in Table 13.

(U) l3ach data point in Table 1) represents three measurements within 1i F

and better than 1 percent precision. Density data used for the redjetlion
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of kinematic viscosity to absolute viscosity was taken from Ref. 8. The

correlation of these initial data with the previously reported data (Ref. 1)

appears reasonable; however, additional measurements must be obtained in

the present viscometer to provide a reliable e=tension of the ClF viscosity

data over the complete temperature range.

TABLE i3

EXPERIMENTAL CHLORINE PENTAFLUORIDE VISCOSITY DATA

Kinematic Absolute
Temperature, Viacosity, Viscosity,

F centistokes centipoises

154 0.134 0.215

176 0.121 0.185 1

f6
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PHASE III : EALUATION AND COHPIIATION OF DATA

OBJECTIVE

(U) During the entire period of the contractual program, efforts under Phase III

have been directed toward the assembly of all data generated during Phases I

and II, verification of all the data sources, critical evaluation and com-

parison of conflicting data, and tabulation and correlation of the results.

Where final selection of the.best values has been completed, they are pre-

sented in this report, as discussed in the following paragraphs.

RESULTS AND ACCCWPLISRI1NTS

(U) Concurrently with the data evaluation of Phase III, comprehensive bibli-

ographies of physical properties data are being compiled from references

obtained through the Phase I literature survey. Each selected propellant

is being described with a list of references for each of its individual

physical properties. These compilations are not only useful to those who

use the data, but also provide guides for the final assembly of data.

(U) Am these bibliographies are compiled, all of the original sources of ref-

erenced data are ordered, if they are not already on file, and checked

for accuracy and originality of data. Secondary sources are used only

where primary sources are not available and are referenced as such. As

far as can be determined from a preliminary evaluation of the data, com-

pletely unreliable data are not used.

(U) Using these bibliographies as giiiden, the physicul properties are then com-

piled into data sheets. All of the available data are critically evaluated

and presented in both metric and English units. When agreement among vari-

ous sets of data is good, these data are combined and curve fit with a

least-squares curvo fit computer program. The resulting equations are

Included with the graphical representations of the data.
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(U) During the initial term of this contract, physical properties bibliographies

were prepared for B2 H6 (Appendix A) and N2 H. (Appendix B), and data sheets

were compiled for N2Hj (Appendim C). In addition, preparation of a bibli-

ography on N2 0, physical properties has been initiated.

Diborane

(U) Except for the references cited under "General Reviews, Bibliographies,

and Physical Property Compendia," and some of the references appearing

under "General Chemistry, Reactions and Theory," the referenced data in the

B2 H6 bibliography (Appendix A) are original. All secondary sources are

noted as such.

(U) It should be noted that references to B2 H6 heat of formation are limited to

two primary sources and a compendium. The JANAF Thermochemical Data tables,

which are accepted as the recommended source for thermochemical data,

include a weighted value fro;i- the references presented in the bibliography

and other primary sources. The two primary sources selected for inclusion

in the bibliography represent the experimental values of direct determinations.

Hydrazine

(u) In the N2!H4 bibliography (Appendix B), the work of Audrieth and Ogg has

been reference4 several times as a secondary source of data. In these

instavcee, extensive data are presented along with curve-fit equations for

the pt.rticular prop-rty. It should also be noted that there is a disagree-

meat samong t;.e values for the heat of fusion of N2! I4. Scott and co-workers

obtained a vmlue of 3025 cal/mole for the heat of fusion of N 2 H1 at the

melting point. Previously, values of 1000 and 1020 cal/mole had been

reportod by Giguere, and IWieber and Wourner, respectively.

(U) Using tha bibliography as a guide, a compilation of N, 2114 physical properties

data was prepared. These data sheets (Appendix C) presented in both metric

and fitglish units, are Rocketdyne's reconmmendations for the best-vulue datA%
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for the physical properties of hydrazine. All available properties data

for hydrazine were critically evaluated, and the mest representative values

are included in the data sheets.

Nitrogen Tetroxide

(U) Compilation of a physical properties bibliography for nitrogen tetroxide

(N2 04 ) has been initiated. All of the references obtained through the

literature survey are being placed on indexed punch cards.

)
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Stock, A., E. Wiberg, and W. Hathing, "Baron Uydrides. XXV. The
Parachor of Diborane, B2 1!," CIemfgcho 'rich e, Or 211-15

(1936) (Ger.).

Lubengayer, A. V., R. P. Fergrson, ond A. E. Newkirk, "The Densitippo

Surface Tensions, and Parachors of Diborano, Boron Tristhyl, and Boron

Tribromide. The Atomic Parachor of Boron," " rCh±j 22e.c., 6,

559-61 (194.!).
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Stock, A., E. Viberg, and W. Mathing, "Boron Hydrides. XXV. The

Parachor of Diborane," Cheminche Berichte, figM 2811-15 (1936) (Ger.).

Comprensibility

Galbraith, H. J., and J. F. Masi, "A Generalized Data-Fitting Routine

for the ILP-30 Computer; Application to Real-Gas Properties of

Diborane," Thermodynamic and Transport Properties Gases. Liquids and

Solids Papers, presented at the Symposium on Thermal Properties,

lafayette, Indiana (1959) pp. 251-74.

Smith, S. H., Jr., and R. R. Miller, "Some Physical Properties of

Diborane,Pentaborane and Aluminum Borohydride," J. Amer. Chem. Soc.,

2- 1453-4 (1950).

TIIEHMODYNAMIC PROPIIITI LS

General Thermodynamic Properties and Binctions

Galbraith, H. J., and J. F. Mani, "A Generalized Data-Fitting Routine

for the LGP-30 Computer; Application to Real-Gas Propertien of

Diborane," Th yd naimic and Transport Properties Gases, Litdi4

and Solids. Papers presented at the Symposium on Thermal Propvrties,

lafayette, Indiana (1959) pp. 251-7/4.

JANAF Thermocho-mical Data (B 2 116), The bow Chemical Compa•y, Tiermal

Research lAboratory, Midland, Mfichlgan, December 1904.

Sundaram, R., "Thermodynamic Flmnctions of Some Propellants," J. P.Lyn.

Chem., 36 (5/6), 376--77 (1963).

Webb, Allen N., Jolii T. Neu, and Kenneth 8. Pitter, "Th0 Infrared

and Raman Spectra and the Thermodynamic Properties of Diborane,"

L. Chem. PhYs., 12, 1007-1o01 (i'.99).
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Heat of Formation (Gas)

Gunn, Stuart R., and LeRoy G. Green, "Heats of Formation of Deuterated

Diborane," J. Chem. Phys., 36, 1118 (1962).

JANAF Thermochemical Data (B2H6 ), The Dow Chemical Company, Thermal

Research Laboratory, Midland, Michigan, December 19 6 4.

Prosen, Edward J., Walter H. Johnson, and Florence V. Pergiel, "Heats

of Formation of Diborane and Pentaborane," J. Res. National Bureau,

61, 247-50 (1958) (Recommended value).

Heat of Fusion

Clarke, John T., E. B. Rifkin, and H. L. Johnston, "Condensed Gas

Calorimetry. III. Heat Capacity, Heat of Fusion, Heat of Vaporiza-

tion, Vapor Pressures, and Entropy of Diborane between 13*K and the

Boiling Point (180.32"K)," J. Amer. Chmn. Soc., 7l, 781-5 (1953).

Hoat of Vaporization

Clarke, John T., E. B. Rifkin, and H. L. Johnston, "Condensed Gas

Calorimetry. III. Heat Capacity, Heat of P'ision, Heat of Vaporiza-

tion, Vapor Pressures, and Entropy of Diborane between 13"K and the

Boiling Point (180.32"K)," J. Amer. Chem. loc., U, 781-5 (1953).

Porldon, Leo J., George F. MacWood, and Jih-Reng Ru,"rhe Heat of

Vaporization of Diborane," j, . Chem., fa, 1998-99 (1959).

Wirth, ff. F., and E. D. Palmer, "Vapor Pressure and Dielectric

Constant of Diborane," PC ehem., 60', 911-13 (1956).
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Heat Capacitv., Liauid

Clarke, John T., E. B. Rifkin, and H. L. Johnston, "Condensed Gas

Calorimetry. III. Heat Capacity, Heat of Fusion, Heat of Vaporiza-

tion, Vapor Pressures, and Entropy of Diborane between 13*K and the

Boiling Point (180.32eK)," J. Amer. Chem. Soc., jU, 781-5 (1953).

Rifkin, Ellis B., E. C. Kerr, and II. L. Johnston, "Condensed Gas

Calorimetry. IV. Heat Capacity end Vapor Pressure of Saturated Liquid

Diborane above the Boiling Point," J. Amer. Chem. Soc., U, 785-88 (1953).

Heat Capacity. Vapor

JANAF Thermochemical Data (B2 H6 ), The Dow Chemical Company, Thermal

Research Laboratory, Midland, Michigan, December 1964.

Stitt, F., "The Gaseous Heat Capacity and Restricted Internal Rotation

of Diborane," J. Chem. Phys., 8, 981-86 (194,0).

Enthalpy

Clarke, John T., E. B. Rifkin, and If. L. Johnston, "Condensed Gas

Calorimetry. III. Heat Capacity, Heat of Fusion, Heat of Vaporiza-

tion, Vapor Pressures, and Ebtropy of Diborane between 13*K and the

Boiling Point (180.32*K)," J. Amer. Chem. Soc., 75, 781-5 (1953).

Rifkin, Ellis B., E. C. Kerr, and It. L. Johnston, "Condensed Gas

Calorimetry. IV. Heat Capacity and Vapor Pressure of Saturated Liquid

Diborane abcve the Boiling Point," .1. Amer. Chem. Soc., 22, 785-88 (1953).

Webb, Allen N., John T. Neu, and Kenneth S. Pitzer, "The Infrared and

Raman Spectra and the Thermodynamic Properties of Diborane," J. Chem.

Phyx., 17, 1007-1011 (1949) (calculated).

JANAF Thf-rmochemical Data (n1 it.) The l)ov Chemical Compan); Thermal
2 1,

Research Laboratory, Midland, MichJgan, December 1964,.
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Entropy

Clarke, John T., E. B. Rifkin, and H. L. Johnston, "Condensed Gas

Calorimetry. III. Heat Capacity, Heat of Fusion, Heat of Vaporiza-

tion, Vapor Pressures, and Entropy of Dihorane between 13*K and the

Boiling Point (180.32*K)" J. Amer. Chem. Soc., 7U, 781-5 (1953).

JANAP Thermochemical Data (B2H6)' The Dow Chemical Company, Thermal

Research Laboratory, Midland, Michigan, December 1964.

Poridon, Leo J., George E. MacWood, and Jib-Hang Hu, "The Heat of

Vaporization of Diborane," J. Phvs. Chem., 63, 1998-9 (1959).

Pitzer, K. S., "Electron Deficient Molecules. III. The Entropy of

Diborane," J. Amer. Chem. Soc., 69, 184 (1947) (calculated).

Rifkin, Ellis B., E. C. Kerr, and H. L. Johnston, "Condensed Gas

Calorimetry. IV. Heat Capacity and Vapor Pressure of Saturated

Liquid Diborane above the Boiling Point," J. Amer. Chem Soc., j5,

785-88 (1953).

Webb, Allen N., John T. Neu, and Kenneth S. Pitzer, "The Infrared

and Raman Spectra and the Thermodynamic Properties of Diborane,"

J. Chem. Phys., 17, 1007-1011 (1949) (calculated).

TRANSPORT PROPERTIES

Viscosity. Liquid

Smith, S. H., Jr., and R. R. Miller, "Some Physical Properties of

Diboranet Pentaborane and Aluminum Borohydride," J. Amer. Chem. Soc.,

12, 1453-4 (1950).

Viscosity, Vapor

Svehla, Roger A., "Eitimated Viscosities and Thermal Conductivities

of Cases at High Temperature," NASA Tech. Rept. R132, 140 pp. (1962)

(calculated).
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Thermal Conductivity

Svehla, Roger A., "Estimated Viscosities and Thermal Conductivities

of Gases at High Temperatures," NI•A tech. Rept. R132, 140 pp., (1962)

(calculated).

ELECTROMAGNETIC PROPJMTIES

Dipole Moment

Ramasvazy, K. L., "Dielectric Coefficients of Volutile Compounds of

FluorTne and Boron, "Proc. Indian Acad. Sci., 2A, 364-377 (1935).

Dielectric Constant, Liquid

Wirth, U. F., and E. D. Palmer, "Vapor Pressure and Dielectric

Constant of Diborane," J. Phys. Chem., 60 911-13 (1956).

Dielectric Constant, Vapor

Ramasvanr, K. L., "Dielectric Coefficients of Volatile Compounds of

Fluorine and Boron," proc. Indian Acad. Set., 2A, 364-377 (1935).

j 4anetic Susceptibility

Barter, C., R. 0. Meisenheimer, and D. P. Stevenaon, *Diamagvotic

Susceptibilities of 3imple Hydrocarbons and Volatile Hydrides,"

.E. Phys. Chem., L4, 1312-16 (1960).
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Paraugnetism and Diamafnetism

Mnlliken, R. S., "Electronic Structure of Polyatomic Molecules and

Valence. Magnetism of BH 6 )" Phys. Rev., A, 765 (1933).

Sachease-Gottingen, H. H., "The Application of the Paramagnetic

Par&-hldrogen Transformation to the Determination of Magnetic

Moment* and of Reaction Cross Sections," Z. Elektrocbim., 40, 531-5

(1934).

OPTICAL AND SPECTRSCOPIC FROPERTIES

Ultraviolet Spectra

Price, V. C., "The Absorption Spectrum of Diborane," J. Chem. Phys.,

infraredl Spectra

SBeachtll, Harold C.,* an,! Dugene J. Levy, "Near Infrared Spectrum of

Diborano," J. Chem. PhXs., 23, 2168-70 (1955).

Price, W. C., "The Absorption Spectrum of Diborane,* I,- Chem. Physo.,
16 894 2 (19 48)

Price, V. C., "The Structure of Diborane,'" J, Ch'm. , ,

Webb, Allen N., John T. Neu, and Kenneth B. Pitter, "The Infrared

and Raman Spectra and the Theraodypsmic Properties of Diborse,,"

J . Mv., UZ, 1007-1011 (1949).

D

A-i

• i • ii i i i i



Raman Spectra

Webb, Allen N., John T. Neu, and Kenneth S. Pitzer, "The Infrared

and Raman Spectra and the Thermodynamic Properties of Diborane,"

J. Chem. Phi's., 17, 1007-101l (1949).

Vibrational Spectra

Lehmann, Walter J., "The Average Ruale Compared With the Complete

Isotopic Ruile for Vibrational Frequencies," J. 14o1. Spectroscopy',

72. 1-13 (1961).

Svedlov, L. M., and 1. N. Zaiteeva, 'Vibrational Spectra and the

Diborane Structure,* Zhur. Fiz. Khtm., 29, 1240-7 (1955) and

Izvest. Akad. NJnuk. U.S.S.R. Ser. Fiz,, 18, 672 (1954).

$mclear )?atnetic Jhesonance

Gaines, Donald F., "Nuclear Magnetic Resonance Studies of Diborane

and Sodiuim Diborohydride," Inor. Chem., 2, 523-6 (1963).

Gaines, Donald F., Riley Schaeffer, and Fred Tebbe, "Bridge Proton-

Terminal Proton Coupling in Diborane," i. Phw.. Chem., f~(9),
1937-8 (1963).

Ogg, Richard A., Jr., "Nuclear Magnetic Resonance Spectra and

Structure of lBorohydride Ion and Diborane," J. Chem. Phyo., 22,

Lnd.': of Refraction

JRaaaovany, X(.L.0 "Re~fractive Indices of Volatile Compounds of

Fluorine and Boron," Proc.-Indlan At-ad., 84-., g&, 63o-6 (1935).
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CHEMICAL PROPETIES

General Chemistry. Reactions and Theory

CCC-0168-Fr, Final Report, Research and Development of Advanced

Solid Propellant Systems, Callery Chemical Company, Callery,

Pennsylvania (10 December 1962) Contract No. NOw 60-0168c,

CONFIDEiIAL.

Hurd, D. T., "The Hydrides of the Group III Elements; Boron," An

Introduction the Chemistry of the Hydrides, John Wiley & Sons, Inc.,

New York (1952)1(secondary source).

Kaufman, Joyce J., 'Theoretical and Quantum Chemistry of Boron

Compounds and Related Molecules," U.S. Department of Commerce,

Office of Technical Service, AD 418393, 21 pp, (1963).

Kerrigan, James V., "Interaction of BCl3 with B HA," Inorg. Chem.,

, (6), 908-10 (1964).

Diborane-Space Storable Fuel, Callery Chemical Company, Callery,

Pennsylvania, January 1962.

Hikhailov, B. M., "The Chemistry of Diborane," Thsmlan Chemical

Revews, U1, 417-51 (1962) (English translation) (secondary source).

Schenker, Erhard, "Use of Complex Porohydrides and Diborane in

Organic Chemistry," Angew. Chem., 21, 81-107 (1961) (Ger.) (secondary

source).

Stock, A., K. Friederict, and 0. Priess*, "Boron Hydrides. III.

Solid Boron Hydrides; Additional Properties of D HI," Cheminche

k.!cht•t, A-6, 3353-40 (1913) (Ger.).

Btock, A., and E. Miss, "Boron Hydrides. VI. The Simplest Borohydrides,"

LkCheMid0hehBeRichte, I6B, 789-808 (1923).

Stock, A., E. Kussp and 0. Pries*, "Boron Hydrides. V. Action of

Chlorine and Bromine on B 2 6 and Bo10 H11 .  The Valence of Boron,"

jChPMIAý teEVk-, §1, 3115-49 (1914.) (Ger.).
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Bauer, S. H., "Boron Hydrides," Encyclopedia of Chemical Technology,
The Interacience lhcvclopedia, Vol. 2, 593-600 (1948),(secondary

source).

Schlesinger, H. I., and H. C. Brown, "New Developments in the Chemistry

of Diborane and Borohydrides. I. Geneiil Sunmary," J. Amer. Chem.

Soc., 75, 186-90 (1953).

Solubility

Boldebuck, E. M., J. R. Elliott, G. F. Roedel, arid W. L. Roth,

"Solubility of Diborane in Ethyl Ether and in Tetrahydrofuran,"

General Electric Company, Schenectady, New York, Project Hermes

R,.port No. 55288, (19 November 1948) p. 1.

Devyatykh, G. G., A. E. Exheleva, A. D. Zorin, and M. V. Zueva,

"Solubility of Volatile Hydrides of Elements o@ Groups III-VI In

Some Solvents," Rnss. J. InorM. Chem., a (6), 678-82 (1963) (Eng.)

Elliott, J. R., W. L. Roth, G. F. Roedel, aad E. M. Boldeb,;ck,

"Solubility of Diborane and Boron-Containing Lithium Salts,"

Amr hm 7'c , L, 5211-12 (1952).

Hu, Jih-Heng, and George E. HacWood, "The Solubility of Hydrogen

in Diborane," J. Phym. Chem., 60, 1483-86 (1956).

*Carty, L. V., and John Guyon, "The Approximate Solubility of

Diborane in Pentane," L.8•henm., •3, 285-6 (19514).

Schlesinger, H., Final &-port, Navy Contract N 173 5-9058 and 9820

(194'.-5), Univermity of Chicago, as given by V. It. Schecter,

R. H. Adams, and C. B. Jackson, "Boron llydrides and Related Com,-

pounds," Collery Chemical Company, Callery, Pennsylvania, Contract

No. NOa(e) 10992 Oarch 1951) p. 10, as reported by the Battelle

Hemorial Isintitute, LIQad Prope.llatA Un.idhook, Vol. 2, "Boron

Compounds," (i958i) CONFIDINTIAL.
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(U) APPENDIX B

N211 PHYSICAL PROPERTY BIBLIOGRAPHY

GEIERAL IDENTIFICATION

Molecular Weight

International Atomic Weights, 1959.

Molecular Structure

Andrieth, L. F., V. Nespital, and H. Ulich, "Electric Moments of

Oydrazine and its Derivatives," J. Am. Chem. Soc., 11, 673-78 (1933).

Fresenius, W., and J. Karweil, "Normal Vibration* and Configuration

of W~drazine. II. Infrared Spectrum of Wydrazine," Z. Phy.- Chem.,

B44, 1-13 (1939) (Ger.).

Giguere, P.A., and V. Schomaker, "An Electron Diffraction Study of

Hydrogen Peroxide and Hydrazin.," J, Am, Chem. Soc., §1- 2025-29

(1943).

Penny, V. G., and G. D. B. M. Sutherland, "A Note on the Structure

of 11202 and N2MA with Particular Reference to Electric Moments and

Free Rotation," Lons, for, _o, , 898-902 (1934,).

Ulich, N., U. Peisker, and L. F. Atdrieth, "Dipole Moment. of Hydra-
sine and its Derivatives. II," Cjuht_•._rs.hf, 60D., 1677-82

(1935) (Gar.).
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General Reviews, Bibliographies, and Physical

Property Compendia

AGC LRP-178, Physical Properties of LiquidPropellantm, Aerojet-

General Corp., Sacramento, Calif. (13 July 1960).

Audrietl,,L. F., and B. A. Ogg, The Chemistry of Hydrazine, John

Wiley and Sons, Inc., New York (1951).

The Battelle Memorial Inatitute, Columbus, Ohio, Liquid Propellants

lfandboo!c, "IHydrazine," Vol. 1 (1958) CONFTEIDiAL.

Liquid Propellant Information Agency, Liquid Propellant KLinual,

"1ydrazinv" (1938).

"Military Specification: Propellant, Hlydrazine," MIL-P-26536B

43 March 1964).

R359-48, Propellant Prnperties Manual, Rocketdyne, a Division of

North American Aviation, Inc., Coknoga Park, California (February 1960).

R-3130, Mechanical System tesign - Criteria Manual for lbydrazine,

Rocketdyne, a Division of North American Aviation, Inc., Canoga

Park, CUlifornia (September 19•1) Contract AF33(616)-6939.

U-3134i, &hdrnzt;o Ilandlitig Mlninl, ltnrketdyne, a Division of North

American Aviation, Inc., fn,,,,iga Pnrth, California (September 1961)

Contra,.t AF'33(bI ,)-693).

Washburn, [Award, ed,, lnd'in-,a i,,inal (Criti(cal Tables of Niaerical

~ata ; J•).yii*.~l~hem Intr�y i,,, I'ecn hIogo., McGrav-1i I Book Co., Inc.,

New vorl, (192).
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PHASE P•OPERTJIS

Melting (Freezing) Point

do Bruyn, C. A. Lobry, "Free iydrazine," Chemiache Berichte, 2.8,

3085-6 (1895) (Ger.).

do BruWn, C. A. Lobry, "Free flydrazine," Rlec. Tray. Chi=., 15,

174-84 (1896) (Fr.).

Friedrichs, F., "Ammoriates as Binary Systems. II. Hydrazine-Amaonia,"

Z.anorg. allgem. Chem., 127, 221-7 (1923) (Ger.).

Giguere, P. A., "Spectroscopic Evidence of Hydrogen Bonds in Oydrogen

Peroxide and lydrazine," Trans. Roy, Soc. Can. (III), 11, 1-8 (1941).

Mohr, P. H., and L. F. Andrieth, "The lHydrazine-Water System,"

J. Phys. and Colloid Chem., U, 901-6 (1949).

Scott, D. V., G. D. Oliver, M. E. Gross, W. N. Hubbard, and H. H.

Huffman, "Wbdrazine: Heat Capacity, Heats of Fusion and Vaporisation,

Vapor Proesure, Entropy and Thermodynamic Functions," J. An. Chem.

Soc., 21, 2293-97 (1949).

Semishin, V. I., "Internal Friction and Viscosity of the System

Mydrazine-Vater," J. (Gen. Chem. (MSMR), S, 654-61 (1938) (Russ.).

Igiling Point

do Bruyn, C. A. Lobry, "Free lbdrazine," Chrmische Rterjrhte, 2.,

3085-6 (1895) (Ger.).

do Bruyn, C. A. Lobry, "Free Hydrazine,* &e,_ Tray, Jhin,, &1,

174-84 (189) (Fr.).

Giguere, P. A., "Spectroscopic Evidence of Wdtyogen b~onds in Hydrogven

Peroxide and Hydrazine," _ran*._fly. Soc, !,an. ( UII), ., 1-8 (1941).
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Blieber, V. W., and A. Woerner, "Thermochemical Measurements on

Complex-Forming Amines and Alcohols," Z, Elektrochem., 40, 252-6
(1934) (Ger.).

Semishin, V. I., "Internal Friction and Viscosity of the Syiat%

flydrazine-Water," J. Gen. Chem. (USSR), 8, 654-61 (1938) (Russ.).

Critical Constants

Critical Pressure -

Bertram, M., and B. Boltwood, as quoted by C. A. Lobry de Bruyn,

"Free 1bydrazine," Rec. Tray. Chim., ]1, 174-84 (1896) (Fr.).

Critical Temperature -

de Bruyn, C. A. Lobry, "Free lbdrazine," ]tee. Tray. Chim., &•,

174-84 (1996) (Fr.).

Density, Solid

Beck, G., Wienir Chemiker-Zeitim&, 46, 18-22 (1943), as given by

Audrieth and Ogg, The Chemistry of lbydrazine, John Wiley and Sons,

Inc. (1951).

Density. Liquid

Ahlert, R. C., G. L. l1auerle, and J. V. Leoca, "Density and Vistoity

of Anhydrous J4-drazine at Elevated Tvmpernt,,res," J. c¢!hem . P. t,

1. 58-60 (1902).I
Barrick, L. D., 0. W. Drake, and II. L. I'lohte, "%*e iPraehor ,niol

Molecular Refraction of Itydrazine aid Home Aliphatic Derivativvri,"

J,-w, Chen, Sar.., 1., 360-2 (1936).
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bruhl, J. W., "Spectrochemistry of Nitrogen, V,' Z. phys. Chem., 22,

376409 (1897) (Ger.).

Bruhl, J. W., "Spectrometric' Determinations," Chemische Berichte,
15 I8-72 (1897) (Ger.).

do Brvjn, C. A. Lobry, "Free Hlydrazine," Rec. Tray. Chem., 15,

174-84 (1896) (Fr.).

Dito, J. W., "The Densities of Mixtures of Hydrazine and Water,"

J. Chem. Soc., 82, Ai, 499 (1902).

Bough, E. W., D. M. Mason, and B. IL Sage, "Heat Capacity of the

nrdrazine-Water System," J. Am. Chem. Soc.; .2, 5774-5 (1950).

Semishin, V. I., "Internal Friction and Viscosity of the System

Wdrazine-Water," J. Gen. Chem., (USSR), 8, 654-61 (1938) (Russ.).

Walden, P., and H. Rilgert, "Water-Free Wydrazine as an Ionizing

Medium for Electrolytes and Non-Electrolytes," Z. phys. Chem.,
165A, 241-71 (1933) (Ger.). :

Donsity. Vapor

Giguere, P. A., and R. E. Rundle, "The Vapor Density of Rydrasine,"

J. Am. Chem. Soc,, §, 1135-57 (1941).

Vapor Preisure

Drlegleb, G., I. Scholze, and W. Strohmeoir, "Is 1Wdrauine Associated

in the Gas Phase? (Vapor Density and Absorption Measurements),"

Z. Ohys. cOeM., IM2, 15-21 (1952) (Gtr.).

Durtle, J. 0., "Vapor-Pressure-Compositioa Measurements on Aqueous

Rydrazine Solutions," InD, .41, 1675-6 (1952).

(N2H4-JLo mixtures)
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do BrtUn, C. A. Lobry, "Free Wdrazine," Rec. Trav. Chim., j•,

174-84 (1896) (Fr.).

Hieber, V. W., and A. Woerner, "Thermochemical Measurements on

Complex-Forming Amines and Alcohols," Z. Elektrochem., 40, 252-6
(1934) (Ger.)..'

Scott, D. W., G. D. Oliver, M. E. Gross, W. N. Hubbard, and H. M.

Huffman, "Eydrazine: Heat Capacity, Heats of Fusion and Vaporization,

Vapor Pressure, Entropy and Thermodynamic Functions," J. Am. Chem. Soc.,

21, 2293-97 (1949).

Surface Tension

Baker, N. B., and E. C. Gilbert, "Surface Tension in the System

-2 HW-aster at 25 C," J. Am, Chem. Soc., 62, 2479-80 (1940). (N2H4-

H2 0 mixtures)

Barrick, L. D., G. W. Drake, and H. L. Loebte, "The Parachor and

Molecular Refraction of Hydrauine and Some Aliphatic Derivatives,"

J. Am. Chem. Soc., 28, 160-2 (1936).

Coefficient of Thermal Expansion

Iretschmar, George G., ",The Thermal Expansion of Some Liquids of

Interest as Rocket Fuels " Jet Propulsion, 24, 379-81 (1954).

(100 percent N2 H. not given)

Parachor

Barrick, L. D., G. W. Drake, and H. L. Lochte, "The Parachor and

Molecular Refraction of lHydrasine and Some Aliphatic Derivatives,"

4,-.Am, Chem. Sec., 8 , 160-2 (1936).
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Solvent Properties

Audrieth, L, F., an~d B. A. Ogg, The Chemistry of Rydrazine, John

- Wiley an! Sons, Inc., New York (1951). (secondary source)

Welsh, T. W. B., and H. J. Broderson, "Anhydrous Hydrazine. III.

Anhydrous Hydrazine as a Solvent," J. Am. Chem. Soc., 2Z, 816-24 (1915).

THERMODYNAMIC PROPERTIES

Thermodynamic Properties and Functions, General References

Kobe, Kenneth A., and R. H. Harrison, "Thermo Data f or Petrochemicals.

XXI. Ammonia, Hydrazine and the Miethylamines," Petroleum Refiner,

.l(11), 161-4 (1954). (secondary source)

Heat of Formation

Aizerieth, L. F., and B. A. Ogg, The Chemistry of flydrazine, John

Wiley and Sons, Inc., New York (1951). (based on the data of Hughes)

Hughes, Albert M., R. J. Corrucini, and E. C. Gilbert, "Hlydrazine.

The Heat of Formation of Hydrazine and of Hlydrazine Hydrate," J. Am.

Chem. Soc., L1 2639-42 (1939). (liquid and vapor)

JANAF Thermochemical Data (N2114), The Dow Chemical Company, Thermal

Research Laboratory, Midland, Michigan (December 1965) (liquid and

gas).

Roth, W. A.', "Contribution to the Chemistry of Hydrazine," ~

Electrochem., 50, 111 (1944) (liquic) (Ger.).
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Scott, D. W., G. D. Oliver, M. E. Gross, V. N. Hubbard, and H. M.
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APPENDIX C

PHYSICAL PROPERTIES OF IIYD•AZINT

(U) The physical properties of hydrazine are presented in Table C-I. Figures

C-1 through C-8a are graphical illustrations of properties listed in

Table C-1.
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