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FOREWORD

This is the final report submitted under G.O. 69332 in compliance with Contract
F04611-71-C-0035, Section H, Sub-Item 1AB and Line Item BOO4 of DD Form 1423.
The research reported herein, which covers the period of 19 January 1971 through
16 September 1973, was sponsored by the Air Force Rocket Propulsion Laboratory,
Research and Technology Division, Air Force Systems Command, Edwards,

California, with Mr. F. S. Forbes acting as the Air Force Project Engineer.

This program was conducted by the Propellant Technology and Applied Mathematics
unit of the Rocketdyne Advanced Programs Department, with Dr. E. A. Lawton and
Dr. B. L. Tuffly serving, in turn, as the Program Manager and Mr. M. T.

Constantine and Dr. R. C. Mitchell serving as the Responsible Project§giegf}stsf

This report has been assigned the Rocketdyne identification number R-9357.

The following personnel have contributed to the work described in this report:
Phase I: Literature Survey

M. T. Constantine
R. C. Mitchell

Phase 11: Experimental Determinations

N. S§. Fujikawa (Chemical Analysis)

Jd. V. Leece (Compatibility)

R. W, Melvold (Melting Point, Density, Vapor Pressure,
Gas Solubility, Viscosity, Compatibility)

J. Quaglino (Density, Equilibrium Pressure, Sonic
Velocity, Viscosity, Propellant Compati-
bility, and Storability)

F. D. Raniere (Propellant Stability)

Dr. J. Sinor (Propellant Stability)

E. A. Welz (Chemical Analysis)

Phase III: Evaluation and Compilation of Data

R. C. Mitchell
J. Q. Weber
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INTRODUCTION

In April 1965 under Contract AF04(611)-10546, Rocketdyne initiated analytical
and experimental efforts designed as the initial step of an Air Force program
to eliminate liquid propellant property data gaps. The requirements for such
a program were clearly indicated by the history of propellant development
where the acquisition of essential propellant properties data has freqﬁently
lagged, delaying development of propulsion systems using the propellants.
Thus, out of necessity, many propulsion system development programs have used
estimated or extrapolated propellant properties data (some of which have later
proved to be misleading and inadequate), or have included propellant charac-
terization studies as a part of the development program (which have proven to

be costly and inefficient because of the time limitation).

The initial program to anticipate and alleviate these potential problem areas
in Air Force propulsion systems development was a 12-month effort, directed
at a rational and systematic physical characterization of selected liquid
rocket propellants over applicable temperature and pressure ranges. To meet
this overall objective, the program was conducted in three interrelated
phases (Ref. 1). Phase I consisted of a literature survey to review and docu-
ment available liquid propellant properties data. Experimental efforts under
Phase II resulted in the measurement of: (1) the thermal conductivity of

50 N2H4-50 (CH3)2N2H2 and CHSNZHS; (2) IRFNA and ClF5 sonic velocity (and
calculation of compressibility}; (3) CIF3 and CHSNZHS specific heat, and cor-
rection of ClF5 specific heat data; (4) ClF3 phase properties; and (5] the
design and assembly of apparatuses for measurement of inert gas solubility in
liquids and liquid viscosities at extended temperatures and pressures. Phase
111 analytical efforts included the assembly and evaluation of physical prop-

erty data on MHF-1, MHF-3, C1F3, and CIFS for future correlation and summary

publication.

These analytical and experimental efforts were continued to meet additional
liquid propellant property requirements under Contract AF04(611)-11407. 1In
the 24-month, three-phase follow-on program (Ref. 2) under this contract, the



review of the literature was extended to ensure the acquisition and documen-
tation of all liquid propellant properties data. Expansion of the experimen-
tal efforts resulted in the measurement of: (1) P-V-T properties (in the
critical region) ofClF3 énd CIFSO,'and saturated liquid densities of C1F3,
INTO3 and CHSNZHS; | 5 C1F3, N204, and MHF-3;

(3) surface tensions of MHF-3 and MHF-5; (4) nitrogen and helium gas solubili-
ties in C;F5 and CIFS; (S) specific heats of (CH3)2N2H2, 50 w/o N2H4-50 w/o
(CH3)2N2H2, C1F3, MHF-3, apd MHF-5; (6) thermal conductivities of (CH3)2N2H
MHF-3, MHF-5, and ClFS; and (7) viscosities of C1F_. and C1F_,. In addition,

5 3
evaluation and assembly of selected data from the literature survey and the

(2) sonic velocities in CI1F

2’

experimental efforts provided complete physical property bibliographies on

BZHG and N2H4, and assembly of N2H4 and N204 physical property data sheets.

The same approach was continued under Contract F04611-68-C-0087 (Ref. 3, 4)

to fill needs for additional liquid propellant properties. The literature
review was conducted during the entire 28-month duration of the program.
Experimental measurements were made in the areas of: (1) melting points of
MHF-7 and MON-25; (2) triple point temperature of Florox; (3) liquid densities
of Florox, HDA'[high-deﬁsity IRFNA, containing approximately 44.0 w/o N204),
MOR-5, and MHF-7; (4) vapor pressures of HDA, Florox, MOR-5, and MHF-7;

204 and MON-25; (6) specific heats of MON-25, Florox,
MOR-5, and MHF-7; (7) viscosities of Florox, MOR-5, and MHF-7; (8) thermal
conductivities of ClFs; (9) sonic velocities in MON-25, Florox, N2H4, MMH,
UDMH, 50 N,H,-50 UDMH, MHF-3, MHF-5, and MHF-7; and (10) thermal stability of
77 w/o N,H,-23 w/o N2HSN3.' Evaluation and assembly of selected data from the

{5) surf&ce tensions of N

24
literature survey and the experimental efforts resulted in physical property

data sheets for MMH, cyanogen, MON, fuming nitric acids, Florox, MOR-5, and
MHF-7. A bibliography was alsoc prepared on ClFS/ and CIFS/ materials

interactions.

The total progress achieved during the related efforts under these three pre-
vious programs has resulted in the empirical establishment of much of the
essential data required to fill gaps in the physical properties of many pres-

ent-day and near-term rocket propellants. However, with the continual



advancement of the technology and the utilization of new propellants and
application concepts, many requirements for additional propellant physical
and engineering properties data have been established. As a result of these
new requirements, a three-phase analytical and experimental extension of the
previous systematic propellant property characterization efforts under Con-
tracts AFG4(611)-10546, AF04(611)-11407, and F04611-68-C-0087 was continued
under Contract FO04611-71-C-0035. The period of performance under this con-
tract was extended by two additional increments (to meet new propellant data
requirements) to a total span of 32 months. Phase 1 effort in this program
represented a continual review of the literature to document reported propel-
lant properties and to locate data gaps. Phase II effort was directed at the
continued experimental determination of unavailable and/or questionabie
engineering.data for selected oxidizers and fuels in an order related to cur-
rent Air Force requirements. Phase III included the compilation, correlation,
and evaluation of the data obtained from Phases I and II, the presentation of
the valid data in annual technical reports and data sheets for incorporation
in the CPIA propellant haﬁdbook. This report describes each phase of this
program and summarizes the results and accomplishments achieved during the

entire period of performance.



"PHASE I: LITERATURE SEARCH
OBJECTIVE

The Phase I objective represented a continual review of the current propellant-
related literature and efforts of other investigators in the field to acquire
reported liquid propellant properties data and to locate data gaps and
inconsistencies. This survey was designed to include selected fuels, oxidizers,
monopropellants, pressurizing gases, and related materials as the needs for sup-

plemental data would arise.
RESULTS AND ACCOMPLISHMENTS

A formal survey of current propellant literature, initiated under Contract
AF04(611)-10546 (Ref. 1} and continucd under Contract AF04(611)-11407 (Ref. 2}
and Contract F04611-68-C-0087 (Ref. 4), was continued as Phase I of this pfo-
gram. The survey included the acquisition, review, and documentation of all
available physical and engineering properties data on liquid propellants of

interest to the Air Force}

The total literature survey was accomplished through the use of three different
techniques. One part of the effort included a survey of all reports received

by Rocketdyne through normal distribution channels, Each of these reports was
surveyed with respect to subject matter, and reports containing potential liquid
propellant information were selected for detailed review. All pertinent data

contained in these reports were documented for potential future use.

This report survey was supplemented by a continual survey of current releases

of Chemical Abstracts, NASA CSTAR Abstracts, CPIA Chemical Propulsion Abstracts,

DDC Technical Abstract Bulletin, the NBS Cryogenic Data Center's Current Aware-

ness Service, and propellant manufacturers' bulletins. Any pertinent informa-

“tion located through these sources that had not been acquired previously by

Rocketdyne was obtained and reviewed in detail.

To ensure a complete awareness of all available data {and data sources) related

to rocket propellants, the third technique involved selective use of the

10



. . ;
federally sponsored information analysis centers whose services are available
to the rocket propulsion industry. The many resources available through these
centers were employed when a summary of sources of specific information and

data was required on a particular propellant.

During the performance of this program, more than 6000 reports were surveyed.
O0f this total, more than 500 repotts were reviewed in detail for pertinent pro-

pellant information.

As part of Phase I, comprehensive searches of the chemical and propulsion
literature were conducted to locate all available physical properties data
for high density fuming nitric acid (HDA). Sources checked included the
chemical and propulsion abstract sources listed above, plus personal contacts

with other companies who have an interest in this propellant.

11



-PHASE II: EXPERIMENTAL DETERMINATIONS
OBJECTIVE

The objective of Phase Il was the experimental characterization of essential
properties of selected liquid propellants. This phase essentially consti-

tuted a 31-month continuation of the efforts initiated under Phase II of Contracts
AF04(611)-10546 (Ref. 1), AF04(611)-11407 (Ref. 2), and F04611-68-C-0087

(Ref. 4). Selection of the propellants and properties that were experimentally
characterized was related to the unavailability of required data and relative
importance of the data toc the Air Force. Initial efforts emphasiied the
completion of those propellant properties recommended for initial characteri-
zation under the previous programs. Additional efforts continued in an order
related to the importance of the data to the Air Force (as determined by the

Alr Force Project Engineer).

The selected properties were determined over the liquidus temperature range
and over a pressure range of 14.7 to 1000 psi, where practical. Changes to
the selected list were made at various times during the program through mutual
agreement of Rocketdyne and the Air Force Contracting Officer. Standard test
methods were used when available. Wherever unique or new test methods were

used, their use was approved by the Air Force Contracting Officer,
RESULTS AND ACCOMPLISHMENTS

During the program, Phase II efforts were directed at the measurement of
melting point, density, vapor pressure (with calculation of normal boiling
point and heat of vaporization), equilibrium pressure, inert gas solubility,
viscosity, sonic velocity (and calculation of adiabatic compressibility),
thermal stability, detonation propagation, flash point, plus materials com- .

patibility and storability of selected propellants.

The apparatus and techniques used in these measurements were essentially
those used previously in similar efforts conducted for the Air Force (Ref. 1
through 4), with one exception. An improved apparatus for the measurement

of gas solubility, developed under in-house funding, was used to improve the

12



quality, economics, and accuracy of these measurements. In addition, standard

techniques were used to evaluate thermal stability and storability.

The efforts and re$ﬁlts in each of these areas of property characterization
are described in the following paragraphs. Included in the discﬁssions are
details of the cHaﬁges in experimental apparatus or methods instituted during
the current program, as weil as background information about the majof appa-

ratus and methods used previously.

MeltiEgL Point

Melting point measurements were conducted on several oxidizer blends to deter-
mine the extent of N204 melting point lowering that could be achieved through
formulation of suitable mixtures of N204 with selected additives. The oxidizer
blends studied in the course of this program consisted of separate mixtures

of N204 with the additives tetranitromethane (TNM) and fluorotrinitromethane
(FTM}, in varying amounts.

The standard melting point sample cell ceonsists of a glass ampoule closed by

a Teflon needle valve, and fitted with an internal thermowell and a solenoid-
activaped reciprocating stirrer. The output from a copper-constantan thermo-
couple in the thermowell (filled with Dupont Freon E-2, used as a heat trans-
fer medium) is fed to a calibrated recorder with which the temperature of the
sample is monitored. Recorder calibration was accomplished by heasuring both
the ice-water point and an emf signal fed to the recorder through an accurate
potentiometer. The sample cell is inserted through a cork into an unsilvered-
strip Dewar ¢ontaining a rapidly circulating GN, bath. Cell cooling i; accom-

2

plished by allowing LN, to boil off in the lower portion of the Dewar, while

heating is provided byzthermal losses. The samples are cooled with stirring
until they freeze and then they are warmed (with stirriﬁg). The temperature
at which the last solid melts (usually determined by visual observation) is
noted as the melting point. Triplicate measurements were made on each sample.
All of the melting point measurements were made on samples under their own

vapor pressure.

13



Melting point determlnatlons were conducted on two N204 -TNM formulations and

two N204 FTM formulatlons The red-brown N204 used to prepare these mixtures
was propellant N-1 (descrlbed in the Chemical Formulation section) with 99.9
w/ 0 N2 4 and 0.01 w/o H 0 equivalent. Their respective comp051t10ns, experi-
mental meltlng points, and theoretical melting points appear in Table 1.
The experlmental meltlng points are plotted in Fig. 1 . 1In all cases, a

sllght supercoollng was observed when freezing the samples

TABLE 1. MELTING POINTS OF SELECTED N_O, MIXTURES

274
. Theoretical
Oxidizer Blend | Additive| Melting Point | Melting Point*
w/o C F C
204-TNM 10.0 -13.1 8.4 -13.3
2 0,-TNM 20.0 -i4.8 5.4 -15.8 ‘
2 4 -FTM 10.1 -13.5 7.7 -13.6
N204 FTM 20.1 -15.3 4.5 -16.6
N204** None -11.25 | 11.75 --
TNM* * . None 14,2 57.6 --
FTM** None -41.9 [-43.4 --

*Estimated from equation 1, for very dilute solutions

**[Literature values (Ref. 2 for N204, Ref. 5 for TNM
and Ref, 6 fo; FTM)

Theoretical melting points were calculated from the usual freezing point
depression expressions based on the Clapeyron-Clausius equation If the solid,

which separates upon freezing the solution, is pure solvent it is found that

for very dllute solutions

AT>=J(tJn - | o (la)

14
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Figure 1. Melting Points of Selected
Mixtures with NZO4

where m is the molality of the solution (g-mole/1000 g solvent), and Kf is
the molal depression constant defined by
RT 2

9o ; (lb)

K. =
f IOOOQf,

in which Ef is the heat of fusion per gram, and To is the freezing point of

- the solvent. The depression of the freezing point is thus proportional to the
melality of the solution; however, the essential condition is that the solu-
tion be dilute. In this case, as with relatively concentrated solutions,
deviations are observed, as is to be expected. Nevertheless, it would appear

that the additives did no more than lower the N204 melting point nominally.
It would be desirable to have a mixture with a melting point in the range of

about -18 to -29 C(0 to -20 F). Unfortunately, this does nét appear attainj

‘able with practical amounts of additives.
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Experimentally, the oxidizer additive was transferred into the sample cell (in
fume hood) using a glass syringe with a stainless-steel needle. Once loaded
with the additive, the sample cell was immersed in LNj; and subsequently evac-
uated., The approximate N204 volume was then loaded into the sample cell.

. Before removing it from the fume hood, the cell and its contents were allowed
to warm slowly and mix. The cell was then removed and placed in the special
melting point apparatus, and measurements were conducted. The approximate
volume of mixture in the-cell.has 6 ml in the case of 20 w/o additive and

12 ml in the case of 10 w/o édditive.‘.The composition of each mixture was
calculated on the basis of accﬁrate sample cell weighings before and after

loading each component.

Normal Boiling Point

The normal boiling points [i.e., the temperature at which the vapor pressure
of the material is 1 atm (14.696 psia)] of HDA mixtures were calculated from
their vapor pressure correlations as given in the Vapor and Equilibrium Pres-
sure section. The normal boiling-point of the nominal HDA (54.8 w/o0 HNO_-44.0

w/o NO,-0.5 w/o H20—0.7 w/o HF) was calculated as 24,7 C (76.5 F).

3
2

Critical Properties

Experimental values for the critical constants of HDA do not exist. It would
not be possible to obtain reliable values because of the decomposition of ni-
tric acid. Consequently, pseudocritical properties were estimated for this

mixture.

Pseudocritical temperature and pressure were estimated by Kay's Rule (Ref. 7)
and the pseudocritical compressibility factor was estimated by the analo-

gous Leland-Mueller rule (Ref. 8). Pseudocritical volume was calculated from
the other constants. HDA is considered to be an extremely non-ideal solution
because of the associative nature of its components. For example, the N,0, may.

274

be partly presént'és N02, (N02)2, or NOZ-HNOS, in various degrees, depending
upon the temperature. In addition, it was necessary to estimate the critical

properties of the major component, nitric acid, since no data could be found.
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It is unlikely that such data exist, because of the rapid decomposition of
anhydrous nitric acid at elevated temperatures. Consequently, there is more

than average uncertainty in the estimated values.

The critical temperature of nitric acid was estimatea by the methods of
Lydersen (Ref. 9, 10) and Gates and Thodos (Ref. 11 ). The latter value,
624 K, waé adopted because the former, 486 K, seemed peculiarly low. Critical
pressure (94 atm) was estimated by Reidel's methodb(Ref. 12 ), and critical
compressibility (0.238) was estimated by the boiling point correlation of

Garcia-Bdrcena (Ref. 13 ).

In applying Kay's Rule to HDA, there is uncertainty as to the most appropriate
value to uselfor the molecular weight of N204 (46, 92, or some intermediate
value). Thus, the rule was applied using the extreme values. Pseudocritical
pressure and compressibility were surprisingly insensitive to the molecular

weight of N, O, and even the temperatures were close (AT = 31 K). Values are

2% A ‘
summarized in Table 2 . There is no good reason to select either extreme;

therefore, they were averaged to obtain the recommended values given in Table 2.

TABLE 2. PSEUDOCRITICAL CONSTANTS OF HDA

Assumption
| N204 present as NO2 N204 present as N204 Recommended

Constant (MW = 46.005) (MW = 92.001) Values
Pc, atm 97.4 - 57.1 97.2
Tc, K 524 555 540
Z, ’ 0.235 0.235 0.235
Vc’ cc/g-mole 104 110 107

Density

Experimental measurements were performed to expand the available density data

on N204, Nsz-UDMH (50-50), and HDA formulations. Hydrometer measurements were

17



also conducted on HDA to determine "bouyancy effects' that could be used to
correlate.hydrometer readings to actual density values, The densities of
brown N204Iand MON-1 were determined as a function of temperature from 6 to
78 C (43 to 173 F) and composition. The density of N2H4-UDMH (50-50) was
determined as a function of temperature and composition (four formulations
within the MIL Specification limité) over the temperature range of 0 to 59 C
(32 to 138 F). Density measurements on three HDA formulations over a tempe-
rature range of 1 to 71 C (35 to 160 F) extended previously available data
[Ref. 4) to account for compbsition variations. HDA hydrometer measurements
were conducted at 15.56 C (60 F) and compared with density measurements at

that temperature to determine a hydrometer correction factor.

Two different experimental apparatuses, an all-metal variable-volume densimeter

and a Pyrex capillary pycnometer (closed), were used in the density measure-
ments. A diagram of the variable-volume apparatus, which was constructed from
the design of Poole and Nyberg (Ref. 15), is presented in Fig. 2. This
densimeter {previously described in Ref. 2 and 4) operates on the principle‘
that a_sﬁdden rise in preﬁsure (sensed by the pressure transducer) will occur
when 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 indi-
cated by the position of the micrometer attached to the bellows and a prior
calibration of the micrometer (deflnlng the micrometer setting-cell volume _
relationship of the apparatus) with a liquid of known density. The density of
the éample at this point is then calculated from the weight of the propellant

sampie and the indicated volume.

The apparatus is constructed entirely of 321 stainless steel and is capable

of withstanding pressures up to 1500 psi. The volume range provided by the
stainless-steel bellows permits density measurements over a wide range of
temperatures without change of the propellant sample size. The densimefer

was placed in a constant-temperature bath for temperature selection and
regulation to 0.1 F. The temperature of the propellant sample was measured
by a chromel-alumel thermocouple taped to the densimeter and was recorded
during the density measurement after the propellant sample had reached thermal

equilibrium with the environmental bath,
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Figure 2. Poole-Nyberg Densimeter
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The Pyrex capillary pycnometers used in the density measurements are of two
basic types. The first are those converted from 10- or 25-ml volumetric flasks.
The necks of the flasks were replaced with 4-inch sections of 2-mm bore cap-
illary tubing, which were etched with reference lines and sealed with Fischer-
Porter needle valves., The second type are those using a heavy wall Pyrex glass
sample bulb to reduce non-linearities in the calibration curves caused by
slight flexing of a thinner-wall bulb., Each pycnometer of the second type in-
corporates a 2-1/2-inch section of 1.0-mm bore capillary tubing, etched with

a reference line, and sealed with a Kontes Teflon valve. For measurements
below room temperature, both pycnometer types employed an expansion bulb in
the upper portion above the capillary_tubing, A Gaetner cathetometer was

used to measure meniscus levels above or below the reference line. These
deviations of the meniscus level were recorded to 5 x 10°% cm. As in the:
measurements with the densimeter, a constant-temperature bath maintained

the desired temperature level of the propellant samples to 0.1 F. A

Mettler analytical balance was used to determine the sample weights to *0.1 mg.

Hydrometer measurements were conducted with a short-stem hydrometer in conjunc-

tion with a 1.4-inch internal diameter cylinder.

Density of N294; As a result of density measurements obtained experimentally

on N0, and MON-1, the resulting values (described subsequently) were correlated
as a function of temperature from 6.2 to 78.2 C (43.1 to 172.8 F) and composi-
tion (0 to 1.17 w/o NO) through use of a least-squares curve-fit computer pro-

gram. The correlation is represented by the following expressions:

-3 -5 2
- - L 9T, - 2.71835 x 10°°T
Plg/cc) 1.4901 - 1.80169 x 10 © 2 5 x ©
-7 .3 -9 .4
+5.093 x 1077 Ty - 3.614 x 10°° T ) (22)
-3
- N
and 2.9839 x 10 (/o)
. | y
= 94.23 - . - 1.17924 T° + 8.2033
P(1b/cu ft) 94_;93 0.0094 T(F) -3141792 x 19 . x .
- c. 10 T .- 0.1863 N
10 RF) 2.1496 x 10 ) 0 (w/0)

\;
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where

p = density, g/cc or lb/cu ft
= temperature, C or F
N = NO concentration, weight.percent

The standard errors of estimate of these e*preséion are 0.0010 g/cc and 0.063
1b/cu ft, respectively, It can be noted that there is no dependence on water.
composition in this correlation. It was found that the effect of water was
negligible (within the specification range of 0 to 0.17 w/o0), as described -

below.

Data for variocus mixtures of nitrogen tetroxide and nitric oxide were collected
and evaluated previously (Ref. 4). During this program, these data (from Ref.
16 through 22) were reevaluated, and the valid data, including Rocketdyne data
for saturated liquid, were correlated with a single equation as a function of
both temperature (from freezing points to 105 C) and NO content {0 to 30'w/o
NGO} :

-3 6.2
= 1.4 - 2.124 07T - 5. 10°°T - 3.2
O a/ce) 905 - 2.124 x 10 ) 5.01 x 10 ©) 50 x
-3 -5 2 : -5 :
N 1.804 x 10 °N 1.458 x 100° N, , .T
10 (w/0) * 04 x 10 (w/0) * 58 x (w/0) (C)
‘ -7.2 -7 2
. T - 2.22 107N T ki
+ 3,852 x 10 N /03T (e) 226 x 10 wo)T (© (3)

This correlation was compared with that developed for the new data (Eq.?a

for 0 to 1.17 w/o NO) by making a new curvefit on the new data with the »
density effect of NO "backed out" by means of Eq. 3 . This }epresented the .
new data just as well as the specific curvefit tEq.Za) , with standard errors
of estimate of 0,0010 g/cc in each case. When a term was added for water con-
tent, the curvefit was not improved and thelmaXimum contribution of the water
term to density was‘oﬁly'O.QDOI g/cc (one tenth of the standard error). Thus
it was concluded th@t water does not hafe a significaﬁt effect on N204 density

within the MIL specification range,

The final correlation (Eq.2a) is represented graphically in Fig. 3 for red-
brown N0, (i.e., zero NO concentration). The curves for other N0, composi-

2
tions within the MIL specification range, which can be evaluated from the
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correlation, are not shown in Fig. 3 because they would be almost indistin-
guishable from each other. For example, the difference in density between red-
brown N204 (zero NO)} and MON-1 with maximum NO (1.0 w/o) is-only 0.003 g/cc.
The difference in MON-1 density over the MIL specification range of NO concen-

tration (0.6 to 1.0 w/o) is only 0.0012 g/cc.

Density measurements were conducted on brown N204(composi¢ion: 99.9 w/o

N204, 0.01 w/o HZ

to 172.8 F). Sixteen values were obtained using the Poole-Nyberg densimeter

0 equivalent) over the temperature range 6.2 to 78.2 C (43.1

and four using a 10-ml glass pycnometer of the volumetric-flask type. The re-
sults are listed in Table 3. A correlation of the resulting data by a least-
squares curve-fit computer program resulted in the following expressions of

density as a function of temperature:

2

_ -3
= 1.4903 - 2.0517 x 10 °T ©)

- 6.0813 x 10°°T

Plg/cc) (C)

with a standard error of estimate of 0.0014 g/cc.

Experimentally, the N204 loadings of the pycnometer were made directly from a
vacuum line, and the pycnometer was calibrated using distilled water. A cor-
rection was applied to the pycnometer values for the amount of NéO4 in the -
vapor phase at each of the four temperatures involved. The densimeter, which
had previously been passivated and cleaned with N204, was loaded with N204
indirectly through use of a tared loading cylinder for better accuracy. Again,
all N204 transfers were performed using the vacuum line,

Density measurements were conducted on an NO-enriched N204 composition (1.17
w/o NO, 0,07 w/o H20) over the temperature range 22.3 to 74.2 C (72.1 to

165.6 F). A total of 16 individual data points were generated from two mea-
surement sets using the Poole-Nybefg densimeter. These values are listed in
Table 4. A least-squares computer curve-fit of the data resulted in the fol-

lowing expression of density as a function of temperature:

= 1.4883 - 2.180 x 10 °T... - 4.109 x 107 °T?

Pg/cc) (C) (€)

The standard error of estimate is 0.001 g/cc.
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TABLE 3. EXPERIMENTAL DENSITY OF RED-BROWN NTO*

Observed Calculated Density,

Temperature Density, Equations 2a and 2b

C F glee . g/ec | 1b/cu ft
6.2 43.1 1.478 1.478 92.28
7.2 45.0 1.4766%* 1.476 92.14
9.3 48.7 1.471 1.471 91.86
12.4 54.4 1;464 , 1.464 91.42
15.6 60.0 1.4569** 1.457 90.97
15.6 60.0 1.457 1.457 90.97
18.6 | 65.5 1.450 1.450 90,52
21.7 71.0 1.443 1.443 90.07
22,3 72.1 1.441 1.441 89.98
24.5 76.1 1.434 1.436 89.64
25.0 77.0 1.4349%* 1.435 89.56
28.0 82.4 1.428 1.427 89.11
29.4 85.0 1.4242%* 1.424 88.89
130.3 86.5 1.421 1.422 . 88.76
33.8 92.9 1.415 1.413 88.21
42.6 108.6 1.391 1.392 86.88
47.9 118.3 1.380 1.378 86,05
58.7 137.6 1.350 1.351 84,33
66.1 151.0 1.331 1.330 83.05
78.2 172.8 1.290 1.291 80.61

* SAMPLE COMPOSITION: 99.9 w/o N204, 0.01 w/o H20 equivalent

**  Measurements conducted with 10-ml capillary pycnometer; all other

measurements conducted with Poole-Nyberg densimeter.
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EXPERIMENTAL DENSITY OF NO-RICH MON-1*

TABLE 4.

Observed Calculated Density,
Temperature Density, Equations 2a and 2Zb
C F g/cc g/cc 1b/cu ft
21.9 71.4 1,439 1.439 89.82
22.3 72.1 1.439 1.438 89.76
24.3 75.7 1.433 1.433 85.45
28.6 83.5 1.422 1.422 | 88.80
34.2 893.06 “1.407 1.409 87.94
34.8 94.6 1.407 1.407 87.85
39.8 103.7 1.395 1,395 87.08
41.2 106.1 1.391 1.392 86.87
46.3 115.4 1.379 1.379 86.08
47.6 117.6 1.376 1.376 85.89
54.2 129.6 1.360 1.359 84,84
57.2 134.9‘ 1.350 1.351 84.36
60.3 140.5 1.342 1.343 83.85
64.2 147.6 1.331 1.332 83.17
71.2 160.2 1.313 1.311 81.87
74.2 165.5 1.303 1.302 81.28

*  SAMPLE COMPOSITION: 98.5 w/o N

0

204’

.07 w/a HZO

25
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Experimentally, the N204 vacuum system was first refurbished, and then a 500-ml
stainless-steel cylinder unit was cleaned, helium leak-checked, and attached

to the vacuum line preparatory to formulating the mixture. The N204 was loaded
in increments by gravity flow through a transparent Teflon sight tube into the

cylinder, immersed in LN The NO was then added by volume expansion in several

stages. A 100-psig presgure gauge attached to the cylinder was used to monitor
pressure during the mixing operation. Following the successful mixing opera-
tion, in which approximately 1,2 w/o additional NO was added to the original
N204, an accurately weighed NO-rich MON-1 sample was then transferred on a
vacuum line to the Poole-Nyberg densimeter. The densimeter was removed and
placed in an oven where density measurements were conducted. In order to back

pressure the densimeter bellows, a new GN2 pressurization system was assembled.

Density of N,EAQUDMH (50-50). Experimental density measurements were conduc-

ted on four selected N2H4—UDMH (50-50) formulations (described in the Propel-
lant Fermulation and Chemical Analyses section as A-1, A-2, A-3, A-4) over the
temperature range of 0 to 59 C (32 to 138 F). Samples of the N2H4—UDMH

(50-50) formulations were loaded into 25-ml pycnometers (of both types) within
a dry box under approximately one atmosphere of gaseous nitrogen. The result-
ing data (shown in Table 5 with corresponding chemical analyses of the formu-
lations) were correlated as a function of temperature and compoéition through
the use .of a.least-squares curve-fit computer program. The, correlation, which -
covers a range of 0 to 59 C (32 to 138 F), 46.6 to 50.3 w/o UDMH and 0.3 to

1.9 w/o water, is represented by the following expressions:

, -4 -3
" = 1.,0249 - 9,550 x 10 T - 2.165 x 10 “U
? (g/cc) ’3 (© (w/0)
+ 1.715 x 10 "W
(w/0) (4a)
-2
= - - 0.
and p(lb/cu £t) 65.042 3.3123 x 10 T(F) 1351 U (w/0)
+ 0.1071 W
(w/0) (4b)
where p = density, g/cc or lb/cu ft
T = temperature, C or F
U = UDMH concentratiocn, weight percent
W = water concentration, weight percent
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TABLE 5. DENSITY DATA FOR SATURATED LIQUID NéH4-UDMH (50-50)*

Temperature ‘ Density
‘ Calculated 'Ealculated
Formulation F C |Measured,g/cc Frfglﬁﬂ' 4a, . rgg/gﬁ.fgb,
A-1 32.0 | 0.0 09231 0.9239 '57.68
77.0 [25.0 0.8996 0.%000 | - 56.19
138.0 |58.9 0.8676 0.8676 54,16
A-2 32.0 | 0.0 0.9174 0.9165 57.22
77.0 }25.0 0.8928 0.8926 55.78
138.0 {58.9 |. 0.8603 0.8603 53,71
A-3 32.0 | 0.0 0.9279 0.9272 57.89
77.0 |25.0 0.9040 0.9034 56.40
138.0 |58.9 0.8720 0.8710 54,38
A-4 32.0 | 0.0 0.9233 0.9236 57.66
77.0 |25.0 0.8983 0.8997 ‘ 56.17
138.0 |58.9 0.8667 0.8673 54.15

* SAMPLE COMPOSITIONS:

Composition, w/o
Formulation | UDMH N2H4 H,0 | 0SI

2
A-1 46.9 | 52.6 | 0.3 | 0.2
A-2 . 150.3 | 49,1 10.3 | 0.3
A-3 46.6 | 51.3 | 1.9 | 0.2
A-4 48.3 | 49.6 1.9 ] 0.2
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The standard errors of estimate of these expressions are 0.0008 g/cc and
0.05 1b/cu ft, respectively. A graphical representation of the nominal N2H4
UDMH (50-50) formulation as described by Eq 4a is shown in Fig 4,

Density of HDA. Density measurements were conducted on three selected HDA

formulations [described in the Propellant Formulation and Chemical Analyses
section as nominal (HDA-Nl), high H20 (HDA-HW1), and high NOZ(HDA-HN)] using the
Poole-Nyberg densimeter. The samples were loaded into the apparatus under
their own vapor pressure using a vacuum line. The results of these measure-
ments, presented in Table 6, were correlated through use of a least-squares
curve-fit computer program with the folléwing expressions of density as a

function of temperature and composition:

-3 -6
= 1.7889 - 1.8391 x 10 °T - 5.82 x 10°°T, .2
Ple/ee) (C) (C)*
-3 -2, (5a)
- . - . x
2.420 X 107N 00 = 1750 X 1077 s
and 0 ' = 113.61 - 5.660 x 10727, - 1.12 x 10~ %1, 2
(1b/cu ft) ' (F) (F)
5b)
-0.1511 N - 1.093 W (
(w/0) (w/0)
where p = density, g/cc or lb/cu ft

= temperature, C or F

= NO, concentration, weight percent

2

W = water concentration, weight percent

The standard errors of estimate of these equations are 0.0017 g/cc and

0.106 1b/cu ft, respectively, over a temperature range of 1 to 68 C (34 to

155 F) and composition variations of 43.4 to 45.6 w/o NO and 0.4 to 1.7 w/o
HZO. These correlations are shown graphically in Appendix A. Density data
previously obtained (Ref. 4) were not included in this correlation because
these new data were obtained with propellant formulations for which the compo-

sition could be much more accurately controlled.

HDA Hydrometer Measurements. Hydrométer measurements were made on HDA to de-

termine the "buoyancy effects" or correlations of hydrometer readings to actual

density values.
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TABLE 6. DENSITY DATA FOR SATURATED LIQUID HDA*

Temperature Density
FCalculatgd Calculated
Formulation F C Measured, g/cc ronggé 2 FT?E/ES'fEb’
HDA-N1 33.8 1.0 1.670 1.674 104.5
59.8 | 15.4 1.645 1.646 102.7
. 80.2]26.8 1.623 1.622 101.3
100.0 { 37.8 .1.586 1.598 99.7
121.8 § 49.9 1.570 1.569 98.0
140.0 | 60.0 1.548 1.544 96.4
153.8 | 67.7 1.524 1.524 95.1
HDA-HN 35.0 1.7 1.670 1.668 o 104.2
60.0 | 15.6 1.641 1.642 102.5
69.2120.7 1.631 1.631 101.8
80.11|26.7 1.618 1.618 101.0
100.1 | 37.8 1.594 1.594 99.5
120.0 | 48.9 1.569 1.568 97.9%
140.0 { 60.0 1.539 1.540 96.2
147.6 1.528 1.529 95.5
150.0 | 65.6 1.525 1.526 95.3
HDA-HW1 35.8 2.1 1.652 1.650 103.0
60.2 | 15.7 1.625 l1.624 ' 101.4
80.1126.7 1.600 1.601 99.9
100.,1 | 37.8 1.576 1.576 98.4
120.1 | 48.9 1.548 1,550 96.8
139.9 1 60.0 1.522 1.523 95.1
155.0 1 68.3 1.500 1.501 93.7

*SAMPLE COMPOSITIONS:

Composition, w/o

Formulation HNO3 NO2 ) HZO HF Fezo3 Particulates
HDA-N1 55.0144.0 |0.4]10.4 10.03 0.2
HDA-HN 53.4145.6 |0.4 0.4 |0.03 0.2
HDA-HW1 54.3143.4 11.7]0.410.03 0.2
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A sample from the nominal formulation of HDA was transferred to the chilled
cylinder (surrounded by dry ice), the hydrometer was immersed, and the con-
tainer was capped with aluminum foil. After the cylinder was transferred to

a 15.56 C (60 F) bath and allowed to equilibrate, the foil cap was removed and
the hydrometer was read after a two-minute period. Additional readings were
taken over a period of 105 minutes. The hydrometer reading (taken by observ-
ing the graduations from below the liquid surface) on HDA after two minutes

of temperature equilibration was 1.638 based on the H;S04 calibrations.

After 10 minutes the reading was 1.639; this remained constant through the
remainder of the 105-minute observation period. The density of the same HDA
formulation, as determined by densimeter measurements at 15.56 C (60 F) was
1.645 g/cc. Therefore, a correction factor of 0.006 to 0.007 (depending on
the time of observation) should be added to the hydrometer readings to obtgin'

actual density of HDA. {Using the CCl, calibrations, a reading of 1.634 would

4 ‘
be observed for the same conditions.) Visual inspection of the hydrometer

after the measurements revealed some surface etching of the glass.

Hydrometers are inherently the least accurate method of determining density.
When they are floated in a liquid, a small amount of the liquid rises above
the stem to form a meniscus. This liquid adhering to the stem, above the gen-
eral level of the liquid in which the instrument is floéting, has the same
effect as adding to the mass of the hydrometer; thus increasing the depth of
immersion. The influence of surface tension on hydrometers can be considera-
ble, and can markedly change hydrometer readings when traces of impurities are
absorbed on the liquid surface. Measurements in the HDA can be further
affected by the volatility of NOX components that give local temperature and
density variations. It was concluded that hydrometer measurements in HDA are

at best only accurate to twd.decimal places.

In the experimental investigation of HDA "bouyancy qffeéts,”‘short and long
stem hydrométers were calibrated with CCl, and 73-percent HéSO4 in cylinders
with internal diameters of 1.0, 1.4, and 1.9 inches. Since ASTM §tandaras
(D287-64 and D1298-67) require the ID of the cylinder containing the hydrom-
eter to be at least one inch greater than the hydrométer 0D, these sizes
were evaluated for surface tension effects. The calibration liquids chosen

bracket the surface tension of HDA (o~33 dyne/cm), sincé CCl4 and 73-percent

31



H;S04 have surface tension values of approximately 27 and 55 dyne/cm, respec-
tively. The density of these calibrating liquids was determined using a
Westphal balance. All determinations were conducted at 15.56 +0.1C (60 *0.1F).
In addition, on the basis of the calibrations and limited quantity of propel-
lant, the short stem hydrometer with the 1.4-inch ID cylinder was selected for

the measurements with HDA.

Sonic Velocity

Senic veloﬁity‘meééurementﬁ were conducted in HDA under saturated liquid condi-
tions over selected temperature ranges. The resulting data were also used to
calculate the adiabatic coﬁpressibility of HDA (as noted in the Adiabatic Com-
pressibility section). Sonic velocity measurements in HDA were made in the ex-
perimental apparatus that‘has been described previously in Ref. 2 and 4 and is
illustrated in Fig. 5. This apparatus accurately measures the distance that
sound waves of a known ffequency travel through a test fluid. The interferometer,
which is capable of withstanding pressures to 1000 psia and temperatures to 200 F,
is constructed of type 347 stainless steel. The dial gage, which provides precise
linear location data, also enables the differentiation between the reflected signal
(and its harmonics) and reflections from the metallic interferometer body. Dis-
playéd pips, from trué reflections, move on the oscilloscope as the reflector is

moved, while spurious signals remain stationary.

The measufqments are conducted by initiation of a 5-meg£hertz radio frequency
signal from the pulsedloScillator, which is fed simultaneously to the oscilloscope‘
and a quartz piezoélectric crystal (with 5-megahertz 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 displayed on the oscilloscope, thus allowing measurement of the time

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

During the determinations, 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 chromel-alumel therﬁocouple (with a type 316 stainless-steel sheath) immersed in

32



snjereddy A310079A 2TUOS -G o.H:wE

NOILVZINOWHINAS 340250123143y
3d00S0T11ISO
TVLSAND
zuu:om2<¢»l/l|
H3ILINOHIAHIALNI
¥O193143y
on14d LS31

39v9 vid
AN3W3IOVIdSIQ ¥VIANIT

33



the test fluid. The sonic velocity apparatus was calibrated over a temperature
range of 1 to 60 C (34 to 140 F) with distilled water and absolute methanol as test
fluids.- The data obtained from sonic velocity measurements in these fluids with
this apparatus were compared with literature values for these fluids (Ref. 23 and

24) to obtain a calibration factor.

Sonic velocity measurements were made in three different HDA formulations over a
temperature range of 1 to 60 C (34 to 140 F) under saturated liquid conditions.
The resulting data in Table 7 were curve-fitted with the following expressions

of sonic velocity as a function of temperature and composition:

_2.2
= .0 - 3. - 1. T
< (n/sec) 2180.0 - 3.523T () - 1.45 x 10 ©
(6a)
- L4977 N oy <406 W
and
c = 7343 - 5.482T. . - 1.47 x 10" °T?
(ft/sec) ~ o (F} ' (F) _
(6b)
-49.14 N - W
14 (w/0) 133 (w/0)
where

sonic velocity, m/sec or ft/sec

temperature, C or F

NO, concentration, weight percent

= Z2 4 0
i

water concentration, weight percent

The standard errors of estimate for these equations are 6.3 m/sec and 20.6 ft/sec,
respectively, over composition ranges of 43.4 to 45.6 w/o NO2 and 0.4 to 1.7 w/o

H,0. These correlations are presented graphically in Appendix A,
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TABLE 7. SONIC VELOCITY DATA FOR SATURATED LIQUID HDA*
Sonic Velocity
Calculated Calculated
Temperature Measured, |From Eq. 6a, {From Eq. 6b,
Formulation F C m/sec m/sec ft/sec
HDA-N1 37.7 3.2 1493 1493 43900
60.2 15.7 1445 1446 4744
80.5 27.0 1403 1399 4591
100.1 | 37.8 1348 1351 4432
121.1 49.5 1296 1295 4248
138.9 59.4 1244 1244 4083
HDA-HN 34.3 1.3 1474 1476 4843
60.2 15.7 1412 1422 4666
80.3 | 26.8 1374 1376 4514
100.0 37.8 1333 1327 4354
120.2 49.0 1282 1273 4178
140.0 60.0 1217 1217 3994
HDA-HW1 34.2 1.2 1464 1455 4774
60.1 | 15.6 1402 1401 4596
80.3 26.8 1350 1354 4444
100.3 38.0 1301 1305 4281
120.3 49.1 1260 1252 4107
©140.,5 60.3 1185 1195 3919
SAMPLE COMPOSITIONS:
Composition, w/o
Formulation HNO3 NO2 H20 HF Fe203 Partic.
HDA-N1 55.0 44,0 0.4 | 0.4 0.03 0.2
HDA-HN 53.4 45.6 | 0.4 | 0.4 | 0.03 0.2
HDA-HW1 54.3 43ﬁ4 1.7 0.4 0.03 0.2
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Adiabatic Compressibility

Using the experimental sonic velocity data resulting from this »nrogram (as dis-
cussed in the Sonic Velocity section) and liguid density data (also from this
program), the adiabatic compressibility of HDA was calculated from the thermo-

dynamic relationship:

1
B, = —
-8 o c2
where
BS = adlabatlc compre551b111ty of the liquid
o] = den51ty of the liquid
¢ = velocity of sound in the liquid

The resulting correlation is given by the following equations:

-7 -7 -10..2
- = 6. - 2. . T
Bs(atm 1) 6.097 x 10 2.9506 x 10 T{C) +9.126 x 10 )
-11 3 -7
+ 1.718 x 10 T(C) + 5.7924 x 10 N(w/o)
+ 1.727 x 10'6 W + 9.808 x 10'9 N T
(w/o) (w/o) (C)
+ 2.84 x 1078w T
(w/0) (C)
and
-7 -8 -14 2
Bs(psia) = 4,115 x 10°° - 1.1765 x 10 T(F) - 8.107 x 10 T(F)
+ 2,005 x 107337 3 4 2,755 x 1073 + 8.318 x 10 3
(F) {(w/0) (w/o0)
. -10
+ 3.708 x 10 N T + 1.074 x 107 W

(w/0) (F) (w/0) " (F)

The standard errors of estlmate for these equations are 8.7 x 10~ -8 atm™! and

5.9 x 10 psia 1, respectively. These expressions are valid for temperatures from
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1 to 60 C (34 to 140 F), N204 concentrations from 43.4 to 45.6 w/o, and HZO con-
centrations from 0.4 to 1.7 w/o. The correlations are shown graphically in

Appendix A,

Vapor and Equilibrium Pressure

Vapor pressure measurements were conducted on four HDA formulations (described in
the Propellant Formulation and Chemical Analyses section as HDA-N1, HDA-N2,
HDA-HW1, and HDA-HN) over the temperature range of -17 to 129 C (1 to 264 F). The
resultant values were then correlated as a function of composition and temperature.
Equilibrium pressure measurements were also conducted on three of the HDA formu-
lations (HDA-N1, HDA-HWI, and HDA-HN) at 60 C (140 F). The equilibrium pressure
cylinders were loaded to obtain ullages of 90, 50, 20, and 3 v/o at test

temperature.

The apparatus used in the vapor pressure measurements consisted of a 10-milliliter,
type 304 stainless-steel cylinder with immersion thérmocouple, pressure trans-
ducer, and type 316 stainless-steel Hoke sample valve. The thermocouple, a
chromel-alumel junction with type 316 stainless steel sheath, was sealed into the
cylinder with a swedge fitting, thus permitting direct measurement of the tempera-
ture of the cylinder contents. The thermocouple was calibrated at the melting and
boiling points of water. The type 316 stainless-steel pressure transducer (either
a Taber 0-50 psia or CEC 0-2000 psia model, depending on the pressure range) was
calibrated with a Heise gage over the temperature and pressure ranges of intended
use. As the temperature of each liquid sample was increased or decreased in in-
crements through heating or cooling of the apparatus in a regulated (to 0.1 C).
temperature bath or Delco precision oven, the pressure of the sample was recorded

at the attainment of equilibrium temperature at each of the selected levels.

The equilibrium pressure measurements on HDA were conducted in type 304 stainless-
steel Hoke cylinders of 10-ml capacity, which were fitted with type 304 stainless-
steel Hoke needle valves and type 316 stainless-steel pressure transducers. The
pressure range of the transducers was 0-2000 psia, and was selected for the range

of equilibrium pressures exhibited by other fuming nitric acids.

37



Vapor Pressure of HDA. One hundred-eight vapor pressure data points were obtained

on the four formulations measured. They are listed in Table 8, 9, and 10. The
experimental data from vapor pressure measurements on four HDA formulations (HDA-Nl,'
HDA-N2, HDA-HWland HDA-HN) were correlated as a function of temperature and
composition by a least-squares curve-fit computer program. The resulting
equations, covering the temperature range of -17 to 129 C (1 to 264 F), NO2 (N)
ranges of 43.2 to 45.6 w/o NOZ' and H20 (W) ranges of 0.4 to 1.7 w/o HZO' are:

4702.28 -2
log; P (yemy = 10.7662 - —fffg;— - 5.43556 x 107N,
2 Nw/o) 282926
*2.5549 x 1077W o + 28.5036 S . o
(K) T
(K)
and
. 8464.86 -2
IOgIOP(psia) = 11.9347 - —T?E;_— - 5.43838 x 107N 0
2 Niw/o) 916700
+ 2.5548 x 1070, .+ 51.3221 T” °) . "
{R) T (R)

The standard error of estimate is equivalent to 4.0 percent in pressure. Graphs of

the expressions, evaluated for the nominal composition, are shown in Appendix A.

Only the initial set of data obtained over the high temperature range of each of
the samples was used in the final data correlation. Data obtained from subsequent
runs with the same sample at high temperatures were significantly higher than the
established vapor pressure curve. This implies reaction and/or decomposition was
taking place in the stainless-steel vapor pressure cell at elevated temperatures.
In addition, further measurements established a pressure buildup of ~8 psi/hr
-when the loaded vapor pressure cell with the 0-2000 psia CEC transducer was.held
at 240 F for any length of time.
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TABLE 8. VAPOR PRESSURE OF HDA-N1 FORMULATION*
Temperature Observed Pressure, Calculated Pressure
C F psia psia atm
1.7 35.1 6.3 5.7 0.39

10.5 50.9 8.9 8.2 0.56
' 18.6 65.4 11.9 11.4 0.78
23.9 75.1 14.5 14,2 0.97
24.9 76.9 14.5 14.8 1.01
25.1 77.2 14.5 14.9 1.01
25.7 78.2 15.8 15.2 1.03
37.6 99.7 23.5 24.3 1.65
38.0 100.4 24.0 24.7 1.68
41.9 107.5 28.0 28.8 1.96
45.0 113.0 32.1 32.3 2.20
47.5 117.5 35.0 35.5 2.41
50.4 122.7 39.5 39.6 2.69
51.1 123.9 41.0 40.6 2.76
55.4 131.8 47.7 47.8 3.25
63.3 | 145.9 62.0 63.5 4.32
66.2 151.1 70.0 70.4 . 4.79
69.8 157.7 82.0 80.2 5.46
78.4 173.1 111.5 107.9 7.34
85.8 186.4 148.0 138.6 9.43
90.6 195.0 169.0 162.4 11.05
91.1 195.9 171.5 165.1 1 11.23
102.0 215.6 238.5 235.1 15.99
102.2 215.9 239.5 236.4 16.08
113.2 235.7 235.5 333.0 22.65
122.6 252.7 451.0 © 442.6 30.11
123.3 253.9 460.0 451.5 30.71
*SAMPLE COMPOSITION: 55.0 w/o HNOg, 44.0 w/o NO,, 0.4 w/o HF,

0.4 w/o H20, 0.2 w/o Particulates
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TABLE 9.

VAPOR PRESSURE OF HDA-N2 FORMULATION*

Observed | Calculated Observed Calculated
Temperature |Pressure,] Pressure, Temperature| Pressure, Pressure,
C F psia psia atm C F psia psia atm
-17.2| 1.0] 2.2 2.3| 0.15 18.7] 65.7] 10.8 10.6 | 0.72
-16.91 1.6 2.3 |-2.31{ 0.15 19.1{ 66.4| 11.0 10.6 | 0.73
-13.7|' 5.9| 2.5 2.6 | 0.18 21.2| 70.1| . 11.9 11.8 | 0.80
-14.1) 6.7 2.6 2.6 | 0.18] | {22.6] 72.7| 12.5 12.5 | 0.85
-13.3 8.1 2.6 | 2.7 0.18 24.2| 75.6| 12.9 13.3 | 0.90
-11.3| 11.6{ 2.9 2.9 | 0.20 24.9| 76.8| 14.0 13.7 | 0.93
-11.2| 11.9| 2.9 3.0 | 0.20 25.0| 77.0| 13.3 13.8 | 0.94
-10.9| 12.4] 3.0 3.0 | 0.20 26.1| 78.9| 14.1 |14.4 | 0.98
-8.5| 16.7| 3.3 3.3 | 0.22 26.2| 79.1| 14.5 14.4 | 0.98
-7.4| 18.6| 3.5 3.5 | 0.24 28.7| 83.7] 15.1 16.0 | 1.09
-6.2] 20,9 3.6 3.7 | 0.25 28.9| 84.1( 15.5 16.1 | 1.10
-4.2|24.4) 4,1 4.0 | 0.27 29.1| 84.4| 16.0 16.3 | 1.11
-4.0124.8| 4.0 4.0 | 0.27 29.9| 85.9{ 16.0 16.8 | 1.14
-0.7{30.7| 4.6 4.7 | 0.32 30.9 | 87.7| 16.7 17.5 | 1.19
-0.7|30.7| 4.8 | 4.7 |o0.32]][33.1] 915 18.1 19.0 | 1.29
1.1]33.9] 5.0 5.0 | 0.34 33.5 | 92.3| 18.9 19.4 | 1.32
2.8|37.0| 5.5 5.4 | 0.37 34.4 | 93.9( 19.4 20.1 | 1.37
3.7 | 38.7] 5.6 5.6 | 0.38 34.6 | 94.2( 19.4 20,2 | 1.37
5.9 (42.7| 6.2 6.2 | 0.42 37.1 98.7( 22.7 22.3 | 1.52
6.1|43.0| 6.4 6.3 | 0.43 37.3 | 99.2| =22.9 22.6 | 1.54
9.2 [48.6| 7.4 7.1 | 0.48 37.5 1 99.5] 22.2 22.7 | 1.54
9.5 [49.1| 7.2 7.2 | 0.49 38.9 |102.1| 23.9 24.0 | 1.63
12.3 154.2| 8.3 8.1 0.55 41.0 1105.8 | 26.1 26.0 | 1.77
12.6 |54.7| 8.6 8.2 | 0.56 | | [43.3 |109.9| 28.3 {28.4 [ 1.93
15.3 {59:5] 9.3 |.9.2 | 0.63 44.0 [111.2 | 29.4 29.3 | 1.99
17.0 {60.8]| 9.8 |9.5 |o0.65
*SAMPLE COMPOSITION: 55.7 w/o HNO,, 43.2 w/o NO,, 0.54 w/o HF,

0.46 w/o
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TABLE 10. VAPOR PRESSURE OF HDA-HW1 AND HDA-HN FORMULATIONS*

Temperature Observed Calculated Pressure
: Pressure, |

Formulation C F psia psia atm
HDA-HW1 1.6 ) 34.8 5.5 5.7 0.39
8.8 47.9 7.5 7.8 0.53
12,6 } 54.6 8.8 9.1 0.62
18.3 | 64.9 11.3 11.6 0.79
24.6| 76.2 14.9 15.0 1.02
26.9| 80.4 17.5 16 .4 1.12
36.8 | 98.3 25.0 24.4 1.66
37.5| 99.5 24.3 25.1 1.71
38.2 | 100.8 24.9 25.8 1.76
47.9 1 118.3 37.1 37.5 2.55
48.4 | 119.1 37.9 38.1 2.59
49.3 | 120.7 43.0 39.4 2.68
67.6 | 153.7 77.5 77.4 5.27
69.6 | 157.3 86.5 83.1 ~5.65
' 82.3]180.2 136.5 129.3 8.80
96.6 | 205.9 215.0 208.1 14.16
111.4 | 232.5, 326.0 332.7 22.63
125.6 | 258.1 474.0 511.9 34.82
128.7 | 263.6 519.0 560.1 38.10
HDA-HN 1.9 35.4 6.9 6.8 0.46
9.5| 49.1 8.8 9.3 0.63
17.7 | 63.9 12.1 12,9 0.88
24.6| 76.3 16.0 17.0 1.16
29.4| 85.0 19.0 20.5 1.39
39.9(103.8 29.5 30.4 2.07
48.9} 120.0 44.5 42.5 2.89
65.3 [ 149.5 83.0 76.2 5.18
81.7} 179.0 145.0 132.8 9.03
98.7 | 209.6 238.5 229.5 15.61
117.5] 243.5 394.5 406.8 27.67

*SAMPLE COMPOSITIONS:

HNO NO HF, ! H,0, | Particulates,

3 2’ 2
Formulation | w/o | w/o | w/o | w/o w/o
HDA-HW1 54.3 43.41 0.4 1.7 0.2
HDA-HN 53.4 45.6 1 0.4 1 0.4 0.2 N
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Experimentally, the data were measured using the Taber and the CEC pressure
transducers, both of which were calibrated at several temperatures before the
experimental run. All loadings of the vapor pressure apparatus were performed
using a vacuum line. The vapor pressure cell used in the measurements was dis-

assembled, cleaned, reassembled, and leak-checked between loadings,

Equilibrium Pressure of HDA. ‘Equilibrium pressure measurements were made on
three HDA formulations (HDA-N1, HDA-HWL, and HDA-HN) at 60 C (140 F). Equili-

brium pressure measurements conducted on samples of the prgpellant¥grade

HDA-N1 formulation showed that no significant deviations from the vapor pres-
sure were noted‘during the first week of testing, However, during the second
and third wegk, gradual pressure rises of 0.7 to 1.4 atm/week (10 to 20 psi/
week) were observed. After the three-week test period, maximum pressures of §
atm (75 psia)'were attained in bombs loaded to ullages of 23, 50, and 90 v/o.

The maximum pressure in the 5-percent ullage bomb was 6.5 atm (95 psia).

Measurements on the HDA-HW1 formulation showed that the two bombs loaded at
ullages of 21 and 51 v/o remained at relatively constant pressures during 24
days at 60 C (140 F), attaining final pressures of 5.4 énd 4.7 atm (80 and

70 psia), respectively. The bomb loaded to 80 v/o ullage'developed internal
pressure at the rate of about 0.13 atm/day (2 psi/day), then leveled off at
5.4 atm (80 Psia). The fourth bomb, loaded at 3 v/o ullage;'developed pres-
sure at the rate of aboﬁt 2 atm/day (30 psi/day) after a six-day induction
period. The rate of pressure increase dropped off to about 1.4 atm/day

(20 psi/day); then to about 0.7 atm/day (10 psi/day) during the final three

days; attaining a final pressure of approximately 33 atm (485 psia).

The final pressures on the samples of HDA-HN exhibited the same general trends
as the tests with propellant-grade HDA-N1 and HDA-HWl. The bombs loaded to 19
and 50 v/o ullages built up less pressure than the bomb loaded to 90 v/o
ullage, and the highest pressure buildup was in the bomb loaded to 2 v/o
ullage, as expected, Final pressures of approximately 5.5 atm (80 psia) were
obtained in the 19, 50, and 90.v/o ullage bombs, While the pressure in the

2 v/o ullage bomb reached 50 atm (740 psia). When the bombs were cooled to
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ambient temperature after the run at 60 C (140 F), a residual pressure of 1.4

to 1.7 atm (20 to 25 psia) was measured in each bomb.

Some general conclusions drawn from the three sets of equilibrium pressure

runs. are:

1. Pressure build-up appears to start within one week from test
initiation.
2. The build-up appears to be a result of HDA reaction with the con-

tainer walls.

3. At 60 C (140 F), tests with ullages of 20, 50, and 90 v/o result
in a total pressure increase of about 1 atm (15 psi) in the first

week, and then remain constant over the remaining period.

4. 'High pressure buildups, 6.5 to 50 atm (95 to 740 psia), were noted
in all low ullage (2 to 5 v/o) tests. The pressures in these tests
continued to rise throughout the test period although the pressure
rise rtate decreased with time, A possible explanation for the ex-
tremely high pressure levels may be liquid compression due to thse .

achievement of a zero ullage through corrosion build-up on the wall.

Experimentally, the bombs were loaded with propellant using tared secondary
transfer vessels and a vacuum line. The proper amounts of propellant to be
loaded were determined by calculations (based on previous vclume calibrations)
such that ullages of 90, 50, 20, and 3 v/o would be obtained at the test tem-
perature. The pressure transducers attached to each of the four bombs were
monitored by a multipoint recorder that was switched on for‘15 minutes every

hour by an interval timer.

Heat of Formation

The heat of formation of HDA (54.8 w/o HNOs, 44 .0 w/o N204"0'5 w/o H20, 0.7

w/0 HF) was estimated using the heats of formation of the components, N204,
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HZO’ and HF, and fheir heats of so;ution with each other. An estimate was
made of the possible uncertainty in the calculation, using a conservative
approach to arrive at the greatest possible uncertainty. Where uncertainties
in individual enthalpies had to be estimated, unusually large values wére
chosen. Absolute values of the individual uncertainties were summed to cal-
culate the total uncertainty. It should be noted that enthalpy values asso-
ciated with HZOVand'HF are not very critical since these components are pre-

sent in small quantities.

The heat of formation of HDA was found to be 43.3 #0.8 Kcal/100g, where 0.8
Kcal/100g is the estimate of the maximum uncertainty that could be expected.
Even this pessimistic value for the uncertainty is still small for 100 g of
material, and would have a small effect on theoretical performance parameters.
The probable uncertainty is substantially less than this pessimistic value.
Consequently, it was decided to recommend use of this estimated value for HDA
heat of formation, for the present time, rather than making an experimental

determination.

The individual values used in making this estimate are summarized in Table 1l

and discussed in the remainder of this section.

TABLE 11. ENTHALPY CONTRIBUTIONS OF HDA COMPONENTS.
AND HEAT OF FORMATION OF HDA

Enthalpy Contribution
. Composition | Molecular (Kcal/100 g HDA)
Component w/o weight |Moles/100 g HDA| Low Nominal High
HNOs 54.8 63.0129 0.86966 -36.14 -36.06 -35.97
1\1204 44 .0 82.011 0.47820 -3.41 -2.98 -2.55
HZO 0.5 18.0153 0.02775 -1.83 -1.62 -1.81
HF 0.7 20.0064 0.03499 -2.68 -2,59 -2.51
HDA Heatof formation (Kcal/100 g) -44 .06 -43.25 -42.54
Selected Value of HDA Heat of Formation: -43,3 ¢ 0.8 Kcal/l00 g
Empirical Formula (basis of 100 g HDA): H0.9601SN1.3260604.54953F0.03499
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Discussion of Estimation Procedure, The general approach employed was to start

with the best available values for heat of formation of the pure components in
HDA, then to calculate or estimate from known data their heats of solution or
reaction in the HDA mixture. The heats of formation of pure compounds, used in

these calculations, are shown in Table 12,

TABLE 12. HEATS OF FORMATION OF PURE COMPOUNDS
AT STANDARD CONDITIONS

Heat of formation,
liquid at 25 C Uncertainty
Compound (Kcal/g-mole) (Kcal/g-mole) | Reference
HNOS, -41.46 $0.09 25
N204 -4.68 +0.4 25
H2 -68.32 0,01 (est.) 26
HF ' -71.99 0.2 26
N203 ‘ +12.02 £2.0 (est.) 26
HNO2 -27.6 2.3 (est.) 26

For convenience in making estimates of heats of formation for other mixtures
similar to HDA, a special set of heats of formation for the HDA components in
solution were derived, combining the pure components heats of formation with

the heats of solution and reaction. The heat of formation that was assigned

to HNO3 is the JANNAF value for the pure compound. With this approach, once

the special set of heats of formation has been worked out, it is easy to compute
the heat of formation of another mixture (as long as the composition is similar
to that of HDA). The derivation of these special heats of formation of N204,
HZO' and HF, which include heats of interaction, are discussed in the following

sections.

N204 is not known to react with HN03; i.e., no reaction can be written, A

small heat of solution, -1.56 Kcal/g-mole N204, has been measured (Ref. 27and
'28), Calorimetric equipment was not used; however, large quantities (~100 g)

-were involved and temperature rises were in the range of 14 to 16 C. Therefore,
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heat loss effects should have been minor, The assignment of an uncertainty of
0.5 Kcal/g-mole to the above value seems exceptioﬁally pessimistic since it
corresponds to an error of about 5 C in temperature rise., Combining the above
value for the heét of N204 in HNOS, -1.56 *0.5 Kcal/g-mole Né04, with the héat
of formation of N O,, -4.68 $0.4 Kcal/g-mole, leads to the following values for

24
N204, dissolved in HDA.
"'Low  Nominal ‘High
-7.14 -6.24 -5.34 Kcal/g-mole

These values, converted to the basis of 100 g HDA, were shown in Table 11.

Although HZO would exhibit an exothermic heat of solution in HNOS, it will

react with the N204-in HDA. The reaction of HZO with excess N204‘has been

qualitatively observed to be endothermic. Two overall reactions are possible

for H.O with excess N.O,.

2 274
Heat of Reaction,
Kecal/g-mole Reaction
—_ .
H,0 + N,0, HNO, + HNO, + 5.51 % 3.32 (I)
H20 + 2 N204 —— N203 + 2 HNO3 + 9.9 * 4.0 (I1)

Reaction II is preferred, since HNO, is rather unstable and since NO is
stabilized in the form of N203. Therefore, 9.9 Xcal/g-mole is selected as
the nominal heat of solution. The high value is 13.9 (9.9 + 4.0) and the

low value is 2.19 (5.51-3.32). Combining these values with the heat of forma-

tion of H,0 yields the following values for Hzo dissolved in HDA.

2

Low Nominal High
-66.1 -58.4 -54.5 Kcal/g-mole

The heat of solution of HF in HNO, was assumed to be between 0 (minimum)and -

3
. that of HF in H20 {maximum). The value of -65.14 £0.2 Kcal/g-mole was taken
for the heat of formation of HF(g) from Table 11, and heats of vaporization

and solution in H,0 were derived from data in Ref. 26, Using these data

2
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together with the uncertainty of 0.2 Kcal/g-mole for the heat of formation of
HF(g), the following values for HF dissolved in HNO3 are obtained.

Low Nominal High
-76.7 -74.0 -71.8 Kcal/g-mole

The nominal value was selected approximately midway between the high and low

values.

Use of Values for Other Mixtures. The nominal values that were derived for the

heats of formation of N204, H20, and HF dissolved in HNOS, are summarized in
Table 13. They can be used to calculate the heats of formation of various HDA
formulations, as well as IRFNA's, subject to the restriction that the H20 and
HF concentrations are small; i.e., a few percent or less. For compositions of
the IRFNA type, the heat of solution of N204 is probably greater than the value
incorporated into the heat of formation of N204 in Table 13. However, it is
recommended that the values in Table 13 be used until more data become

available.

TABLE 13, NOMINAL HEATS OF FORMATION OF

COMPOUNDS DISSOLVED IN HNO3

Compound éﬂf' Kcal/mole

N204 -6.24
HZO -58.4
HF -74.0

Effect on Performance of Uncertainty in Heat of Formation. Performance cal-

culations were made for HDA/UDMH at a mixture ratio of 2.8 and a chamber pres-
sure of 500 psia, using low, nominal and high values for the heat of formation
of HDA., The maximum uncertainty in the heat of formation corresponds to approx-
imately 25 K in chamber temperature, %6 K in exit temperature at an area ratio

of 45, and 0.5 1bf-sec/lbm in vacuum specific impulse at an area ratio of 45.
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Heat of Vaporization

An equation for the latent heat of vaporization of HDA was derived from the

vapor pressure equation, using the Clapeyron equation:

d En(PVP) i AHV

donp - AR

The term, Zl {the compressibility factor of Fhe liquid)} may be neglected
since ;t is very small, about 0.004. The value for ZV {the compressibility
factor of the vapor) was obtained by assuming the vapor to be entirely N02.

A yaluelof 0,988‘for_2v was obtained from the generalized tables of Lydersen,
Greenkorn, and.Hoygen (Ref. 10). Combining these components‘generated the

following equations for the heat of vaporization of HDA:

B, cal/e mole) - 20.251 - 0.12882 N o s
\vapor
) 8,285,300,
AHv(Btu/lb mole) = 38,252 - 231.88N .,y - T Ty
vapor

which are valid for 43.2 to 45.6 w/0o N 04 and 256 to 397 K (461 to 714 R).

2
These equations were evaluated for the nominal composition (54.8 w/o HNO3,

44 .0 w/o N204, 0.5 w/o H20, 0.7 w/o HF) at the normal boiling point, 24,7 C
(76.5 F), to give the following values: 7.00 Kcai/g—mole vapor or 12,600 Btu/

1b mole vapor.

In order to put the heat of vaporization on a weight basis it is necessary to
know the molecular weight and thus the composition of the vapor phase. This
has not been determined for HDA. Attempts to estimate the composition, assum-
ing ideal behavior, produced a poor estimate of the total pressure at the
boiling point, 0.47 atm. 'Therefore, this assumption was discarded. Subse-
queritly, molecular weight was estimated by two methods which represent extreme

assumptions: (1) -the vapor is pure NO,, therefore MW = 46.005 (minimum); and

2!
(2) the partial pressure of HNO; is equal to the vapor pressure of pure nitric

acid, therefore MW =-47.43 (maximum). Fortunately, the range of values is

48



small. Using these values, the following range is obtained for heat of vapori-
zation of HDA on a weight basis: 148 to 152 cal/g (266 to 274 Btu/lb).

Viscositz

Modified Ostwald (Zhukov) capillary viscometers, fabricated from Pyrex, were
used in viscosity determinations on HDA. The viscémeters were fitted with a
sealing valve consisting of a Pyrex body with a Teflon stem. Viscometer
calibrations were accomplished using distilled water (degassed) and the follow-

ing equation to develop viscometer constants:

. where

VvV = kinematic viscosity
¢ = viscometer constant
t = efflux time

Viscosity measurements were made on three HDA formulations (described in the

Propellant Formulation and Chemical Analyses section) over a temperature range
of 1.1 to 54.4 C (34 to 130 F), using a Zhukov capillary viscometer. The re-

sulting kinematic viscosity data (Table 14) were correlated as a function of
temperature and composition through use of a least-squares curve-fit computer
program. The correlation, which included the conversion to absolute viscosity
using the density equation developed under this program, is represented by the

following expressions:

log Ny, = 0.27546 - 170.59 , 216438 17017 x 10'2N(w/o)

T
K T
() (X) | (7a)

-2
- 4.6580 x 10 w(w/o)
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TABLE 14. VISCOSITY DATA FOR SATURATED LIQUID HDA

Absolute (Calculated
Temperature Kinematic from equations7a and 7b)
Formulation F C (Measured), c¢s cp 1bm/ft-sec x 103

" HDA-N1  36.0 2.2 2.745 4.489 3.017
49.6 9.8 2.110 3.528 2.371
68.0 | 20,0 1.573 2.631 1.769
89.8 | 32.1 1.224 1.941 | 1.305
109.8 | 43.2 0.954 1.521 1.022
HDA-HN 36.0 2.2 2.528 4.217 2.834
50.0 | 10.0 1.946 3,291 2.212
68.0 | 20.0 1.559 2.472 1.661
90.2 | 32.3 1.144 1.813 1.219
109.8 | 43.2 0.890 1.429° 0.950
129.6 | 54.2 0.739 0.416 0.775
HDA-HW2 34.0.1 1.1 2.513 4.164 2,798
50.0 | 10.0 1.926 3.130 - 2.103
68.0 | 20.0 1.447 2.351 1.580
90.0 | 32.2 1.088 - 1.730 1.162
110.0 | 43.3 0.871 1.355 0,911
110.6 | 43.7 0.867 1.346 '0.904
'129.8 | 54.3 0.716 0.247 0.736

SAMPLE COMPOSITIONS: .
S COMPOSITION, w/o

HNO NO2 H,0 HF Fe203»Partic

Formulation 3 2
HDA-N1 55.0 | 44.0 | ¢.4 | 0.4 | 0.03 0.2
HDA-HN 53.4 | 45.6 | 0.4 } 0.4 | 0,03 0.2
HDA-HW?2 54.9 42.5 2.0 0.5 0.006 0.1
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and

_ 847.874 _ 701369 -2

108 N(1pm/fe-sec) ™ 2-89701 - Tay 1.2 1.7017 x 10 "N /0y
(R)

_ (7b)
- 4.6580 x 10 "W
(w/0)

where

= absolute viscosity, centipoise or lbm/ft-sec
= absolute temperature, Kelvin or Rankine

NO2 concentration, weight percent

= Z 9 3
"

= water concentration, weight percent
The standard error of estimate of these equations is 1.6 percent in n over
a range of 42.5 to 45.6 w/o NO,, 0.4 to 2.0 w/o water, and 1.1 to 54.4 C (34

-to 130 F). The correlations are shown graphically in Appendix A,

Gas Solubility Measurements

Measurements were conducted to determine nitrogen gas solubility in hydrazine
and in N2H4-UDMH (50-50) fuel blend as a function of temperature and pressure.
As a check on the apparatus and techniques, measurements of nitrogen solubility
in MMH were alsc conducted. Measurements of the solubilities were obtained
over the temperature range from room temperature to 136 F and at inert gas

pressures up te 1000 psia.

‘A special Rocketdyne-developed gas solubility apparatus was used to make the
measurements. In principle, this apparatus (Fig. 6,7,8, and 9) designed and
built under Rocketdyne funding, is a sophisticated piece of hardware that
allows the operator to develop P-V-T data on the propellant system during
pressure equilibration, in contrast to the more common technique invelving
chemical analysis on a (hopefully) representative propellant sample subsequent

to equilibration.
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Gas Solubility Apparatus and Readout Equipment

Figure 6.
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Measurement of the amount of gas injected into the system is obviously a
critical measurement. To facilitate this measurement, a highly sensitive
Ruska differential pressure (4P) cell is employed aleng with a null point
indicator in the gas measuring system of the solubility apparatus (Fig. 7 ).
The location of the AP cell in the solubility apparatus is shown in the
overail §chematic of the system (Fig. 10). The 4P cell is used in conjunc-
tion with an accurate (t0.0l.cuBic centimeter) Ruska positive displacement
piston pump (Fig. 7) to determine the quantity of gas injected into the solu-
bility ¢ell. A Data Sensors AP transducer (Fig. 8 ) is used in association
with a highly stable power supply and a multi-range millivolt recorder to
produce a permanent record of the pressure drop within the solubility cell
during a run. A Taber pressure transducer (Fig. 8 ) is used to measure ab-
solute pressure in the solubility cell and to set the reference pressures in
both the AP transducer and the AP cell.

The thermocouple system employs a calibrated Honeywell galvanometer/potentiom-
eter and two iron-constantan thermocouples with a constant-temperature ice-
water bath as a reference junction. One thermocouple is attached to the outer
skih of the solubility cell (Fig. 8 }, while the other is located on the'posi-
tive displacement pump (Fig. 7 ). The cell-bath is essentially a large air-
filled dewar bound on one end by the housing for a GN2-operated blower.
Temperature regulation is achieved by an accurate Bayley Instruments tempera-
ture controller in unison with the GN, blower. Housed within the cell bath
enclosure are the solubility cell, two sclenoids, the controlling heater, a
base heater, associated wiring, and mechanical supports for the solubility cell
(Fig. 8).

The apparatus to measure inert gas solubility in liquid propellants uses a
unique design concept for the test cell (Fig. 9)}. Figures 1l and 12 illus-
trate inverse positions cof the test cell showing the method of construction.
The main cell body (1) is cylindrical. Externally operated solenoid agita-
tors (2), (3) are ppovided at each end. A gas inlet pert (4) is provided.
The cell contains a cylindrical cup (5), of known ‘internal volume, which is

closely fitted to the inner cell wall, leaving only a narrow annular space (6).
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The closed end of the cup has one narrow hole (7). The internal configura-
tion of this specially designed solubility test cell is such that, in one
cell position (Fig. 11}, a known portion of the liquid volume (8) in the

cell can be excluded from the gas-liquid equilibrium in the remainder of

the cell. This‘gas—liQﬁid equilibrium ié established between the vapor

space (10) and é fixed portion of the cell iiquid (8) by introducing gas
through the port (4)‘and mixing by means of the agitator (2). Gas migration
to the liquid inside the inverted cup can occur only by diffusion through the
liquid in the annular space (6) and hole (7), which have small cross-sectional
areas and represent neglibibly small volumes. This diffusion transport is
relatively very slow and inveolves small (negligible) amounts of gas. Hence,
the liquid portions outside and inside the cup are effectively separated and
the liquid inside the cup is excluded from the solution process. Then by
inverting the cell to the position shown in Fig. 12 , two-phase equilibrium
at the same temperature and pressure can also be established with the entire
liquid ceontent.(8,9) by means of the second agitater (3). The additional gas
required in the latter case is, therefore, the gas dissolved in the excluded
but known liquid volume (8). An accurate volume for the solubility cell cﬁp
is calculated from the known geometry of the cup, cup agitator, and 6ther

characteristics of the solubility cell.

The general nature of the experimental interpretation is illustrated in

Fig. 13, which represents a graph of total cell equilibrium pressure against a
quantity of gas introduced into the cell. All operations are carried out at
some chosen temperature of interest. Line 11 represents the locus of succes-
sive equilibria obtained by addingbgas and stirring with the cell in thé
poesition of Fig. 11. At some chosen point (12) the cell is inverted to the
position of Fig. 12, and, after re-establishing equilibrium, the cell pres-
sure corresponds to that of point 13. For this pressure (13), the amount of
gas dissolved by the liquid inside the cup is the quantity N indicated in
Fig. 13. Since the cup volume is known (and hence its liquid content), the
specific solubility of the gas in the liquid is therefore established. The
determination is repeated at different pressure levels‘iﬁ order of increas-

ing pressure.

59



‘EQUILLBRIUH_PRESSURE

TOTAL CELL

" INJECTED GAS VOLUME
Figure 13. Typical Solubility Cell Data Interpretation

In addition, at the outset of the experimental effort on this task, a techni-
que wés developed to estimate the quaﬂtity of inert gas disseolved in the
saturated propeilaﬁt at the start of a set of measurements (at a particular
temperature), thus eliminating the need for outgassing the liquid sample.

This procedure involves gas-liquid equilibration of the total contents of

the cell at the run temperature, by means of a cell inversion with égitation.
A measurement of the initial total cell equilibrium pressure, Po' is then
taken. Later, in the data treatment phase, a plot of total equilibrium pres-
sure versus qﬁantity of dissolved gas, N, is developed for the set of measure-
ments at that temperature. The smoothed curve includes the point P, at zero
dissolyed gas volume. The absolute value of the difference between N at P0
and N at the point where the curve intersects the vapor pressure of the liquid
(at the runctempe;ature) is, therefore, the value of No, the quantity of dis-
solved gas at the start of the set of measurements. This technique is applied
for each set qf mea5urement5 following a gas pressure venting, regar&less of

whether the set is at a new temperature or not.

60



Nitrogen Gas Solubility in MMH. Measurements were conducted at a temperature

of 95.4 F on a sample of neat MMH previously used in the apparatus. These
results are in close agreement with those obtained two years ago by other
Rocketdyne experimenters. The data, summarized in Table 15, were correlated
by the equations:

7.2

- 2.582 x 107°P + 1,30 x 107'P

¥(cc Ny (STP)/g MMH) (psia) (psia)  (82)

and

+ 1.63 x 10192

(psia)

- 3,228 x 10°%p

%ec N,/1b MMH) (psia) (8b)

with standard errors of estimate of 0.019 cc NZ(STP)/g MMH and 2.4 x 10-5
ib Nz/lb MMH. This correlation is shown graphically in Fig. 14.

TABLE 15. GAS SOLUBILITY OF NITROGEN IN LIQUID MONOMETHYLHYDRAZINE

Calculated Specific Gas

Nitrogen Experimental Solubility, Eq. 8a, 8b
Partial . specif?c; -4

Temperature Pressure gas solubility, |cc N2(STP)/ 10 '1b N2/

F o ‘psia atm cc N, (STP)/g MMH g MMH 1b MMH
95.4 | 35.2| 279 | 19.0 0.76 0.73 9.1
95.5 35.5 290 19.7 0.73 0.76 9.5
9s5.4 | 35.2| 576 | 39.2 1.55 1.53 19.1
95.5 35.3 580 40.1 1.55 1.57 19.6
95.5 35.3 893 60.8 " 2.41 2.41 30.1

Also shown in Fig, 14 (dashed line) are the only other data found in the.
literature for higher pressures (procedure described in Ref.. 29, data first
reported in Ref. 30, later repeated in Ref, 31, which is more accgssible);
Reference 32 gives data for pressures of approximately one and two atm.
Interpolation of the results of Ref. 30 to permit comparisons at equivalent
conditions showed that the data were about 20-percent lower than the data

measured during this program. The differences seem to be of a systematic
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nature, rather than random diffcrences. Since the method used during this
project involves a direct measurement without potential errors during pro-
pellant sampling and analysis (especially -dissolved gas loss), there appears

to be no reason not to accept the new data.

Nitrogen Gas Solubility in Nzﬂ4. ‘Nitrogen gas solubility measurements were
conducted on neat hydrazine (99.0 w/o N2H4, 0.5 w/o H20, 0.5 w/o 0S1) over
the temperature range from 70.7 to 136.4 F (21.5 to 58.0 C). The reduced
data are given in Table 16. A correlation of the resulting data by a com-
puter curve-fit program resulted in the following expressions of gas solu-
bility as a function of temperature and nitrogen partial pressure over the

ranges measured:

) -5 -6
See N, (STP)/g N f1,) -5.799 x 107°P 47574 x 10T (P
+ 1.044 x 10'3p1/% 1ay ~4-020 X 10757 pl/2
ps (C) (psia)
' -8.2
- 6.43 x 107097 (9a)
and
a . -2.408 x 10°7P. . . +5.260 x 10°°T _.p
(1b N,/1b N,H,) (psia) (F) (psia)
: -6.1/2 -8 1/2
+2.198 x 10701 L -2.702 x 10707 o PYT L
11,2
-8.04 x 1071 1p% L (9b)
‘ -5
H and 1.0 x 10°° 1b

The standard errors of estimate are 0.009 cc N2 (STP) /g N2 4
N,/1b N-H,, respectively. Graphical representations of several isothermal gas
solubility curves for this system appear in Fig. 15, while isobaric gas solu-

bility curves are illustrated in Fig. 16,
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TABLE 16,

GAS SOLUBILITY OF NITROGEN IN LIQUID HYDRAZINE*

Calculated Specific Gas
Nitrogen Experimental Solubility, Eq. 9a, 9b
Temperature i:::;ﬁie gassgziagiiity, cC NZ(STP)/ 10'41b N2/
I3 C psia | atm cc NZ(STP)/g N2H4 g NoHg 1b NoHy4
70.7 | 21.5 300 | 20.4 0.031%* 0.029 0. 36
73.2 | 22.9 | 594 | 40.4 0.053*~ 0.049 1 0.61
74.7 | 23.7 | 1000 | 68.0 0.073%+ 0,060 0.75
77.7 | 25.4 | 300 | 20.4 0.029 0.035 0.44
79.7 | 26.5 | 592 | 40.3 0.048 0.061 0.77
81.0 | 27.2 999 | 68.0 0.076 0.082 1.03
96.1 { 35.6 299 | 20.3 0.057%+ 0.051 0.64
96.1 | 35.6 596 | 40.5 0.096%* 0.094 1.17
195.9 | 35.5 | 1000 | 68.0 0.135%+ 0.134 1.68
95.2 | 35.1 301 | 20.5 0.055%* 0.050 0.63
95.2 | 35.1 | 592 |40.3 0.099%+ 0.092 1.14
114.6 | 45.9 297 | 20.2 0.065 0.067 0.83
114.6 | 45.9 594 | 40.4 0.122 0.130 1.62
114.6 | 45.9° | 1001 | 68.1 0.183 0.200 2.50
136.4 | 58.0 297 | 20.2 0.080 0.085 1,07
136.4 | 58.0 591 | 40.2 0.179 0.172 2.14
136.4 | 58.0 999 | 68.0 0.286 0.276 3.45
*SAMPLE CQMPOSITION: 99.0 w/o N2 40 0.5 w/o HZO’ 0.5 w/o other

soluble impurities
**Measurements obtained with the original Data Sensors 0-20 psid
differential pressure transducer.

64




(wrex8eTq 2INSSAIG-LITITQNIOS [BWIDYIOS]T)
ourzeIpAH PINbTT UT UaB0IIIN FO AITTTIQNIOS ST AINIT

| VISd ‘3uNSS3I¥d NIDOULIN | : _
008 00/ 009 005 004 00€ 002 001 0

o

Ea2 S TRRs SasasoE T g R R e b L fen
&,JHW Bt i o ey SN ae s b s an f
T ey 1 — T L P gus = [l
aon et man e Pasan samas Spans saawy s Fn embos Seney Suwe g »
e HHiEm EREEE g
t T o : = 3 T ;
3 PR 7 : = i
ot 1 _.#4 - l?ﬂu.ﬂll - . .H .
i iR - T =i 50°0
] HH T L.Lf - H
Bl : S FEEeTE o
pa I . Ht P T o i *
: astas st E18 SRt _
= aSeEs T S = 7
= i thie b .
= 5i* et ey et e 10170
T e pe o o
T 1 o+ 1 T+
=2, . — s L _w : HJJ
e : 1f.r»wﬂawmwr BEias i S e e ] e B e
= - S SN nR : Y uling AU Sl i pied -
HhruerLl ; Mme HEH 4_~ ERaRaRE i T F— b &
fesinnesed dEatSEREsianana i giffis: nmies B i cL°0
iseit piEE et i T 1 s Fess et Sias o e H
pusass 2 EEEasiEs as 2 ! = - paaas
T T T nas T T
Basisy RS EARE rf o8 T < | mn_ . hnsas
: T e (WIsd) 4 o1 x €9 - i
B=; e s Z wl . 171
Pt ! aniSuEnEES mm A
RasssaEd £ HE , i T YISd ] .
= H Hi H H Ht VN\_m ( Vh m:o_ X 0¢0°h -
St s “ Eeichindit 02°0
Baeecas fEieRcancs H A T (visd) :
o H E H b 588 2ess d -0l X 44071 +
= HH R e g Z/1 - kAl
T mEasanmg EEAESSSH) IPESEEana dEESE SR :
T H T ] }
H H o H R
i) et l e s e (visd)y () g 0L X WiST L+ [
HE o HEE i ! TR - ‘ £k
T +H BEmsEREESRRAnE=EER R EmdanaEs SRSUR=wand seen 4.2 T
T T T HiH i e e (V1sd) HYN 67922 Hez0
Y M T e cettancas s e ESERSE SERLER d . 0l X66[°F - = ( )p nmm
cg ik S W Rt S-
peTEN 1 HERsagaEsaRT W\HU{EKVLU i : o e !L_J_J+1_f . Y
179 “UNLYYIgWIL HiEE il ot INOILYND3 HLIM i
TR e HH i ,Wm i
i e e e T 3 85 OL 1Z WO¥d G3ILLI3-3AuND |
B S : H B - — :
HHHEN H H £ tsstaRaaatey R et .
e s ARaan g T SuBN e - T ,l.r# i N 1 : — om o

65

ANIZYYAAH 9/(dlS) ZN 32 ‘AL1118n10S



09 9

(wex8e1q sanieradws]-A3TTTIQNTOS OTIBQOST)
suTzeIpPAH pInbTT Ul uedoxlIN FJo AITTIgnIOS 9T 2In3Ty

2 ‘I3YNLvyIdWiL
0S Gh 0%

T ITITYY 1 ] 1] 1T e 1y 4+ TTITITTIT Fl%’A, JuEE SEw LTIy Ty L IuE uA .
B PR P R R TRy e o jaas HEnEE swwnEw B ERRANSS SUEAYSSENS rERSE SESwn nEuw: T
1 H H 1 n 1 e
ynan awi inEeut T T o AN A S8 R : I rowy e P T s T
* . “ >_ I O I 1 + 1T T ___~>,_ = + iy 1 I - 1
T T " by T T e T i s AT R T
1 1 T I DAY FWIN : I s m | o g -
o t : T porare s : n ; ﬁ 1 : t T
i i s peasaw S . Pl - ; T m e ssans 1
0 T iy 1Y RN 3 i I T T
T ! H = Sany R8RSR SRan AETEn o + [ ST T ca oy i WS SHFRS Smns Fearv _»
+ 1 n T 7 — - y
T T T T 7 B T S w) L ¥ [T H
i 1 T L T + h i i, h t
I T T T 14 T T ikl T i T B 4 A T
inEa i juei rwei o8 T : sea Agsus y e vnaRe ]
+ T 4 o g ; :
Tt t n o : s fenes NuNu|
f e TR s e o] T .. 1 =
1 T T T aw [ | T 1 L 111 T T
+ VM “ T ¥ » + T T 1 ) ¢ o »,—
" ] L T H T n e i raas
H . =, 1 T I 4 ) i
_OONL . P RS S - ) 1 : T
i |
H 1 | T o R o bt + +
1 T SRANE i o b B 5 SwwRE ru L rewa +
I 1l I 1 11T 1 b i L -
B T SR W ; b t i
yns t H ST 1 e
T ! ot i W N -
: i d 1 t : : 4T
1 T T AT rt ] t wWeE AN
LY T aws o T 4
T T L H 1 = TEaeE tan
yl § z e ol | T Y
T 1 i T T 1 1T H I LI
POO A T i I
He )" Eharerk yRaE § WUNE & B Tt HT
T 31 i M I T T T T T .
: it i Ht s
#S5 SUEUN NRAWR NSRS SN wESRAE, T T = T " g
sa was pu S EEw. A maas: : JL_ S .S F. T e -
= - : ; n
1 | BT T T T H
; T+ BB Bkt R WS i e am —+
OOJ . inel Res e L s W i SwrwnA S
T ) * T
I 1 T IR ST L { T I
e t S N S s T i
Hh : - T
LTS B L — o
nj I R 1T + T 3
1 - s + :
: o T —F—= :
IR WAL ” 1 L 1 T V- 4
L T ,- I 1 » 4
h Toas Sl Sama o R A e e —]
TOES - : : P L =
= H = r T A Foa - - I -
1 = T ¥ a =
=+ P i P il S :
1 T ,__ mmb ;«V—r > 4
1 " ' FRuuEsxua ? w LH,I I
3 L - i s 1
im ma n = N T
T T Tt I i iy L T - T
1 ! e oni — = v ol T 1
" SUESESETEY _ifeamaes mam e
i T 18P o ammRE N =
T 7 A S
T s e e b "
Y i T ; =
+ n T
T T s - 1
I L 1 LR .o
1 1 — X
1 T 1 Lo i
T . i T ; B ki e
1 1" nn - - DU v — o "
T ~v —T n T
. 3T 1 T — - wL’. __ry. 1‘» iy T _~»
T 5" il wa— iy t = e s T
T " " T T FN - — n +
It [ . T pare T T
T HHH w1 . T ~— o pma ui
nun SRR aREnI T T s S T :
t st —n - p— - e
T T o R T : : 1717
m_ T o7 S > _:_L_, Lh
: T T ! - 1 — n juw; H
o 1 1 il T —. ¥ L_L »n» iy T .
i ; o 1T
ot T 1 in} THHE T fa = . ba o 18 N S T
T i + = - o n 1 I auay S I
T : n ——1 — - - :
: T T — o i E Sa s et
T I e S 1 i n \,F T TTT Iy o n i Y ——p— b . -t
: i T i t - D py o
1 t o rm & B o i " t -
Lins rr + | SNV S 0 B LA R ] T
- o o : — -
i 0001 o L : , i
e e s e e 0f 3JINIYI4IY WOYd VIVQ == == =
o T 3 M BAS SRR TS T - 1 kY - I -
a jFve EREBE Aunan anm 2 T T o i R
A = e Yivad INAQLINIOY
e Fowm e fowwn
E Visd B T ER
- T - : " +
-y —— n i q—— - - ] St
- N ~ a S — — T
I~ T n T — — n iy g - n o b T 1 H
= ‘3unsS3ud N e , S EaEE
- et : H L . e  yw we e
1 g i el - hwy el il
p 2B Nww T T b — . p— T s Sxssin iy ¥
4 L», T - —t e 1 - P 1 i
I 11 — L= [— NN SR ) - e o
i PR — : - g B wr e
S iy i ¥

S0°0

0Z'0

YA

0€°0

"N 97(dLs) N 99 ‘ALIT18070S

66



Dashed cufﬁes have béeﬁ drawn on the isobaric éolﬁbility plot, Fig. 16, to
represent experimental solubility data obtﬁined from Ref.30 at 300 and 700
psia. The two sets of data agree very well at temperatures above about 90 F.
At lower temperatures, the data of Ref. 30 show a less rapid decline in solu-
bility (as température decreases) than the present resﬁifs. It is qoncluded
that the differences at low temperﬁturesrare of a systematic nature. There

are some low pressure data (1 to 2 atm) in Ref. 32 .

Experimentally, the gas solubility cell was removed frém the apparatus and.
disassembled. During the unloading operation, extreme care was taken not to
mar any of the highly-polished surfaces Within the cell. After removal of
the MMH the various parts of the cell were washed, rinsed, and then baked in
a vacuum oven overnight at 70 C. The cell was then partially reassembled and,
while under GN2 pressure in a glove bag, was loaded with a sample of neat hy-
drazine. The cell was then completely reassembled and returned to the gas

solubility apparatus.

Measurements of nitrogen gas sélubility in hydrazine were then begun. However,
a difficulty was encountered because of the low solubility of nitrogen in
hydrazine (an order of magnitude lower than for MMH) which made it desirable .
to make further refinements of the apparatus to permit greater accuracy in
measuring low gas solubilities. After these improvements, the apparatus

performance was very satisfactory, even for such low values of gas solubility.

Nitrogen Gas Sclubility in N, H,-UDMH (50-50) Fuel Blend. Gas solubility mea-

surements were conducted on hydrazine-UDMH (50-50) fuel blend (composition A-5:
50.9 w/o N,H,, 48.6 w/o UDMH, 0.3 w/o H,0, and 0.2 w/0 OSI) over the tempera-
ture range 80.6 to 136.0F(27.0 to 57.8 C). The reduced data are listed in

Table 17, The following correlation was developed for the gas solubility as
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. TABLE 17. GAS SOLUBILITY OF NITROGEN IN LIQUID HYDRAZINE-UDMH
| (50-50) FUEL BLEND*
Nitrogen . ) Calculated specific |
Partial xperlweptal gas solubility :
Temperature Pressure specific 1 1 a4
: gas solubility, ac NZ(STP)/ 10 "1b N2/
F c psia | atm jcc N2(STP)/g 50-50 g 50-50 1b 50-50

80.6 | 27.0 284 19.3 0.551 0.552 6.9
82.0 | 27.8 585 39.8 1.042 1.032 12.9
83.1 | 28.4 983 66.9 1.609 1.607 20.1
95.4 | 35.2 286 .| 19.5 0.612 0.616 7.7
95.0 | 35.0 586 39.9 1.122 1.132 4.1
95.0 | 35.0 986 - 67.1 1.753 1.754 21.9
113.2 | 45.1 237 16.1 0.589 0.587 7.3
113.4 | 45.2 483 32.9 1.083 1.077 13.5
113.5 | 45.3 741 50.4 1.550 1.554 19.4
113.5 | 45.3 989 67.3 1.977 1.981 24.8
135.7 | 57.6 279 19.0 0.765 0.765 9.6
136.0 | 57.8 578 39.3 1.425 1.426 17.8
136.0 | 57.8 875 66.3 2.230 2.225 27.8

*SAMPLE COMPOSITION A-5:

50.9 w/o NoHy, 48.6 w/o UDMH, 0.3 w/o Hy0,
0.2 w/o other soluble impurities.
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a function of temperature and nitrogen partial pressure .over the ranges

measured:
a -1 0264‘x 10”%p . 17413 x 10057, ...
(cc N,(STP)/g 50-50) : _ (psia) (C) (psia)
-3.1/2 : 12
+ 4.464 x 10°°P (psia) + 1.416(C)§ (psia)
- 1.594P% ‘ | (10a)
(psia) o
and
a 8.960 x 10°'P + i-zoaz X 10'8T P, .
{(1b Nz/lb 50-50) . (psia) ) : (F) (psia)
-6,1/2 . 1/2
+ 2.4338 x 10°°P (psia) * 9.8339T(F)P " (psia)
-10.2 ‘ _ '
- 1.993 x 10°°°P (psia) (10b)

The standard errors of estimate for these expresSions»are 0.007 cc_Nz(STP)/g
50-50 HUDMH and 8.1 x 10-6 1b N2/1b 50-50 HUDMH, respectively. Graphical
representations of several isothermal gas solubility curves for this system

appear in Fig. 17 ; isobaric gas. solubility curves are shown in Fig. 18.

Two dashed curves are shown on the isobaric plot of the present data (Fig. 18)
to represent the data of Ref. 30 at 300 and 700 psia over a similar tempera-.
ture range. It can be seen that the data of Ref. 30 are about 25 to 30 per-
cent lower than the present results throughout the ranges of temperature and
pressure. A third comparison is made on Fig. 18 with data from Ref. 33, mea-
sured at 75 and 95 F with pressures up to 240 psia. These data are repre-
sented at 200 psia by another dashed line on Fig. 18, showing them to be
about 15 to 20 percent lower than the present data. A triple comparison can
be made at 240 psia, by extrapolating the Ref. 30 data down to 240 psia from
300 psia. This shows the TRW point (Ref. 33) and the Aerojet point {(Ref. 30).
to lie about 17 and 33 percent, respectively, below the present data under
these conditions, The two very approximate low pressure péints of Ref, 34

(also cited in Ref. 31) were not useful for comparison.
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Experimentally, the gas solubility sample cell was removed from the apparatus
and the liquid propellant was unlocaded following the last measurehénts on the
N2-N2H4 system. The disassembled propellant-wetted parts of the cell were

then thoroughly washed, rinsed, and vacuum-dried before being‘reassembled. A

50-50 mixture of N2H -UDMH fuel blend was formulated and then loaded under dry

GN, into the solubility sample cell. The-solubility cell was relocated in the
gas solubility apparatus. A new AP transducer of greater range was obtained
from Rocketdyne stocks, thoroughly cleaned; calibrated at a series Qf line
pressures, and installed in fhe gas solubility apparatus. Following leak-
checking and volume calibration of the gas lines, the measufements of nitro-

gen gas solubility in N2H4-UDMH (50-50). fuel blend were conducted.

Propellant Stability and Hazards

A variety of tests were made on selected propellants to determine detonafion
propagation characteristicé, detonation sensitivity, flash point, and thermal
stability. . The propellants were carbonyl diisocyanate (CDi], dicyanofuroxan
(DCFO}, DCFO bottoms, malonitrile (MN), and various mixtures of'DCFOQ MN, and
DCFO bottoms. These tests and their results are discussed in the.following

subsections.

Larbonyl Diisocyanate. Detdnation propagation tests weré conducted on a sample
(~40 g) of CDI (carbonyl diisocyaﬁate) received from AFRPL, The sample was
packed in dry ice until.its transfer into the test tubing under an inert dry
atmosphere. Because of the limited quantity of test sample, it was not possible
to make duplicate tests; also, short (6-inch) lengths Af tubing were used with
the detonation generated by a 50 g Composition C boostef charge initiated by a
duPont E-83 blasting cap. Three tests were conducted at ambient temperature
(~20 €) and in 3/8-, 1/2-, and 1-inch tubing. The results were negative, with
no evidence of propégation, indicating that carbonyl &iisocyanate will not pro-

pagate a detonation in 3/8-, 1/2-, and 1-inch tubing.

Two runs were made on CDI with the standard JANNAF thermal stability apparatus.

The point of adiabatic self-heating was reached at 650 F on one run and 675 F
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on the other. In both cases, the exotherm was very mild and slow, resulting
in the release of only a small amount of energy when the diaphragm ruptured.
The amount of energy released is judged qualitatively from tﬁéilqudnesskof the
rupture and the magnitude of the’temperature spike sho@n'by the saﬁﬁle‘temper-

ature recorder.

The modified Cleveland open cup flash point apparatus‘ﬁas used in an attempt

to determine the flash point of CDI. At a temperature of approximately 220 F
the sample began to boil and continued until the liquid was completely eﬁap—
crated, without ever igniting. The evaporating vapdfs‘caused the test flame

to flare very slightly,.indicating some reaction with the flame, but never
enough to initiate a self-propagating flame. At the conclusion of the test,
there was a heavy rime or crust of white solids on the top rim of the test cup.
The sample evidently bolymerized in the vapor phase and condensed on the cooler
top edge of the cup.

By all the tests conducted, it is concluded that carbonyl diisocyanate appears
to be an extremely stable material and is insensitive to impact, temperature,

and open flame.

DCFO Detonation Propagation and Sensitivity. A series of tests were made to
determine the detonation propagation characteristics of dicyanofuroxan (ﬁCFO).
It was found that a detonation could be propagated through tubing as small as
2.5-mm (0.098-in.) ID. Propagation was found to occur both in the solid state
at ambient temperature and in the liquid state at 74 to 77 C (165 to 170 F).

It should be noted that detonation propagation tests do not mea$ure detonation
sensitivity, but whether a detonation, once initiated, would be self—prbpagating.
One detonation sensitivity (pseudo card-gap) test was made, indicating that

neat DCFO would be classified as a Class A explosive, More than 75 cards were
required to prevent detonation of neat DCFO; 70 cards or more designates a

Class A explosive.

A list of the tests conducted is given in Table 18. A '"Yes" in the "Detonation

propagated?” column indicates that a détonation was propagated through the
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TABLE 18. RESULTS OF DETONATION PROPAGATION TESTING
WITH DCFO AND DCFO/MALONITRILE MIXTURES
-Sample Coﬁ#osition, .
w/o malononitrile Tube OD, Tube ID, Temperature, Detonation
in DCFO inches inches C propagated?

0 0.125 0.098 Ambient Yes

0 ‘0,187 0.149 74 - 77 (liquid) Yes

0 0,187 0.120 Ambient Yes
0 - 0.187 0,149 Ambient Yes
0 0.187 0.149 Ambient Yes

0 0.187 0.149 Ambient Yes

0 0.250 0.180 74 - 77 (liquid) Yes
0 0.250 0.154 Ambient " Yes

0 0.250 0.18¢ . Ambient Yes

0 0.250 0,180 Ambient Yes

0 0.375 0.305 Ambient Yes

0 0.750 0.654 Ambient Yes

0 1.0 0.75-in. card gap Ambient Yes
19.2 0.125 0.098 Ambient Yes
19.2 0.125 0.098 Ambient. Yes
25 0.250 0.063 Ambient Yes
29.2 0.125 0.082 Ambient Yes
29.2 0.125 0.082 Ambient No*
29,2 0.125 0.082 Ambient No*
29.2 0.125 0.082 Ambient No*
2?.2 0.125 0,082 ° Ambient No*
40 0.125 0.098 Ambient No
49 0.125 0.098 Ambient No
49 0.187 0.149 Ambient No
40 0,250 0.180 Ambient No
a0 0.250 0.180 Ambient No
40 0.375 0.305 Ambient Yes
40 0,500 0.260 Ambient No*
40 0.500 0.260 Ambjent No*
a0 0.500 0.260 Ambient No*
44.3 0.500 0.430 Ambient No
43.3 0.500 0.430 Ambient No

44,3 0.750 0.652 Ambient Yes
43,3 1.0 0.06-in. card gap Ambient Yes
44.3 1.0 0.25-in. card gap Ambient No
50 0.50 0.430 Ambient No
50 0,750 0.652 Ambient No
50 0.750 0.652 Ambient No
50 1.0, 0.90 Ambient No
50 1.0 06.90 Ambient No
100 0.125 0.058 Ambient No

“A result listed as No* means that only a part of the test tube was recovered.
This indicates that a detonation was initiated by the hooster charge, but that

it damped out within a few inches,

composition are therefore very close to the critical diameters.
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tubing and punctured the witness plate. A "No'" indicates no detonation, with the

plate intact and most of the test tube undamaged.

DCFO was supplied By AFRPL‘aﬁd was labeled '"Vacuum Distilled,'" with a meltihg
point of 40 to 41 C. The detonation propagation experiments were carried out
in an undefground blast céli. All tests used a booster éhéfge of 50 gfamélof
Composition ”C” and were 1n1t1ated with a duPont Number E~-83 blasting cap. For
the pseudo card gap test, plates of Lucxte were placed between the tubing and

the booster charge.

For the first test in 3/4-inch tubing, solid crystals of DCFO were scraped out
of the sample bottle into the tubing and gently tamped with a wood dowel. All
succeeding tests used a melt-loading technique, wherein liquid DCFO was sucked
up into a length of tubing and then allowed to freeze in place. For the ele-
vated temperature tests, the ends of the loaded tube were sealed with a thin
sheet of polyethylene, and the tube was then placed inside a 12-inch length

of 3/4-inch steel tubing and sealed to it by means of rubber stoppers, The
annular space between the two tubes was filled with water and a thermocouple
was inserted. A heating tape was wrapped around the outside of the large
tube, After setting in place the witness plate, booster charge, and blasting
cap, the heating tape"ﬁas turned on and the temperature was monitored remotely,
About 10 minutes were required to heat up to 165 to 170 F, and the temperature

was then held constant for 15 minutes before firing.

All of the tests showed positive evidence of a high-order detonation being
self-propagated through the tubing. In no case was any gf the tubing recovered, .
and in every case the witness plate had a hole partially or completely burned
through it. In some tests where the witness plate thickness was-greater than
half the ID of the tube, the plate was not completely perforated, but the. ap-

pearance of the plate was such as to leave no doubt that a detonation had .

occurred.
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Since propellént systems using tubing smaller than 1/8-inch are not likely to
be considered, there would have been little value in running further tests at

smaller diameters in hope of locating the actual critical diameter,

Detonation Propagation and Sensitivity of DCFO-MN Mixtures. 'The series of
detonation propagation tests with neat DCFO led to the conclusion that the
critical diameter for detonation of pure dicyanofuroxan was so small that deto-
nation could ndt be prevented by the use of $mall diameter tubing in a pfac-
tical system. Subsequent tests were made with mixtures of DCFO and ‘

malonenitrile.

DCFO from the lot supplied by AFRPL was used. The malononitrile was obtained
from Matheson, Coleman and Bell, and was labeled, ”Practicél Grade' (melting
peint 30 to 32 C). All mixtures tested were dark brown liquids at ambient tem-
perature, All tests were conducted at ambient temperatureJAfThe experiments
were carried out in an undefground test cell. All tests ugéd a booster charge
of 50 grams of Composition "C'" and were initiated with a Nﬁmber E-83 blasting
cap. For the pseudo card-gap tests, plates of Lucite were*placed between the
test tube and the booster charge. Liquid was sealed within the test tube by

a thin polyethylene sheet stretched over the tube ends.

The results are included (tbgether with the resulté, previously discussed, for
neat DCO) in Table 18, Figure 19 is a graph of critical diameter as a func-
tion of composition. It is seen that a mixture must contain at least 37-
percent MN to be safe even in quarter-inch tubing. A 50-50 DCFO-MN mixture,

however, can be used in tubing as large as one inch.

The curve through.the open circles in Fig.,19 represents the upper boundary of
the safe operating region. True critical diameter as a function of composi-
tion must lie somewhere between the two lines. Standard stainless-steel tubing

sizes and the corresponding safe compositions determined from Fig. 19 are:
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CHARGE DIAMETER (TUBE 1D), INCHES

T EEEESE Eeee b 1* HH U FEAEstdtacldanencatt
A DETONATES WITH 50 GM BOOSTER CHARGE ¥t
4 O DOES NOT DETONATE i
TT5TH E 1 ! g HH _:J“J“ E e

T FHIHES FHATHH ;;

T i ;, Sl A EitHE : a3 ' anigEgaas & Sepystases

R fueifistile Ti HHE iTHRGIEHE HEH: l‘: ] Hitin IHi HH
HEH H ! é FHH ] .:.' HEJIG H
S i A
,,,,,,,,,,i:?’?::»:?? LT R T B BT B RS e i L B H L
28 i+ H I I {] T HOH R A B g HiHH tH
HHH L HRE A e s R D P e e | LT B [
e R e g T
Sl il ! TR
T L A e

B i s R il L SHETR AL
i .3%':': flaapitee il T LA a3 Entilitsni
wmway ] i\ ma magmug :: ' _::J' ::'; i : H --i: H] s
Sasfagioteydess HH T AT L R HE: E HH il

ik el L it st

- A (T

H i LR E R e | e e e Tl L EH L
ERaazE: H I T r;_ sl .-':,:i:-ri;: ; R R R H
i T e e T T
FH A B fakiac EE; EdENAfRe ‘1 SAFE OPERATING" 1
HH ,,]} 1 o ;JVE 11 H A_“ u Il REG]ON [;, k_;
B i ip e S S g

HH T i R 32 “I A i3 R R _F,_
1 ; L e R
S R

8

16 24 32 40 48

MALONONITRILE COMPOSITION, WEIGHT PERCENT

Figure 109.

Critical Diameter for Detonation Propagation
of DCFO-Malonitrile Mixtures

77



1/4 in. x 0.035 wall - 37-percent MN
3/8 in. x 0.035 wall - 42-percent MN
. 1/2 in, x 0,035 wall - 44-percent MN

3/4 in. x 0.049 wall
"1in. x 0.049 wall

48-percent MN

50-percent MN

The aboV¢ numbe:s represent limits for which a detonation will not be propa-
gated through the tubing more than a few inches, regardless of the magnitude
of the stimulus involved.

In plotting the results of the critical tests (those bracketing the critical
diameter) in Fig. 19, it is assumed that ohly the inside diameter of the tube
is significant. This is not always completely true, and Table 18 shows that a
wide variety of tube wall thicknesses was used to obtain the desired range of
inside diameter. Wall thickness effects, however, are definitely secondary and

will be averaged out over a number of tests such as those presented here.

It is also desiréblé fb know something of the sensitivity, that is the ease of
initiating a detonation, in diameters larger than the critical diameter. This
type of information ié fevealed by ﬁhe pseudo card-gap tests, also listed in
Table 18. Although neaﬁ DCFO would be rated as a Class "A" exploSive (deto-
nates at 70 .cards or more), the 50-50 mixture is probably not detonable. Even
the 44.3-percent MN composition is relatively insensitive, with a rating of

between 6 and 25 cards.

Detonation Propagation of DCFO Bottoms and its Mixtures. One-half pound of

DCFO Bottoms was received from AFRPL for evaluation of detonation potential.
This material is a iow‘melting point (100 C) white crystalline solid. It was
obtained by recfystaliization from the pot residue left after distilling DCFO
from the crude reaction product. The pure material was melt-loaded into lengths
of stainless-steel tubing for detonation propagation tests. As with pure DCFO,

this material was found to.prdpagate detonations even in the smallest tubing
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used (0,125-inch OD x 0.082-inch ID). The results of these tests should be
used to conclude only that the potential detonation hazard with neat DCFO

Bottoms is of the same order of magnitude as that for neat DCFO.

Because the critical diameter for detonation is quite senﬁitive to composition,
it was desired to have a relative comparison of DCFQ Bottoms vs DCFO in mix-
tures of malononitrile. This would make it possible to evaluate theheffect'bf
substituting one material for the other in a propellant mixture. A mixture of
19-percent malonontrile in DCFO will propagate a detonation in 0.125-inch 0D x
0.098-inch ID tubing. Therefore, a mixture of 19-percent malonitrile in DCFO
Bottoms was tested for édmparison. Negative results were obtained with both
0.082 and 0.11l-inch ID tubing. This would appear to indicate a lower hazard
than with DCFO. However, the DCFO-malononitrile mixtures were homogeneous
liquids at ambient temperature, while the DCFO Bottoms malononitrile mixture
did not appear to form a solution. As the mixture cooled down it seemed that
a high-melting phase was freezing out, leaving behind most or all of the ‘
malononitrile as a liquid_interspersed among the solid crystals. Test re5u1t§
with such a non-homogeneous mixture must be viewed with some caution. '
Detonation propagatioh tests were also conducted on a mixture of 34 w/o DCFO -
40 w/o DCFO Bottoms - 26 w/o malonitrile. The tests were conducted at am-
bient temperature (—25 C) where the mixture is a liquid. Testing indicated
that the mixture would propagate a detonation in 1/4-inch tubing but not in
3/16-inch tubing, ' ‘

It is tentatively concluded that DCFO Bottoms can be substituted for DCFO at
ne increase in detonation hazard; however any proposed mixture of DCFO, DCFOQ
Bottoms, and malononitrile must be tested at the specific coﬁposition of

interest in order to determine critical diameter.

Flash Point of DCFO. A Cleveland open-cup flash test apparatus was modified

for remote operation and used to determine the flash point of DCFO. The
standard Cleveland open-cup flash test (ASTM D-82) apparatus was installed in

Cell 1 at ECL. The thermometer was replaced by a thermocouple for remote
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readout and a variable-speed electric motor was attached to the flame wand for
remote operation. The entire apparatus was encased in a black box for protec-
tion from both wind and light. One side of the black box was open and placed
against the cell window. Thus the cup could be observed and operation con-
trolled from inside the lab. Checkout runs were made with a;etic anhydride
and ethylene glycol. Literature values for the flash points are 65.5 C flSO Fj
and 115.5 C (240 F), respectively, Usiné the standard quantity of maferial per
test, results of 60 C (140 F) and 129,5 C (265 F) were obtained. Because of
the hazards associated wifh DCFO, it was desired to minimize the quantity of
sample used, Therefore, repeat runs were made using onlyllO cc of samplé con-
fined in a small aluminum cup. This yielded flash points of 71.2 C (160 F)

and 126.7 C (260 F), again for acetic anhydride and ethylene glycol, respec-
tively. It was concluded that test data was not significantly biased by the

use of the smaller sample size. Identical procedures were used in testing DCFO.‘

Two runs were made with DCFQO, giving flash points of 131.5 C (269 F) and 134 C
(273 F). The calibratiqn materials, when ignited, continued to burn with a |

quiet diffusion-type flame which was easily quenched. On the other hand, DCFO,
being a monopropellant, quickly progressed to a vigorous pyrotechnic flame that

destroyed thermocouple wiring and plastic parts of the apparatus.

Adiabatic Compression Sensitivity. U-tube adiabatic compression sensitivity

tests were conducted on malonenitrile at 75 C (167 F) following a functional
check of the apparatus with nitromethane. Three tests were conducted using a
gaseous nitrogenbubble at the closed end of the tube at driving pressufe rétios
of 128, 130, and 130, respectively; and.three tests were conducted using an air
bubble at a driying pressure ratio of 130, All tests indiéafed no 5en$itivity

of the malononitrile to adiabatic compression.

O-Ring Compatibility

Elastomeric O-ring compatibility was evaluated using ASTM methods D1414 and
D471 as guidelines. These test procedures comprise determining changes in
weight, volume, hardness, 100-percent modulus and compression set up to 50-

percent compression.
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The AF-E-124D O-rings (perfluorovinyl ether elastomer) were supplied by AFRPL
and were subjected to static'immersion testing in IRFNA (MIL-P-7254F, Type II1
B) for a period of 32 days at ambient temperature. ,O-ring‘equsure:was as
follows: three samples under free immersion, three samples immersed in fix-
tures that provided 25-peréen; compression of the O-ring;‘and one control

sample.

Data resulting from these tests, presentéd'ih Table 19 and Fig. 20 , show a
significant decrease in tensile characteristics; however, all other properties
were essentially unaffected by the test exposure. Compressed samples were
essentially exposed to IRFNA from the outside diameter only, as the O-rings
sealed off the inner portion of the fixture. Visually this was evident when
the seals were examined upon removal from the IRFNA. The outer portion of the
compressed seals was whitened and opaque, while the inner portion was still
translucent. All surfaces of the free immersion samples were opaque. This
condition is observed in Fig. 21 . However, when examined after tensile test-
ing, it was observed that the opaque zone extended only about one-quarter of
the ring cross-sectional diameter. As expected, the tensile properties of the

compressed samples were less affected than those of the free immersion samples.

TABLE 19, EFFECTS ON AF-E-124D O-RINGS OF 32-DAY EXPOSURE TO IRFNA

Test Environment

25 Percent Compression

Property Control Free Immersion . and Immersion
Hardness, Shore "A" 74 71 76
Weight Change, percent 0 +4.7 ' +2.3
Volume Change, percent : g +6.0 +3.4
Compression Set, -- _ -- N 48.2

percent (30 minutes) ‘
Compression-Deflection |See Fig. 20| See Fig, 20 .| .. ..See Fig. 20
Tensile Properties: ' ) ; ‘ '
100-percent Modulus, 850 650 725
psi
Tensile- Strength, psi 2200 - 1170 .+ 1700
Elongation, percent 170 120 150
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0-RING AFTER 32 DAYS
FREE IMMERSION IN
IRFNA

TRANSLUCENT CONTROL SEAL

0-RING AFTER 32 DAYS

I IN |RFNA IN COMPRES-
8 S10N FIXTURE

8 (NOTE OPAQUE HALOQ)

Figure 21. Photomacrographs (2X) of AFE-124D O-Rings -
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HDA-Materials Interactions

During this physical characterization program, HDA was handled in various ma-

terials under various conditions. Several qualitative observations were made

on HDA interactions with corrosion resistant steels:

1‘

The 17-7 PH steel diaphragm of the pressure transducer used in the
Poole-Nyberg densimeter showed signs of etching after use in HDA at

temperatures of 0 to 200 F,

Solid material was visible in the propellant stream when the 304
stainless-steel equilibrium pressure cylinders were emptied after
tests with HDA at 140 F over a period of three weeks. Visual in-
spection of the cylinder inner walls indicated a thin light blue-
green solid coating that would flake off with vibration. A section
of 321 stainless-steel tubing located between the cylinder body and
the pressure transducer showed signs of etching and some particulate

matter on the inner walls.

HDA flow from a 304 stainless-steel cylinder being used as a storage
vessel for the nominal formulation showed no evidence of particulate
matter with minimum flowrates; however, particulate matter was ob-
served when the flowrates were increased slightly. These observa-

tions were made through a Teflon sight tube.

A 304 stainless-steel cylinder, which was used as a HDA storage bomb
during the previous program under Contract F04611-68-C-0087, was

-emptied after 10 months of storage at ambient temperatures (~72 F).

The HDA flow characteristics were similar to those reported in para-
graph'S. After the cylinder was emptied, evacuated, filled with dry

gaseous N_,, and the fittings were removed, a large quantity of light

blue—grees solid matter was vibrated loose and collected for quali-
tative analysis. The cylinder was then sectioned lengthwise and in-
spected. Photographs of the sectioned bomb are in Fig. 22 and 23.
The inner walls of the cylinder, which was stored in a vertical posi-

tion, indicated a definitive liquid-vapor interface. An appreciable
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amount of the light blue-green solid materlal was deposited at the
‘bottom of the cyllnder (to the left in Fig. 22 , and to the top in
Fig. 23); the portlon of the cyllnder wall in contact with 11qu1d was
bright with a general etch. In the section stored in contact with the
vapof,‘the metal was darker with random and severe pitfing; no géﬁéfal
coating wasldbﬁerved, but coating "spots' were evidenf. This section

was photogréphed'and the solid material was analyzed.

In the corrosion product analysis, the Cr, Ni, and Fe determinations were made
by dissolving a portion of the sample in HNO3 and using an x-ray fluorescence
spectrometric solution method for the determination. The F content was deter-
mined by first distilling the sample with a 1:1 HClO4 solution uéing standard
techniques and then by titrating with 0.1 M La(NOz)S, using a fluoride specific
ion electrode as an indicator. The NO3 concentration was found by dissolving a
portion of the sample in a small amount of H2 and diluting to a known volume,

neutralizing the acid to pH of 5.0 and determlnlng the Nog-by a standard addi-

tion method.
Analytical results obtained for the corrosion products are as follows:

iron 28.4 w/o
chromium 7.64 w/o
nickel 2.02 w/o
fluoride 56.7 w/o

nitrate 2.32 w/o

The analysis of the propellant sample removed from the 304 stainless-steel
cyllnder 1nd1cated substantial decreases in the N02 and ‘HF contents and in-'
creases in the HNO, and H,0 content, AlthOugh the decrease in NO2 content may

3 2
be attributed to slight vapor leakage, the magnitude of its decrease and the

HF decrease appear significant.
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CDI Reaction Study

The viseosityrdf CDI (carbonyl diisocyanate) has been observed to increase
with ‘time. The reaction that causes this may be a polymeri;ation; however,
the reactlon path has not been established. The effects and rates of the CDI
react1on were 1nve5t1gated by conductlng non-volatile re51due (NVR) determlna-
t10n5 on freshly distilled CDI as a function of time, temperature, and mate-
rials of construct;on. The sample mater;als specified by AFRPL were: Pyrex
glass, 347 stainlees-steel,eoft coppef, Apiezon-L gfease, aﬁd chrome;plated

304 stainless steel.

Since moisture has a deleterious effect on CDI, a vacuum system for distillT
ing CDI and fer conducting NVR determinations on CDI was designed and fabri-
cated. It was essentially an all-glass system and included an isolatable and
removable dlstlllate trap, a distillation vessel, and prov151on for six ampoule
connections. Nine reusable compatibility ampoules were also fabricated, All
valves in contact with CDI were Fischer-Porter Teflon needle valves All con-
nections were made by O-ring joints using Viton O-rings. A constant tempera-
ture bath and the associated stirrer, heater, and thermotrol unit were set up
in a fume hood. A modified Burrel wrist-action shaker was used to agitate the
loaded compatibility ampoules while they were immersed at temperature in the
bath. For the test series at -10 C, however, the freezer compartment of a
refrigerator was used, and no agitation of the samples was provided. All non-

vacuum-line transfers of CDI were performed in a GN,-filled glove bag.

2
The most comprehensive: set of NVR-data was produced with the CDI/Pyrex glass
system. Twenty-two individual NVR determinations were made at temperatures

of -10, 20, 30, and 40 C. The reduced data from those measurements are given
in Table 20. .The initial rates of NVR production at each temperature were
correlatedW1th a least -squares curve- -fit program, assumlng an Arrhenius rela-‘
tion for temperature dependence, and were f1tted remarkably well (Fig. 24) by
the equation:

= 9.19 x 107} exp(-8524/T)

88



TABLE 20. EFFECT OF CDI REACTION ON NON-VOLATILE RESIDUE PRODUCTION

Bath

Estimated Total

Actual at Equivalent Time Total NVR,
Temperature, Time in Bath, { Bath Temperature, Weight Percent - CD1
Material c Min Min Original CDI Appearance
Pyrex Glass -10 14,400 14,400% 2.2* 2,5
-1¢ 24,500 24,500% 3.1+ 2,8
-10 34,500 34,500* 4.5 2,5
-10 53,000 S$3,000* 7.0* 4,5
-10 83,300 83,300" C11.7*. 4.5
20 -60 200 0.66 1,5
20 120 300 1.06 1,5
20 180 330 1.27 1,6
20 240 380 1.38 1,5
20 3c0 460 2.31 1,7
20 00 460 2.42 1,7
30 50 90 .75 1,5
30 95 130 1.14 1,5
30 140 180 1.56 1,5
30 185 220 2,53 1,8
30 230 270 2.93 1,8
40 50 70 1.39 1,5
40 95 110 3.40 1,8
40 140 160 5.11 1,8
40 185 200 7.56 1,8
40 230 240 7.90 1,7
40 300 320 11.08 1,6
347 Stainless 30 SD 108 1.22
Steel 30 95 153 1.74
30 140 158 1.71 3
30 185 243 2.17 3
30 230 288 2.51 3
Copper 30 50 110 0.85 1,5
30 95 155 1.21 3,5
30 140 200 1.58 3,8
30 185 245 1.92 3,8
30 230 250 2.31 3,5
Apiezon-L 30 50 104 1.55 1,5
Grease 30 95 148 1.72 1,5
30 140 154 2.21 1,5
30 185 239 2,58 1,5
30 230 284 3.09 1,5
Chrome~Plated 30 50 103 2,19 1,8
104 Stainless 30 9s 148 2.87 1,8
Steel 30 140 193 3.32 1,8
30 185 241 3.66 1,8
30 230 289 4.57 1,8

CDI Appearance Notes:

(1) cpI
(2) Cbl
(3} CDI in bdth
(4} CPI in bath
(5) CDI-NVR was
(6) CDI-NVR was
(7) CDI-NVR was
(8) CDI-NVR was

in bath
in bath

was clear

was clear with white crystal growth

was cloudy
was

white crystalline solid

clear glass
milky glass

cloudy with white crystal growth

mixture of glass and white residue

(*} The NVR value for this sample was reduced by a quantity equivalent to the
average NVR value produced from two control samples, which were loaded
with CDI at the same time as the other samples in this series.
reason, the estimated total equivalent time listed is identical to actual

time.
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_INITIAL RATE OF NVR  PRODUCTION, WEIGHT PERCENT/MINUTE

4oc
102}
CURVE-FITTED WITH EQUATION:
r=19.19 x 10" Exp(-8524/T)
20C WITH ¢ IN WEIGHT PERCENT/HOUR
AND T IN KELVIN
103k
lo’“ -
]
1 1 L
3.2 3.4 3.6 3.8 4. o 4,2
RECIPROCAL TEMPERATURE X 1000, KELVIN '
Figure 24. Correlation of NVR Production Rates of CDI in Pyrex
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where r is the initial rate of NVR buildup in weight percent per hour, and T

is temperature in degrees Kelvin.

A detailed analysis of the data generated during the various Pyrex test series
was performed. In addition to the time during which the CDI in an ampoule was
under the controlled (test) temperature, there was also, unavoidably, some time
during which it was at room temperature during the loading operations and later
during the nonvolatile residue (NVR) determination. The measured NVR was in
each case the sum of that produced during the loading, test time at controlled

temperature, and NVR determination.

The first data analysis effort, therefore, was to separate the amount of NVR
produced during the test period from that produced during the room temperature
operations, using all available information to make the best estimate possible.
For the test series in Pyrex glass at -10 C, two control ampoules were loaded
at the same time and under the same conditions as the other ampoules, but were
then attached immediately to the CDI vacuum system and an NVR determination
was performed on each. The NVR's obtained (their values agreed to within 5
percent) served as blanks for that test series. The average value for the
control NVR's was subtracted from the measured NVR's for each ampoule run at

-10 C.

Other data analysis efforts were performed for the data in Pyrex glass at 20,
30, and 40 C. The efforts were more difficult, however, since it was not
practical to run blank determinations to help account for the NVR production
during room temperafure operations. The NVR produced while each ampoule was

at room temperature, both before and after immersion in the constant-temperature
bath, was accounted for in terms of additional equivalent time at the test tem-
perature. A number of iterations were necessary in the data treatment to pro-
duce the final results. The additional times were then added to the respective
bath times and the resultant values are represented in Tables 20 under the

heading Estimated Total Equivalent Time at Bath Temperature.
It should be noted that, in the case of the 20 C run, two ampoules were with-

drawn from the bath at 300 minutes, thereby providing a check on the reproduci-

bility of the NVR determinations., The duplicate values agree to within 5
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percent. In addition, it should be mentioned that the original Pyrex glass
NVR results at 30 C do not appear in Table 20. Since these results appeared
high, generally, in comparison with all others, a second test .series was con-
ducted with the Pyrex glass at 30 C, and the values listed were actually gen-
erated from this second test series. The unusually high values of the ori-
ginal test series could have been due to some type of passivation reaction,

since it was the first test series conducted with the new glass ampoules.

The final evaluation of the CDI/Pyrex glass system shows that the five data
points at -10 C, which were curve-fitted (forcing the curve through zero NVR
at zero time), agree closely with a straight line (i.e., constant rate of

NVR production) with slope 0.0079 weight-percent/hour. The standard error of
estimate in NVR was only 0.1 weight-percent (in comparison with méasured-
values from 2 to 12 weight-percent/hour). For the other temperatures, the final
reduced data indicate that the NVR production rate was fairly constant, but

with a moderate increase in rate with time.

Test series were also conducted for CDI in contact with the other specified
materials of interest: ~soft copper, 347 stainless steel, chrome plated 304
stainless steel, and Apiezon-L grease. These tests were all conducted at 30

C; the results of the NVR determinations for them appear in Table 20. In
addition, curves depicting NVR buildup for these materials, including Pyrex
glass at 30 C, as a function of estimated equivalent bath time are illustrated
in Fig. 25. Despite the fact that the sample-surface-area-to-CDI-volume ratio
was intentionally kept at approximately 13.5 in-1 for both the wetted surface
of the glass ampoule and for the test material immersed in the CDI, it would- be
incorrect to assume that the NVR results, therefore, should be strictly addi-
tive. ' A review of the data listed in Table 20 would appear to confirm the
validity of this statement. In fact, it could possibly be argued that certain
materials in CDI may even have an inhibiting effect on NVR production in the

presence of Pyrex glass.

Data treatment of the non-Pyrex glass systems involved development of a method
for estimating equivalent bath time when NVR data at more than one temperature
were not available for each system. A reasonable assumption is made that the

temperature dependence of the NVR rates is the same for the non-Pyrex materials
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as for the Pyrex, i.e., a plot of log r vs. 1/T, where r is the NVR buildup
rate and T is degrees Kelvin, would exhibit essentially the same slope for
each system studied. Therefore, with r = exp( -8524/T) (from the Pyrex glass

Tuns) and t =>Nvﬁ/r,the following equation can be developed:

t, =t exp [-8524 (ﬂ%# ---%rﬂ], 
T b
where tb is the time at Tb (bath temperature in degrees Kelvin) and t is the
time at Tr {(room temperature in deg;ees Kelvin). The total equivalent time
{at Tb), therefore, is the actual bath time plus tb'
The experimental technique employed in each of the test series involved clean-
ing five or six identical compatibility ampoules (approximately 10 cc volume),
placing fhem in a vacuum oven, weighing them with the sample material inside,
and then loading them (in a GNz-filled glove bag) with 5 cc of freshly dis-
tilled CDI. The CDI was distilled usually on the same day that the ampoules
were loaded. In all cases, the distilled CDI was kept under dry-ice until
used. (A~vproximately 70 gms of CDI had been received from AFRPL for the study.)
The ampoules were then weighed and placed in a constant-temperature bath with
mild agitation or in the freezer compartment without agitation. After various
periods of time over the time range of interest, each ampoule was withdrawn
and attached to the special vacuum line for removal of volatile material. Each

ampoule, with any NVR remaining, was then removed and weighed,

In general, the sample surface area to CDI volume ratio was approximately 13.5
in.'l(for both the wetted surface of the glass ampoule and for the test mate-
rial immersed in the CDI). This was maintained to facilitate evaluation of the
NVR data. Achieving a specific sample surface area to CDI volume ratio was
accomplished by calculating: (1) the wetted surface area of the glass ampoule,
(2) the volume of a sample of test material having that same surface area, (3)
the new wetted surface area of the glass ampoule with the test specimen im-
mersed in the CDI, and then reiterating until the two surface areas involved in
the calculation were essentially equivalent. Knowing the surface area desired,
the test specimens were then selected in the shape of rods, as in the case of

the Pyrex glass, or wire, as with the metals, and then cut to the proper total
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lengths. 1In the case of Apiezon-L grease, several Pyrex glass rods with the

proper surface area were coated with a fine layer of the grease,

AFRPL Propellant Storability Tests

Propellant samplés from long-term storability tests at AFRPL were analyzed by
methods consistent with the analysis procedures outlined in the appropriate.
military procurement specifications. In all, ten MHF-5, five N,0,; and two.
ClF. samples were received from AFRPL, Although no quantitative results exist
from the chemical analyses made by AFRPL before the tests were begun, all pro-
pellants had been analyzed and found to fall within the appropriate MIL

specifications.

Nitrogen Tetroxide Analyses. Analysis of the nitrogen tetroxide samples (re-

ceived in glass bottles with Teflon caps) from AFRPL long-term storability
tests was accomplished using analytical methods consistent with MIL-P-26539C
(the water equivalents were determined by AFRPL before shipment of the samples
to Rocketdyne). Two of the samples (labeled UNK and TANK IV M7033 LONG TYPE
LOADED 8 DEC 66 SAMPLE 14 SEPT72) contained insufficient material for analysis
when received at4Rocketdyne. One of these (labeled UNK) had a leaking valve
and contained no propellant when received by the Chemistry Laboratory at
AFRPL, The remaining three samples had insufficient material for replicate
nitric oxide and chloride analysis. The three analyzed samples all had a
greenish color with particulate matter present. The results of the analyses

are summarized in Table 21, along with MIL-P-26539C composition limits.

It‘is not known whether the samples were originally red-brown NTO or green
NTO (MON-1). In either case, none of the analyzed samples met all of the
chemical composition and physical properties required in MIL-P-26539C. How-
ever, none of the samplés had appeared to suffer major degradation during the

5.5- to 6-year storége period.,

Rocket performance calcﬁlations were made with Rocketdyne's Propeliant Per-
formance Program to assess the potential impact of the observed changes in
composition during Storage.“The comparisons were made for theoretical shifting
(ODE) specific impulse for optimum expansion from a chamber pressure of 1000

psia to an exit pressure of 14,7 psia, at mixture ratios chosen to give maximum
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specific impulse for the nominal (in-specification) propellants. The worst
of the final compositions in Table 21 (Tank No. 2 M2014) is compared with
nominal in-specification propellant (99.6 w/o N204, 0.1 w/o H20), in terms

of its performance with two typical rocket fuels, in the table below:

Mixture Specific Impulse, lbf-sec/lbm
Propellants Ratio Nominal In-Spec| Tank No. 2 M201l4
N204/N2H4-UDMH(50-50) 2.0 288.8 288.6
N204/MMH 2.15 288.3 288.1

A performance loss of only about 0.07 percent would be expected from the small
changes in propellant composition observed during these storage tests. This

would be undetectable in an actual rocket engine system.

Chlorine Pentafluoride (C1Fg) Analyses. Two ClFg propellant samples (received

in metal containers) from AFRPL long-term (approximately 5-year ) storage tests
were analyzed by gas chromatography and infrared spectrophotometry as outlined
in MIL-P-27413 and Ref. 35. ’

The Ehromatographic column did not adequately separate ClF3 from ClF5 at the
low ClF3 concentrations found in these two samples. The ClF3 values obtained
were confirmed by infrared spectrophotometry. The analytical results, shown
in Table 22, indicate that the propellant is within the specification limits
established in Military Procurement Specification 27413 with respect to CIF,,
HF, and other impurities. A gas chromatographic analysis of the ullage gas in
both samples was also performed. The results, also shown in Table 22, were

nearly the same as for the liquid phase: essentially all ClFs.

MHF-5 Analyses, MHF-5 propellant samples from long-term storability tests at

AFRPL were analyzed using analytical methods consistent with the procedure
outlined in MIL-P-81507(AS). In order to improve the accuracy and reproduc-
ibility of the analysis set forth in this specification, upgraded gas chromato-

graph materials were used, These include the use of Teflon support material
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(as required in the current military specifications for other hydrazine-type

propellants) and special injection port inserts that were designed to remove

nitrate deposits that affect subsequent runs and would eventually destroy the
column.

Evaluation of the analytical results, shown in Table 23 , indicates that none
of the samples were within specification limits. The concentrations of other
soluble impurities (predominantly ammonia) were between 3.5 and 6.5 w/o for all

samples, indicating propellant decomposition.

Rocket performance calculations were made to assess the potential effects of
the observed changes in MHF-5 composition during long-term storage, The com-
parisons were made for theoretical shifting (ODE) specific impulse for optimum
expansion from a chamber pressure of 1000 psia to an exit pressure of 14.7 psia,
at mixture ratios chosen to give maximum specific impulse for the nominal (in-
specification) propellant., The worst of the final compositions in Table 23
{SEA-15 N2H4) is compared with nominal in-specification propellant (55.0 w/o
MMH, 26.0 w/o N2H4, 1.0 w/o NszNOS, 1.0 w/o H20, 1.0 w/o 0SI (i.e., NH;) in
terms of its performance as a monopropellant and with a typical oxidizer, ClFs,
in the table below.

Mixture Specific Impulse, lbf-sec/lbm
Propellants - Ratio Nominal In-Spec | Tank SEA-15 Nzﬁg__
MHF-5 (monopropellant) -- 217.8 200.7
CIFS/MHF-S 2.5 305.0 303.7

These performance losses from the changes in MHF-5 composition observed during
storage are about 0.4 percent under typical bipropellant conditions and 7.8
percent as a monopropellant. The reduction for bipropellants would be modest.
However, the potential degradation in monopropellant performance could be

serious, and should be considered in any future design studies.
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TABLE 23,

CHEMICAL ANALYSIS OF MHF-5 FROM AFRPL STORABILITY TESTS

Sample Identification

Composition, Weight Percent

AFRPL Rocketdyne | CHN,H, NH, N,HcNO, | H,0 os1 (@)
005 N,H, 6-86 '50.6 24.3 17.1 1.4 | 6.5
SEA-15N H, (P) 6-87 49.2 23.5 16.3 7.5 .5
006 NOH,(S.1.C.) 6-88 51.1 24.6 17.3 1.9 2
001 N,H, SN 6-89 52.9 26.5 16.4 | 0.7 | 3.5

D3743
S/N 003 6-147 52.6 24.8 16.3 1.1 | 5.2
S/N 011 6-148 53.8 23.6 16.7 1.0 | 4.9
S/N 17 6-149 52.3 22.7 17.8 1.5 | 5.7
S/N 22 6-150 52.7 23.5 18.4 0.9 | 4.5
S/N 23 6-151 51.2 22.3 19.2 1.9 | 5.4
S/N 19 6-152 52.3 22.7 18.2 | 2.2 | 4.6
MIL-P-81507 (AS) | 55.0 2.0 [26.0 $2.0 [19.0 #2.0 | 2.0 i X H0+0S]

(a) OSI = other soluble impurities

(b)
NOTES:

(1)

Composition used for performance calculations

Samples 6-86 to 6-89 were received in metal cylinders.

All showed gas pressure when opened and all samples were
clear with a pinkish cast common to partially decomposed
hydrazine-type fuels.

(2)

Samples 6-147 to 6-152 were received in glass containers.

All samples had a yellow tinge and black particles were
observed on the bottom of the containers, '
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Propellant Storability and Compatibility

Long-term, ambient-temperature storability tests of CIF 73 ClF Florox, MHF-5,
and MHF-7 are continuing in potent1ally applicable metals of constructlon

Each of the storage containers used in these tests was fabrlcated entlrely

from the selected material following the design shown in Fig. 26. Thls con~:
struction eliminated bimetallic junctions and nonmetallic sealants. Pressure
transducers, fabricated from the same materials, are being used to monitor
progress of the tests by measuring pressure rises caused by propellant reactions
and/or decomposition. Readout of the pressure transducers is being accom-

plished by 500-microampere panel meters driven by operational amplifiers.

In fabricatioﬁ of the storability containers, the two halves of each container
(Fig. 26) were machined from bar stock of the indicated materials. The halves
were joined by electron beam welding with 100-percent penetration (some weld
drop-through was observed on the inside surface). Tungsten-inert gas welding
was used to attach the fill tubes and transducers. The transducers, fill
tubes, and Swagelok plugs were fabricated from the same materials as the con-
tainer, with one exception. The pressure transducers for the 2219 Al containers

were fabricated from 2024 Al.

Immediately before loading, the oxidizer containers were propellant passivated.
The procedure involved an evacuation to ~5 microns, exposure to propellant
vapors at 200 mm Hg préssure for 10 minutes, a re-evacuation to ~ 5 microns,
re-exposure to propellant vapors at 600 mm Hg pressure for 4 hours, and a third
evacuation to ~5 microns followed by loading. The fuel containers were not

propellant passivated.

All containers were loaded by vacuum transfer from a tfansfer bomb containing
the requ1red quantity of propellant to give a2 v/o ullage at 200 F. As noted
in Fig. 26 , the internal volume of all conta1ners, except for those fabricated
from 1100 Al, is 595 cc. The 1100 Al bombs have an internal volume of 550 cc.
The amount of propellant loaded was determined gravimetrically during the locad-
ing and verified by weightlmeasufements before and after the loading. An argon
pad of ~1 atm was placed in the containers before sealing (under flowing argon

gas) with the Swagelok plugs.
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AVERAGE CONTAINER VOLUME ' SWAGELOK PLUG

1100 Al CONTAINERS: 550 CC
ALL OTHER CONTAINERS: 535 CC

- 250 MARAGING STEEL

{ 5/16 IN, - 1100 Al
5/32 IN, = ALL OTHER METALS

WELDS

9.250 H‘vl."l...4
!

=—— 2,50 IN,—=

7.80 IN,

PRESSURE
TRANSDUCER

™~

~f 5716 IN, = 1100 A}
' 5/32 IN, - ALL OTHER METALS

Figure 26. Storability Test Container
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The MHF-5 and MHF-7 containers were loaded on 11 February 1970 and the ox-
idizer tests were initiated on 23 March 1970. The temperature of the bombs,
which are stored in a horizontal pésition inside an open wooden building
(fuels) and a metal warehouse (oxidizers), is allowed to fluctuate with the
ambient temperatures {which are recorded) at Rocketdyne's Santa Susana Field
Laboratory. During the storage period to date, these temperatures have varied
from~40 to 110 F. The tests are being continuously monitored by internal

pressure and environmental temperature measurements.

At future termination of the tests, the container contents (both liquid and
vapor phases) will be chemicahly analyzed and compared with the initial con-
tents shown in Table 24, The following procedures were-used for analysis:
MHF-5, Rocketdyne Material Specification STQ147RB0O008, 10 October 1968; MHF-7,
MIL-P-81342 (WP), 10 December 1965; ClFS,

and infrared spectrophotometry as described in Ref. 35.

C1F5, and ClFSO, gas chromatography

To date, most of the containers show little pressure variation. Although the
pressure transducers and associated electronics were calibrated before test
initiation, it will be necessary to perform post-test calibrations on both
the pressure measurement systems and the total liquid and ullage volumes pre-
sent in each tank. This information will make it possible to derive final
pressure versus time data (reduced to a common equivalent temperature) from
the raw data that have been recorded. Until these post-test calibrations are

made, caution should be used in drawing conclusions from the pressure readings.

A summary of the raw data obtained to date is presented in Table 25. Twenty-
four of the 26 tanks are still under test, and appear to have developed no
appreciable pressure changes during approximately 3-1/2 years, However, the
magnitude of these pressure changes is such that it is difficult to conclude
whether there are actual pressure changes or pressure measuring system zero
shifts. The 1100 aluminum pressure transducers have shown very erratic per-
formance, which is attributed to zero shifts resulting from temperature ef-
-fects on the material. In this case, the only pressure data obtainable will

be final pressures resulting from post-run calibrations,
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TABLE 24 . PRE-TEST CHEMICAL ANALYSES OF ROCKETDYNE
STORABILITY SAMPLES

Chlorine Trifluoride MHF-5

C1F3, w/o 99.4 CH3N2H3, w/o 54.7

HF, w/o 0.3 N2H4, w/o 26.2

FClOz, w/o 0.1 N2H5N03’ w/o 18.6

C102, w/o 0.1 H20 + 08I, w/o 0.5

Clz, w/o 0.1

Chlorine Pentafluoride MHF-7

CIFS, w/o 98.6 CHSNZHS’ w/Q | 80.0

CIFS, w/o 1.3 N2H4, w/o 13.5

HF, w/o 0.1 H20, w/o .9
0sI, w/o .6

Florox

C1F30, w/o 98.7

C1F3, w/o 0.7

FNOZ' w/o 0.3

FC102, w/o. 0.1

Cl,, w/o 0.1

HF, w/o 0.1
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The test of MHF-5 in 321 stainless steel was terminated on 28 September 1971
after 594 days of storage. During this time, a peak pressure of about 430
psia was achieved during high (about 110 F) ambient temperature excursions.
At test termination, -the pressure of the storage bomb was 360 psia at 80 F.
Chemical analyses of liquid and ullage samples from the bomb gave the follow-
ing compositions: h ‘

-~

Liquid Ullage

«S2H4, - 24.1 wfo N2 ~ 90 v/o
CHSNZHE - 55.8 w/o Hy ~ 6 v/o
N2H5N03 - 18.7 w/o NH3 ~ 3 v/o
H20' - 0.5 w/o - Remainder includes fuel
vapors, Oz,and Ar
0SI - 0.9 w/o

The test of ClF3 in 1100 aluminum was terminated during January 1973, after
approximately 1010 days at ambient temperatures, when the container developed
a leak around the fill tube plug. The entire contents of the cylinder leaked

out, thereby precluding post-run chemical analysis.

Propellant Formulation and Chemical Analysis

All propellants used;during the physical and engineering property measﬁrements
were of propellant-g}ade quality obtained from commercial manufacturers or were
formulated to specified compositions using standard procedures. The'techniques
applied in chemical analyses of the propellant samples used in the measurements
followed military'spécification‘prqcedures, are equivalent'tothespecified pro-
cedures, or are stand#:leocketdyne prppedures that have been developed in the
absence of $pecified procedures. During all handling and transfer operationms,
all required precautions were taken to prevent contamination or chemical dete-

rioration of the propellant sample.

Brief summaries of the procedures used in the formulation of the propellant
mixtures and in the chemical analyses of the propellant samples are presented
in the following paragraphs. The results of the chemical analyses are pre-
sented here and also with the data from the measurements in the appropriate

sections.
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HDA. Early in this program, two liters of propellant-grade High Density Acid
(HDA-N1} were obtained from Vandenberg AFB for use in selected physical pro-
perty determinations. The HDA was stored under its own vapor pressure in two
stainless-steel cylinders. Samples of the HDA (required for the property
measurements described in other sections of this report) were withdrawn from
the storage cylinders as needed by a gravimetric volume and vacuum transfer
procedure. In order to correlate the measured physical properties with small
variations in composition from the nominal, it was necessary to prepare and _
study several high-water HDA formulations (HDA-HW1 and HDA-HWZ) and a high-NO2
HDA formulation (HDA-HN). Subsequently, it became necessary to obtain an addi-
tional quantity (approximately two liters) of propellant-grade acid (HDA-N2)
from Vandenberg AFB in order to complete the studies, The chemical analyses of

these five propellants appear in Table 26.

TABLE 26, COMPOSITIONS OF HDA SAMPLES

Composition, w/o
Formulation _ HNO3 NO2 H20 HF Fe203 ?artlculates
HDA-N1 55.0 | 44.0 | 0.4 0.4 0,03 0.2
HDA-N2 55.7 43.2 0.46 | 0.54 0.006
HDA-HN 53.4 45.6 0.4 0.4 0.03 0.2
HDA-HW1 54.3 43 .4 1.7 0.4 0.03
HDA-HW2 54.9 42.5 2.0 0.5 0.006 0.1

The as-receive&'propellant-grade samples of HDA were chemically analyzed for
total acid, HF, and NO2 concentrations using the procedures of MIL-P-7254E,
and for H20 concentration and particulate matter (total solids) concentra-
tion using a modified procedure of MIL-P-7254F. The formulated compositions
were determined mathematically from calculations of the ingredient quantities

and experimental confirmation (by chemical analyses) of the added ingredients.

Nitrogen Tetroxide. The nitrogen tetroxide (red-brown N204) was obtained com-

mercially and then was chemically analyzed for N204, 99.9 w/o, and H20 equiv-

alent, 0.01 w/o, using the procedures specified in MIL-P-26539C.
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NO-Rich MON-1, The NO-rich MON-1 (Nominal MON-1 composition: 99 w/o N204-1

w/0o NO) sample used in the density measurements was formulated by loading
N204 through a vacuum line into a chilled cylinder, adding NO by volume éx-
pansions through the vacuum line into the 'same cylinder, and then warming
the cylinder. ' The oxidizer blend was then chemically analyzed USiﬁg proce-
dures described in MIL-P-26539C, The sample contained: 98.5 w/o N204; 1.17
w/o NO, <€0.01 w/o Cl, and 0.07 w/o H20. '
Hydrazire. The hydrazine (N)H,) used in the gas solubility measurements, and
as a component in a fuel blend used in the density measurements, was obtained
commercially, Its composition was determined by chemical-aﬁ#lysis to be 99.0° ;
w/o N.H,, 0.5 w/o H,0, and 0.5 w/o other soluble impurities. The analysis was
conducted by gas chromatography techniques consistent with that specified in
MIL-P-26536C. | | .

Hydrazine-UDMH(50-50}. " The hydrazine {see above) and the UDMH, (CH3)2N2H2,
used in this fuel blend were obtained commercially. Five formulations were
prepared (four under inert atmosphere in a dry box and one under GN2 in a

glove bag),_"Théir respective compositions appear in Table 27.

TABLE 27. COMPOSITIONS OF HYDRAZINE-
UDMH (50-50) SAMPLES

. . Composition, w/o
Formulation | UDMH NH, | Hy0 | OSI
A-1 46.9 | s2.6 | 0.3 | 0.2
A-2 50.3 | 49.1
A-3 | 46.6 | 51.3 | 1.9 ] 0.2
A-4 48.3 | 49.6 | 1.9 .2
A-5 48.6 | 50.9 | 0.3 ] 0.2

Chemical analyses of the .samples were conducted using gas chromatography

techniques equivalent to those specified in MIL-P-27402B.
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PHASE III: EVALUATION AND COMPILATION OF DATA

OBJECTIVE

During the entire period of the contracted p?pgram,'efforts under Phase IIT
were directed toward the assembly of all data generated by Phases I and II,
unification of the data sources, critical comparison of conflibtinngata; and

tabulation of the results.
RESULTS AND ACCOMPLISHMENTS

Phase II1 effort during the program included the compilation and evaluation of
physical properties data from the literature for selected propellants. The
principal work in the phase was devoted to the reduction, evaluation, and corre-
lation of all data generated from the Phase II experimental efforts. However,
to maintain continuity in this text, the latter results are reported under

the pertinent Phase II headings, A brief summary of some of the other major

efforts under Phase III is given in the following paragraphs.

Melting Point Lowering of Nitrogen Tetroxide

An evaluation was made of potentially useful propellant additives to nitrogen
tetroxide which might result in a sufficiently low melting point to be attrac-
tive for a wider range of applications than neat nitrogen tetroxide. A survey
of physical properties and handling characteristics was also made for the two

additives selected for tests, FTM and TNM.

Critical Properties

The critical properties of HDA were needed. It would not be practical to meas-
ure them because of the decomposition of its components at high temperatures.

A literature survey indicated that no useful data exist for pure nitric acid

or its other mixtures; however, no data were expected because of decomposition
(no data were found). Subsequently, pseudocritical properties were estimated

for HDA, as described in the Critical Properties section under Phase II.
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HDA Heat of Formation

A careful estimate was made of the heat of formation of HDA, the maximum
uncertainty in this estimate, and the potential impact of this uncertainty on

rocket performan;e,calculations, Thgse are described in detail under Phase II.

Inert GaS'Sdlubility>ﬁ

The data obtained from a literature survey on solubility of nitrogen and
helium in hydrazine, MMH, UDMH, N2H4-UDMH (50-50), and N204 were critically
evaluated, reduced to common bases, and used in comparisons with experimental

gas solubility data measured during this program.
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APPENDIX A
PHYSICAL PROPERTIES OF HDA

The physical and thermodynamic properties of HDA are presented in Table A-1 and
Fig. A-1 through A-6a.

All of the data given in this section (with the exception of melting point and
surface tension) were developed during this program, either from experimental
measurements and subsequent correlations, or from theoretical estimates (where'
indicated as such). All properties were curvefitted as functions of N204 and
H20 composition, as well as temperature, since data were obtained for several
compositions. Although this leads to lengthier expressions, it does permit

interpolation for any particular composition, within the limits given. Varia-

tions in HF content were too small to produce any correlation; therefore, this
variable was not included in the equations. Points for the table and the fig-
ures were obtained by evaluating curvefitted expressions for the nominal HDA

composition (54.8 w/o HNOS, 44.0 w/o N 0.5 w/o HZO’ and 0.7 w/o HE).

204’

115



SONTeA PaIBUTIST,

-- -- se9
mH-.ﬁu<. 13 nd/q1 ¥ 10T 29/8 $79°1 pInb1]
, -- -- PTIOS
£31susq
saT1I9doag aSeyd
I012®]
+SET°0 xS€T°0 £3111qrssexdwo)
, <o Tou
-q1/3F ™ 1L°1 xoTOoW-8/92 £01 aumtoA
. «1J O )
/@Tou-qr ¥8S°0 /a1ow-3 S£600°0 A31susqg
«215d 87951 «UlB 7°/6 aInssaid
«d 21§ 1 0FS sanjexadua],
sataxadorg 1EOTITI)
d §°9L J L'¥T 1utod BuTITOg [BWION
d s¢--xoxdde J z°L¢-"xoxdde qutod ordrIy
I-v 4 s¢- I AVA jutrod BuTITOW
052070, §6v5°v, 19281, 2096°0,, .mﬁsewom0mmwwmwmsw
. dH o/m
L70 ‘OlH o/m S0 ‘YOIN o/m 0°py ‘SONH O/M 84S uoT31s0dwo) TBUTWON
PIOY oTx3IN Sutumg paiTqIy
-ug xpamcmm unwixel o (pIioy A3Tsuag Y3IH) VQH UOTIEITFTIUSP]
UOTIBOTITIUAP] TEBJIDUSY
Iaqumpy ~Iaqump yst13ug STIION L3xadoay
82uUaxa3ay | 9Indry :

ONTEA

(4 ££) 0 Sz Lv VAH 40 STIL¥9dO¥d TYIISAHd

'T-¥ F148VL

116



uotienbs sinssoxd xodea WOIF PoIBTNOTE) .«

| 29-“9-V] B | 995/33 S09%| ses/w yop1 | (PInbIT) A310078A STUOS
- S - -- : £11A130NpPUO) Tewzayy
G- ‘5 59s-33/uqT c-0T X 7571 S d> gz°z ~ (pInbIT) A3TSOISTA

'saTixadoxd 31lodSUBI]
-- -- L3i1oeden 3esy
x+Q1/039 0.2 |wxodea otow-3/1e0) 0°L | (dAN 3®) uoTiezTIOdEA
-- -- uotsny

qi/nag p1¥ 64L-| 3 00T/18d) 8°0% v sv- |  (pInbry) uoTrieWIO]
‘ JO s3eay

so1310doId STWEUAPOWISY]L

-y BY-p-V 313/391 m-oH X $0°2Z ‘wd/saudp g°62 UOTSUd], 9deJINg
Bg- g~y . eisd 6°¢1 wle 10°1 aanssaxg xodep
. -- -- (pTnb1y) TEWIdYIOS]

BZ-‘2-V : _ersd

: o-0T X 8Y1°Z [-U3B 0T X LST'§ : ST3IBQERTPY
‘ A3111qrssaxduo)
("3u0)) satixadoxq aseyq
Iaquny | I9qumy yst18ug DTIIBY L1xadoxy
9dUsI93ay | @andty :
antep

(pepniouo)) -1-y I16VL

117




i

L + I 14
H +H e + + T H BESEE AN
b o H HiH I ¥ o
I A 88 0 B o T nd T T
T 1 : +
n_n, - ]
pamam -~ 1 I
hesax [a) 1 T T u
HH fw H + T T
sasan I
-1 et l+!1]l HH -
e H [%) = . H- B H
HiH Sy + { L
. = t Il
HH c o ! THHH B T Tresss
D.mw.u o o~ ~y ) -— L T L
[ - T ] i mmw T Jmas 1
] = T o H HH-H HH 1 1
geaba: ETA NN — [ Sty fulma g pun TR EARH Fit 1 4
e . - o b o 1 . - T 1 »maNREE
e 3 x o ] RSl : g 7
ipage BS 4 = 2] TH TH 5! T
..rijult ~ _— . =~ I =
7 - . o o~ E f [ - ] It e
. (S — "y N T 1 1 W T T
[+ v ) ] ] T
e © . — : ] T i Bate’ «df } 1
i e | V= BN — — 0 X 17 T T I I
o ~ - T
HHjjloe < ' ~ T O H ) !
. [ . o~ nw!\ = e 1 [ T . pu s
o (2] = <C ! T
— @ = ' 1 1
a ® o o~ T T HH :
~ X = ~ ] ] (=] " ~ : " + -
: o . o (=] o~ ! + T |
i I ; t 1
L] e - — - = ! T 0 H 1 T = : HH
LI n rama; T ? ann - = 1 T 8 T
o &TE . X %8 S i e R p
wooe - n [~ x ; : : t < , - T T
W~ = - o~ S ! ! InEan 1 t R T T T 1 mmEa
- Lo —— a [ 1 1 ! i L | ! SUp BYBSN T pamE .
+ -— [ (%] 3 * - T ™
H w o~ o 0 w —_ = _ I 1 I T ! = o
' e T I T
Sz P S ' w L datess ; ,, ] S
p_ S * B = — o H 1 t ! } T
x « = a i E I { =5 : 1 1 1 H
Pl DY N — X :
faa3s (S - 4 = - ] + = ] 1 L
+ t o 1 I - e ; o T 1 T
: 1 T yu T T 1 - t 1 ! 1T HH T t T W !
Tt T a8 8 T e t -
chjeniy e _ 3 et Hm R st _ : ; gL
" 1 AP S 1 T L I 1 1 T 1 - 1 BRI
T T T 1 " po s Lu B t 1 1 T * TR T
o —h s toe! . HH Attt ! ! 1 ] T HH b
NS SEEDS FRANE B B t 1 + | T T t T t T
oy 4 I L
T 1 HH =T n T T ) " 1
T e M R ] 1
-t t + = H t t t +
asan oui _w”.m.. + HH : B E Bl T H h.r it T | ! 1 {
B A ﬁm p_ T T 1 ,, ” > 1 Ah—
FEHH - HH 1+ 4 T 1 H M‘vr 1 T HH HH 1 H
; T
T ] I T 1 ) B O o 1 T T 1 L i T
e A i e i e e Sies : i et B
83! rw 1 o | L iR T Frbrr T T I T 1 T NSRS FeRas RhAN
; T 1 i A 0y t 1 T o IS ry ] I ) 1 L
A . T +F I HE RS RN T t 1 T I 1T
T 1 1 8 1 1 e - 1 1 I I 1 -1 n
ias % 2l taer: T R ; : s
n T i
! s R S : : jies: tasitiees
T . 4 1 L]
FaS FuEE Ju B I pe » 1 T ¥ 11 n | - I T —dl
e 1 1 T 1 t TT T s T
T : ; I T T 1 I8ws Rawt 1 I 1 o
} = T T = HHE A ! —H T =
H T sEps IS L [ 1 L wesSTresd e I . " v
1 T + T
28 e 1 m.H T it by T w M n g m I
I 1 1 17T 1 1 " | T [ I I
I LT 1 1 - ;
T t T ! T 1 ! ¥
S A I 1§ FobI 1 Tt T T
T , ! : i _ 1 Hih : =
s 8.5 : L JBa B San SBaE b 1 s }
u; T T T Tt 11 T ’
R T FapE " L F 1 ”
re— 3 i HH t T T T ] e
i ry
T e + 1 L b T T
1 1 | 1T 1 I 1 M 17 T 3
T Tt . T i T 1 T I 1
IWRA0 L JIWRE SUSAY P RS § T L 1 I i oui I T
e e B L1 LIL1 ne - ' e ) 8 )i b a b b i
@ 0 =g () [=} © 0 - o~ (=
o 0 0 o 0 un uy Vs un Wy
. . . 2 - . . - . . -
— — — - — — — pu— — — —

23/9 “ALISN3d

30 4o 50 60 70
TEMPERATURE, €

20

10

Density of Saturated Liquid HDA
118

Figure A-1.



3
ﬁﬁﬁHhﬁ4M‘AﬂJ _ _ —
LR _

L w
T —
[ —

A .

113.61 - 5,660 x 10

WITH EQUATION:
P(1b/cu ft)

i T [ .
SRR RS S
"’|l.\¢,‘ : ’
]14\ R ————
SR B A
o

AU B R T
S R -

— e

107
106
105

0

103
102
101
100 —
99

98

97

96

95
9430

14 2797 “ALISN3Q

119

TEMPERATURE, F
Density of Saturated Liquid HDA

Figure A-la.



ADIABATIC COMPRESSIBILITY x 10°, atm

[ 1] 1
L] i
[ 1] |
CURVE-FITTED FROM | TO 60 C, 43.4 TO |
h5.6 w/o N,0,, AND 0.4 TO 1.7 w/o H,0 .
WITH EQUATION: .~ . | | '
Blatm-1) = 6-097 x 1077 - 2.9506 x 1077 To)
-10 .2 | 11 .3 -
-7 -6 T
+ 5,792k x 1070 N oy + l.727lx 107" Wi /o) § .
-9
_ -8 _
+ 2.8"‘ x 10 w(W/O) T(c) 4
WHERE N = w/o N,0, AND W = w/o H,0
y
4
1 L *, J:_
10 20 30 40 50

Figure A-2.

TEMPERATURE, C

120

Adiabatic Compressibility of Saturated Liquid HDA

60



AD1ABATIC COMPRESSIBILITY x 106, psia-'

3.2 T1]
3 15%3 CURVE-FITTED FROM 34 TO 140 F, 43.4% TO T
1Y 45.6 w/o N,0;, AND 0.4 TO 1.7 w/o H,0 NEEeN
3.0 I WITH EQUATION: ’
- B B .
- | -7 . -8
d B(eia-1y = b5 x 1077 - 10765 x 107 T
2.9 ,
1 - g.107 x 107" TZ(F)'+ 2,005 x 10713 73(F)
[ - - 1
2.8 + 2.7550 x 10 8 N(w/o) + 8.318 x 10 8 w(w/o) 1
-10
2.
! 5
- WHERE N = w/o N,0, AND W = w/c H,0 — T
2.5 I —
2.4 EREEEN 1
.
2.3 BEEED EREE y4uE EREEE
e 13QE§ L]
2.2 P
T 'd
B n
2 EEEESERuEE T
| A
[
2.0 { IR -
|
1.9 il
111
[ EENENEREENE
[ REE A 11T ITT
1.8 T T T T T T T ‘ .
20 30 40 50 60 70 80 90 100 110 120 130 140

TEMPERATURE, F

Figure A-2a. Adiabatic Compressibility of Saturated Liquid HDA

121



VAPOR PRESSURE, ATM

0.5

i o

o

Eedis=od S g SR N =
= i = |=

3 - . bt e
=13 a1 b

+{CURVE-FITTED FROM -17 TO 129

—{WITH EQUATION:

= oG - 10.7662 -

n Em =
i t, 43.2 TO
.;“5-6 w/o Nzoq, AND 0.4 TO 1.7 w/o H20

LT

[

T

%Z_ Bl iE=sdan 10 P(atm)
S5 sanae s AR 2 e
»:-: A -7 -_- N i - s-h3556 X ]0 N(W/o) + 2.55"'9 X ]0 W(

T ] + 28.5036 2

N(wo) , 282926.

[ T(K) T (K)

4 JWHERE N = w/o N20’+ AND W = w/o H

-

Th25 0 25 50 75 100 125
o TEMPERATURE, €

Figure A-3. Vapor Pressure of HDA

122



VAPOR PRESSURE, PSIA

600 I
500 =

200

100 F-

20

10

N ¥R
it

[

y.

1t

L

o b
I

L

T

NN REERY

_ﬁ
el A
|
1‘

1]

il
i

1

|1
RARTI BSEE

I BN I H

™
. U
\
|
H

1

= CEE== =
EEE ESESESs ==
A #
i,*,ﬁ il il jj,117 ]
P ,z’;: o e o

|
N I

j.u o s 0 S K i gt S A 7 ] QO S S S S ‘:M:L:

gl o i

J) S (NN SR [ A S A ) B — i

L]
'

7 14— N N 0 ) Sy - :_ e I j}a

CURVE-FITTED FROM 1 TO 264 F, 43.2 TO =[5

|
1
T
I
[
|
|
T
|
|
|
|
i
|

P2 T 4506 wio N0, AND 0.4 TO 1.7 w/o H,0

InEN 17777 WITH EQUATION: T

T gugh.86 [T

T N Y980 P(psia) ~ 11'9357 ) T(R)

|
|
ey
]
|
|
! |
_f._‘_m

i i S I N I s e - - 2
et é:,,j =i ESES 5.43838 x 10 N (w/o)
B E S BECESERSEEEEES -2 SEES
== i§EzEskEcaEs + 2.5548 x 1075w E==

ESESai> JeSNESSESSEERERES "(wio) |, 216700.

+ 51.322]

T( 2

R}y T (R)

I
}
]
1
T
]
R A
\
L
|
!

E*T._ ;L”,.’;‘ === _‘._: = WHERE N = w/o NZOA AND W = w/o H,0 H——H
S T e ] e R

T A TTHEE e P SENEEESESERE:

oy o Pt e o BRI A e i g SRS R -

0 50 100 150 200 250

TEMPERATURE, F
Figure A-3a. Vapor Pressure of HDA

123



0%

(z-v "3°¥) VQ@H PInbTT PdleINlES JO UOTSUdL dJBIING

0¢

0¢

0l

3 ‘3YNLVYIdWIL

0

ot

"p-v 2In31y

0t~

9¢

8¢

11

43

He

9¢

gt

04

ch

N Th

94

WI/INAG “NOISNIL 32V4¥NS

124



0ol

08

(z-v "394) VaH pinb17 paieinies Jo uOTISusjl 9deJIng ‘BH-y 2andrg

09

4 ‘3YNLYYIdWIL

Oh

0¢

0z~

0°¢

(AN

he

8¢

0°¢

z'€

o€

9T

14/487 'EOI X NOISN3L 3Jvduns

125



L

H-rHHH

T
i1

190811

|
\
l
I

WITH EQUATION:

(cp)

LOF‘O ul

I

T

(K)

2

- L4,6580 x 10~

¥ (w/o)

—

WHERE N = w/o N204 AND W =

'+'3125§9i - 1.70171 x 1072 N(

CURVE-FITTED FROM 2 T0 55 C, 42.5 T0
145.6 w/o N,0,, AND 0.4 TO 2 w/o H,0

2

- 0.275k6 - 170888

(K)

w/o)

w/0 H20

1
|
]

-

y

VISCOSITY, cP

p 4

P 4

) ‘

Figure A-5.

20 30 Lo

TEMPERATURE,

Viscosity of Saturated Liquid HDA®

126

50

60



VISCOSITY x 10k. 1bm/ft sec

100 ==

50

20

=4 CURVE FITTED FROM 36 TO 130 F, 42,5 T0 °

1E 45,6 w/q NZOM' AND 0.4 TO 2 w/o HZO WITH

_% EQUATION:

_ 847.874

™ 553 T SIEESS E =5 T S8 5 S SERSSSEE S SECoEasams SEaSsassaA SESSs SaSEE EENSE RS
£ EEBs calESSN-=CANC=SE==mt S=ES==3 f:%jg P 1] }'k?ﬂ -
¥ S iGE SEa=p s +F E=s =5
! i SeEsds 2= sEEaTEE EEESE: FESERE = SE=

1
L
1

T Y%%10 7 (1bm/ Ft-sec) - 2.8970)

TRy

S JERER BaE
£ i H
SEEEaEgs E
SSpaTacRERSE-
i 3
agssas HEET
H BB R T
- T T
1T

§s8dsceascas cannices BN ZQ%EEQ: - 1.70171 x. 1072 N (

w/o)

spss T (R)

] - 4,6580 x lo'zw(w/o)

sERNARY ] WHERE N = w/o N?_Ol-l AND W = w/o H20

L

T I ] ]

] g

I
T :

| BARE SR NNy NE RNy ARy AT 1,._

sEsEppNS sppEEREn . T T T T
anas s iekae iR HHHH H

sl st il i e S e

snlebinyp rdunutyudt pnuunayes hynangn BESRERS SRRRRRRGNE ARRRESURER ANARONRES

1
I
T
+
T
4
T
1
.
——
1
1

T T

{ I
! I
n
L
T

I

|

1

l

I |
J!_Jl——] T

b,

:

8 Nl RS H e i
] I
= = =B ) ‘—q

E 55
SeariEsEes EREEERRSSaSERESE SiEsEisiiseEcemnsesiieant
ik it - 35t
A =8T =ES T H H ==&
: .—.*trl»;'— 1 ¥ SES T SEHEESFaES
R T e R e T g
"‘1 1 snb nsw Hi‘L [ i amise r idamAns dn! .

Lo 50 60 70 80 90 100. 110 120
TEMPERATURE, F ’ ‘ '

Figure A-5a. Viscosity of Saturated Liquid HDA -

127

130

140



SONIC VELOCITY, M/SEC

T T
e R T i EEEE AR
g T T CURVE-FITTED FROM 1 TO 60 C, 43.4 TO. Hfi
1500 L 1] 45.6 w/o N,O,, AND O 410017 g/o Hy0 B
j 22 H WITH EQUATION: S Hih
2 1 H c(m‘/SéC) 2]80.0 - 3‘. 523T(C) :
- =2 2 - '
[T InE 1] T - I . . - .977 T
Bl 45 x 10 I:T ©) ‘Ih‘977 N (/o)
1450° el A06 W) -
: | WHERE N = w/o N,0,. AND W = w/o H,0
it B 2°4 2 T
T : T e
1400 N ==
TR : Kt
SERRa RS SERUSARESEANE: [‘t'é'grfffff ihees T HE TS
i a8 dseasgad } T i HH HEHH HHH
1350 T i 1 j b T
H N Dapmoocan wpmmRsaE
saesis : i TN
£ e H - : i
1300 T HH
[ ] { { ] [ 1T
! HHHH
S maaaa=zat
g SHigsEas
1250 : = =] :
1200 psaasedt iize e AT T !
0 10 20 30 40 50 60

Figure A-6.

TEMPERATURE, C
Sonic Velocity of Saturated Liquid HDA

128



Il I T T
i -1 R 8 .
. sams M ! ] I au ! yo W i 7
e ? 1 !
=1 T i T i T I
7 u ai 1
H o a sl 1
H— © T 1 1 ! f
m N P EBENS S | T T
S GO i EHIE i
T P | H
e o = 3 e B FHEE R R T R A
" L -r /W . — ~— - -y it 1 90 ns,
| ad =z T T 7 n
- T T
i 1 o T T T T ]
He N o8 o= % i TR
o ~ 2 . ag _ siEstEfRtl fRcasciasaiansiatis
- o . [+a) n H T SEE 8 na HH T
TR no > HEF H A
: e Co : HranEEssHERE BRI
N = , — 2 M : R
= O ™ L < = 1 i 1 55
™ ~” - ~ 1 T m
HH (=] ™M o~ T L8 0N B M
s X = ~ [ p— O.H.. } HFH 1 o e
o < o~ (o) o~ T smEn i i iy an o
" o 1 ~N =z ]
144 t [T -« . M o w i AN M T M n
1 - = — ~ D m A T
H-HHHH o o o = ~ ANwde A8 o o HH
il & — — x X HH LA o 1 N
= T N T c - v 111 Y 11111l
[ d < [T} ~ [aa n T T3 u
1] — 0 3 [Z I R H ama " o
w N o ~ - — - A T T
W FWoE H
Y- ] ' H '
> W0 = S~ —n.-—n._ s I HHH um Ho
g x - = v w ! HUE
H S5 o — T Susdaadn SmAE BREERERREE N
g © T = = 551
r I SEEE EEES RS
H ! UUEE IR RREEE A4 B
i i W i BinECHERRiES
(T sy 1 e nuan
[ il A8 I 1§ W B
NGNS HaRSS ARERES A WA D 1 o
I g ! T ipniHiE
1 -]
a8 ] ax H T I HH
Il
11 + 44 [
. 11 i T HH 41
o EEeEEE ias
nms T 1
T { H = W I M
. T o H H T
[ mua nm »
san Y S in | ] H f H H
; e HHFH HH
T I [ i AnEas 1 ]
H T ] - (T H
e T + 11 AN M m Il B B (4
o < o = (=] o = o
o (=]
~ o (=] o o (] (=]
== in =) >3] O o ~ o
b wn <r < T = s

33S/13 ‘ALID073A DINOS

o 50 60 70 80 90 100 110 120 130 140

30

TEMPERATURE, F

Sonic Velocity of Saturated Liquid HDA

Figure A-6a.

129



A-2,

REFERENCES

Chemical Safety Bulletin No. 6, Fuming Nitric Acids, Bell Aerospace
Company, Buffalo, New York, 19 June 1970

Report 8096-910082, Model 8096 Maximum Density Acid, Engine Definition

Program, Final Report, Volume 11 Propellant Characterization Program,

Bell Aerospace Company, Buffalo, New York, 1 September 1970..

130



APPENDIX B
PHYSICAL PROPEﬁTIES OF NITROUS OXIDE

Physico-chemical properties of nitrous oxide, which had been previously deter;
mined in experimental and/or analytical investigations, were evaluated and
compiled during another Rocketdyne project. This project was preliminary, and
its scope did not permit a complete search of the available data and informa-
tion or allow the preferred practice of always going back to primary data
sources, rather than using some- secondary sources. Despite these limitations
(and the need for a comprehensive handbook for nitrous oxide), the data are

given here to assist current users of this material.

The physical and thermodynamic properties of nitrous oxide are presented in
Tables B-1 through B-4 and Fig. B-1 through B-9. A brief discussion of the
available properties data and analytical estimates used to prepare the tables

and graphs given in this section is presented in the following paragraphs.
MELTING POINT AND TRIPLE POINT

The value of the normal melting point (182.26 K) determined in recent, carefully
performed experiments (Ref. B-1) was chosen for Table B-1. Two earlier determina-
tions agree closely with this value: 182.4 F (Ref. B-2) and 182.5 K (Ref.B-3).
No measurements of the triple point were found. It is probably a few hun-
dredths of a degree Kelvin lower than the normal melting point and is there-
fore shown in Table B-1 as equal to the normal melting point, expressed to one

decimal place.

NORMAL BOILING POINT AND VAPOR PRESSURE
Vapor pressure data and critical compilations were taken from Ref.B-1, B-4,
B-5,B-6 , B-7, and B-8, all of which were in good agreement. A plot'of vapof
pressure versus temperature (Fig. B-1) was constructed from these correlated
values. The normal boiling point given in Table B-1 was also obtained from
this correlation; it agrees within 0.06 K with the individual values given in

Ref. B-1, B-5, and B-6.
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CRITICAL PROPERTIES

The recommended critical properties of nitrous oxide given in Table B-1 are
those from Ref. B-4. The values selected in an earlier review article
(Ref. B-S ) were not much different [TC = 3.5 C, Pc = 71.7 atm, Pe = 0.457
g/ce).

DENSITY

Reference B-4 gives good, extensive density data over fairly wide ranges of
temperature -and pressure. These data were used to construct Fig. B-2, along
with the values from Ref. B-8 (taken from Ref. B-7) to extend the saturated .
vapor curve below -60 F, the generalized compressibility factors from Ref. B-10
to extend the vapor curves above +302F, and the method of Ref. B-11 to extend
the compressed liquid curves below -22 F, The saturated liquid and vapor den-
sity curves in Fig. B-2 also agree well with values given in Ref. B-12, B-13,
and B-14. The saturated liquid density values given in Ref. B-8 {from Ref.
B-7, which itself is a secondary source) are substantially higher than the
curve in Fig. B-2, although the saturated vapor density values agree well with
Fig. B-2.

GAS P-V-T PROPERTIES

Figure B-2 presents_density curves for pressures of 1000 and 2000 psia. Fig-
ure B-3, Table B-2, and Table B-3 summarize experimental compressibility'data

for nitrous oxide from Ref. B-4 .
HEATS OF FORMATION AND VAPORIZATION

Reference B-1 reports an experimental value of the heat of vaporization at the
normal boiling as 3958 +3 cal/mole. Reference B-4 gives data for heat of
vaporization above -30 C. These data, plus values between -88 and -30 C esti-
mated by the method of Ref. B-15 (using a value of the exponent which fits the
experimental data) were used to prepare Fig. B-4 . The heat of formation of

the ideal gas given in Table B-1 was taken from Ref. B-16 . This value,
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corrected for non-ideality by the method of—Ref. B-11was used with the . heat
- of vaporization from Fig. B-4 to estimate the heat of formation of the liquid
at 208.15 K, as given-in Table B-1.

HEAT CAPACITY

The only-source of experimental .data for the specific heat of solid or liquid
nitrous oxide is Ref. B-1. The liquid data, which cover only the température
range from 183.55 to 187.13 K, were used to define the low-temperature end of
the saturated liquid curve in Fig. B-5. Constant pressure specific heat data
for gaseous nitrous oxide are primarily derived from spectroscopic and molecu-
lar structural measurements. The values from Ref. B-16 and the recent criti-
cal review of Ref. B-17 are almost identical, and were used to define the
zero pressure (ideal gas) curve in Fig. B-5. The following empirical equa-

tions, representing recommended values, are given in Ref. B-17:

cg = 0.103451 + 4.89293 X 1077 - 5.19278 x 10777 + 2.44839 x 107107°
(for temperatures between 200 and 600 K)
c; = 0.149343 + 2.67192 x 1047 - 1.4761% x 107'T% + 3.01604 x 10~ M73

(for temperatures between 600 and 1500 K)

where the ideal gas heat capacity, co, is given in cal/g-K (identical to thé
value in Btu/1b-R) and T is in degregs Kelvin. Values of gaseous NZO heat
capacity at elevated pressures were estimated from the ideal gas values by
the method of Ref. B-18. Very approximate values of heat capacity for the
saturated vapor, saturated liquid, and compressed liquid were estimafed from
the sparse information included in Ref. B-11, and the saturated liquid curﬁe}
was forced through the available experimental data near‘the normal boiling
point. These estimates, shown as dashed curves in,Fig:B—S . should be A
regarded as preliminary only (especially below aBout 300 F), and used only

until more experimental data become available.
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RATIO OF HEAT CAPACITIES

Good experimental data for cp/cv are available for a temperature of 25.3 C
and pressures up to 5.3 atm (Ref. B-19). These results, extrapolated to zero
pressure, agree well (0.09-percent higher) with reliable results obtained by
spectroscopic methods. Reference B-20 reports comparable data for higher
pressures, up to/about 31 atm., Reference B-13 gives values at 1 atm pressure
for several temperatures; however, these -are substantially higher at 25 C
(1.30 viz. 1.278) .than the apparently reliable value of Ref. B-19. Conse-
quently, the values of Ref. B-13 were not used. Figure B-6 was constructed
by use of the applicable data point from Ref. B-19 and the technique of

Ref. B-21 (as given in Ref. B-22 ). These estimates, shown as dashed curves in
Fig. B-6, should be regarded as preliminary and used only until additional

experimental data become. available.
ENTROPY AND ENTHALPY

Figure B-7 was reproduced from Ref. B-23, as given in Ref. B-24, and was
apparently developed as a part of the effort which also lead to Ref. B-4.
Table B-4 gives ideal gas thermodynamic properties from Ref. B-16 . Some

values are also compiled in Ref. B-25.

VISCOSITY

The 14.7-psia curve in Fig. B-8 was plottéd by use of the experimental data
of Ref. B-26 below 540 R and the data of Ref. B-27 above 540 R. The values of
viscosity at 2000 psia were estimated from the experimental 1l-atm values by
use of the residual viscdsity correlation of Ref. B-28 . No data were found
for viscosity of iiquid nitrous oxide, which méy be due to the short normal
liquid raﬁge (4.3 R). Since without experimental data liquid viscosity

estimates are very unreliable, no values were generated.
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THERMAL CONDUCTIVITY

No data were found for the thermal conductivity of liquid nitrous oxide. The
1-atm curve (Fig. B-9) was plotted from the recommended values of Ref, B-17
(alsolreported in Ref. B-29), in which thé values were chosen from Ref. B-30
below about 360 K and from Ref. B-31 for higher temperatures. The only avail-
able experimental data for gaseous thermal conductivity at elevated pressures
were from Ref. B-32. Unfortunately, these data at l-atm disagree with all
other data (Ref. B-17). Despite the possible negative implications for the
high-pressure data of Ref. B-32, these were judged to be better than purely
theoretical estimates and were used to prepare the solid portions of the high-
pressure curves in Fig. B-S. These curves were extended to temperatures above

800 R by the correlation of Ref. B-33,
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TABLE B-2Z. NITROUS OXIDE LOW PRESSURE EXPERIMENTAL
COMPRESSIBILITY ISOTHERMS (REPRINTED FROM REF, B-4)

Volume, Volume,
Pressure, Liters/Q. = Pressure, Liters/G. 1=
Atm., Mole PV/RT Atm. Mole PViRT
=30 C. 0 C.

9.9068 1.7830  0.8853  10.3712 2.2639 0.944
7.2631 252331 09184 1.4627 3.2058 0.8514
£.20663 35700 0912 53329 4.5358  0.972
3.7875 5.0511 0.95% 3.71997 6.4158 0.5
2.7088 7.1507  0.9708 2.7013 9.0806  0.9%6)
1.9309 10.1163  0.979%0 1.9171 12,8535 0.9903
1.3730 143137  0.9851 9.1635 25827 09517

65720  3.6526  0.965
8.4645 21310  0.9040 4.6043 51716  0.9757
6.1674 3.0159 0.9321 3.3415 73139  0.9828
4.449 42665 09518 23736  10.3525  0.9879
3.1929 6.0387  0.9663 1.6826  14.6558  0.901%
2.2781 85445 09766 11825  20.7255 099N

1.6218 120907 ©C9AZ8
11516 17.1071 08874 81798 29103 0.9566

5.8551 -4.1179 0969
; 4.1768 5.R243  0.978L
9.6308 6.0493  0.8903 29719 8.2477 0.93%
6.9747 26372  0.9220 2.1082 11.6631 0.988%
- 15 ¢ 1.4958 16.5087 0.9927

8.3072 23524 09278 60 C.

60117  3.3208  0.9450 B.0OI6  3.2029  0.965

4.3174 47096  0.9603 57136  4.5324  0.976

2.0877 - 66684 00719 40644  6.4133 0931
22003 9.4325  0.9800 28368  9.0761  0.9%t

15641 13.3499  0.9858 20474 12.8424  0.9916

1.1094  18.8947  0.9895 09677 25419 0.05%

10.3084 1.8566  0.9035 7.1362 3.6054  0.9700
75104 26272 09315 90900 51022 0.97M
5.4196 37169 09511 3.6187 7.2199  0.98%3
3.8861 52507  0.9651 2.5682 10.2167  0.98%
27744  7.4451 09750  1.B207  14.4562  0.00%
19754 105329 09sp4 89511 28493 0.9620

: ) 987 6.3966  4.0327 09728
14032 149050 09874 [ue7s 57068 09808

orC. 3.2382 8.0750 0.9861

B.2453 25483 09376 22983 114267 0.9904
5.9366 3.6075 0.9553 1.6289 16.1693 0.9933
e e o we

21572 102198 09836 100417 27521  Q.9676
1.5318 14.4596 0.9884 7.1621 3.8951 0.9765

10868  20.4673 0.9922  5.0969 55120 0,983
36203 7.7996 0,084

98028 21157 09253 25668 110376  0.9917

7.0882 29934  0.9468 100+ C
SONE mTR D23 56098 24614 0.9767
25032  B.4844 09814 G473 48982 0.98M
1.3068 16.9812 0.9904 : 3.0957 9.8079 0.9918
. " 21934  13.8783  0.9942
: 15c 10.3202 28871 04731
82858  2.77016  0.9467  T.3534  4.0853 0881l
5.9522 38237 09623 52246 57809  0.9864
42565 54079 09738 3.7068  B.1810  0.9904
30308 76565 09812 26271  11.5758  0.9932
2.15335 10.8305 0.9866
1.5284 153251  0.9908 125 C.
1.0841 216982  0.9945  7.9811 4.0255  0.9834
5.6682 5.6964 0.9883

102745 21489 09341 40172 80603 03911
TA117 30409 09535 28473 114066 0.5M]
53119 4.3046 0.9670 2.0157 16.1399 0.9958
249% 56173 0oas 150'C

=t . .61 . ’
19161 121931 00884  B.128 42106 0.9857
1.3581 17.2574 08914 97682 59553 0.0900
09622 24.4282 09038 40878 8.4320  0.9927
2.8967  11.9317  0.9954
91777 24280 09424 20520 168840 09978

6.6021 34365  0.9593 9.7801 3.4928  0.9838
4.7224 4.8617  0.9710 6.0447 4.9428  0.9886
3.3669 6.8812  0.9796 4.9243 6.9947  0.9920
2.3927 9.7320  0.9851 3.4873 9.8971 0.9940
1.6988 13.7796  0.9898 2.4711 14.0050  0,9967
1.2047 19.4842  0.9932 1.7492 19.8187  0.9984

—

\
\
\
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Atm.
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110
1

-0

s

TABLE B-3.

SMOOTHED COMPRESSIBILITY DATA FOR GASEOUS
NITROUS OXIDE (REPRINTED FROM REF. B-4)

VOL, ze Pﬁ!l\ll'l, VQ].' .
ML/G. PV/RT : Atm. ML/G.
-30-C. 15 C.
70.533 0.9336 6 85.201
59.686 0.9217 8 63.811
51.540 0.9096 10 50.351
45.179 0.8970 12 41.350
40.058 0.8837 15, 32331
35.848 0.5699 20 23.266 .
32.301 0.8551 gg %Mg;
. © 140
~15°C. 33 11281
75.903" 0.9463 40 9.131
55.796 0.9275 42 8.362
43.674 0.9075 44 7.628
35.557 0.8366
29725  0.8647 30-C.
21.371 0.8533 6 91.243
25.317 0.8417 8 67.691
21.876 0.8182 10 53.537
19.019 0.7904 12 44.096
0 C 15 34.629
- 20 . 25.132
81.102 0.9556 25 19.403
59,840 0.9401 30 15.532
47.062 0.9242 35 12.738
38.510 0.9075 40 10.614
29.922 0.8814 45 8.895
21.268 0.8353 50 7.487
15.959 0.7835 55 . 6.204
13.633 0.7496 58 5470 .
12.934 0.7366 60 4.964
12.266 . 0.7226 62 4.391
5rC. 76 C.
Vel,, z= Vol,, =
ml./jg. PV/RT  ml/g.  PV/RT
72.787 0.9667 79.053 0.9744
57.719 0.9581 62.808 - 0.9677
37.550 0.9357 41.140 0.9508
27.498 0.9129 30.287 0.9333
17.344 0.8637 19.408 0.8971
12.208 0.8106 13.945 0.85%4
9.070 0.7526 10.644 0.8200
8.905 0.6877 8.421 0.7785
5.254 0.6105 6.815 0.7350
3.562 0.5128 5.592 0.6593
2559  0.3823 4.622 0.6408
1.624 0.3028 3.835 0.5509
1.613 0.2945 3.197 05419
1.513 0.2014 2.692 0.4977
1.449 0.3127 2.320 0.4648
1.404 0.3263 2.064 0.4452
1.368 0.3407 1.886 0.4359
1.339 0.3557 1.763 0.4346
1.315 0.3710 1.074 0.4384
1.293 0.3863 1.607 0.4456
1.274 0.4018 1.552 0.4543
1.258 0.4176 1.508 0.4647
1.230 0.4492 1.440 0.4882
1.207 0.4808 1.388 0.5132
1.188 0.5106 1.349 0.5404
1.170 0.5438 1.317 0.5682
1.164 0.5746 1.287 0.5949
1.145 0.5987 1.266 0.6144

2=

PV/RT

0.9628
0.9503
0.9373

0.9237.

0.9028
0.83662
0.8272

0.7838 -

0.7350
0.6799
0.6538
0.6248

0.9687
0.9582
0.9473
0.9363
0.9191
0.8894
0.8583
0.8245
0.7889
0.7512
0.7083
0.6606
0.6038
0.5614
0.6270/
0.4817

Pressure, Vol.,

Atm.
3
10
16
20
30

Pressure, Vel i N\I,lda PV/RT
Aim . MIJG.  PV/RT . A4
36.45° C. 40° C.
25 20074 0.8695 68 4.610 0.5370
30 16144 0.8391 70 4934 0.5077
35 13313 0.8073 72 3.338 0.4733
40 11.158 0.7733 14 3.377 0.4281
45 9.450 0.7368 76 2.758 0.3591
50 8045 0.6959 78 1.955 0.2612
55 6.843 0.6521 80 1,727 0.2380
60 6.176 0.6004 85 o 0.2294
65 4.752 0.5352 90 1,506 0.2321
68 4.098 0.4828
70 3.555 0.4312 “4-C
n 3173 0.3903
72 1.792 02235 68 5.039 0.5795
74 1.636 0.2097 70 4715 0.5582
76 1567 0.2083 72 4.386 0.5341
78 -1.527 0.2083 74 £.059 0.5080
80 1.498 0.2076 76 3.722 0.4784
30 1.409 0.2197 78 3.360 0.4432
100 1.3547 0.2347 BO 2.969 0.4017
120 1.2913 0.2685 82 2.526 0.3503
140 12400 0ap3 85 2.000 0.2875
160 121 0 03371 90 1.705 0.2595
180 11906 03713 95 1.592 0.2558
200 11695 . 04052 100 1,526 0.2581
220 1.1512 0.4388 105 1.479 0.2627
240 11354 04721 110 1.443 0.2686
260 11215 0.5052
280 11086  0.5378
300 10967 05700
315" 10886  0.5941
100~ C. 126° C 160° C.
= Vol., z= Yol., 2=
mi/g. PY/RT wml/g. PV/RT mljg. PV/RT
85.225  0.5301  91.343 ©  0.9345  97.423  0.9880
B7.818 09749 72785  0.9806  77.604 0.6849
4609  0.5619 °  4B.018 09704  51.381 0.5770
32.396  0.9487  35.617 00597  38.196  0.9684
21,352  0.0208  23.215 09383 25020  0.951%
16622 06525  17.001 009162  18.424  0.9342
12012 08634 13273 0.8941 14468 09170
9.663 08339 10789  0.8721  11.834  0.9001
7950  0.8040 9.017.  0.8503 9.955  0.8834
6728  0.7107 7688 0.8286 8.651 0.8672
5745 - 0.7433 6.656 08071 7460 08511
4.961 0.7131 5.833 0.7858 6.591 0.8355
4321 0.6833 5.163  0.7651 5.883  0.8204
3793  0.6543 4611 07454 5297  0.8058
3359  0.6278 4149 07266 4805  0.7919
3.002 0.6041 3.760 0.7092 4.39% 0.7791
2709 05841 3430 06932 4033 0.7669
2472 05685 3152 0.6795 3729 07563
2.281  0.5574 2914  0.6675 3465  0.7468
2.129 0.5508 2.714 0.6581 3.235 0.7381
2008 05484 2543 0.6509 3035 0.7310
1908 0.5486 2396  0.6457 2861  0.7254
17867 0.5557 2164  0.6414 2.576 07183
1652  0.5698 1992 06440 2.353  0.7159
1573 0.5878 1862  0.6522 2178 07119
1.510 0.6080 1.761 0.6843 2.038 0.71236
1.462  0.6304 1681 06795 Le28  0.733¢
1428  0.6468 1632 06928 1.860  0.7429
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TABLE B-4. IDEAL GAS THERMODYNAMIC PROPERTIES OF NITROUS OXIDE
DINITROGEN MONOXIDE (Ny0) (REPRINTED FROM REF. B-16)
 (Ideal Gas) Molecular Weight = 44.016 (1959 Atomic Weights)

=l mole'deg. ! ~ — keal. mole ','———-7—\

T. 'K c §*  =(F'-Hi)/T H°-Hie AH; AT} Los Kp
0 «000 000 INFINITE = 2,200 20,430 204430 INFINITE
100 T«018 43,9688 10924 - 1994 20.084 21573 = 47,1483
‘200 8,033 494108 53.383 = <049 19780 234185 =  2%.334
298 94230 52548 $2.940" *000 . 19.810 24,896 - 18,248
300 9.25%0 82,804 824948 017 19.608 244928 = 10.19%%
400 10201 85.400 82.92) « 992 19.530 26716 = 14.506
%00 10.,9%3 57.476] $3.649 2051 19,520 284516 = 12,483
600 11,588 59.81% 34.517 .18 Y 10.388 © 304911 ‘= 11,040
100 12.070 814633 53%.406 4,360 19813 924097 = 10.021
800 12.408 63:275 564209 5,580 19710 353,873 = 9,253
900 12830 64,786 37149 (1111 19.010 3%.:838 =~ 84054
1000 19,113 484134 $7.000 8,153 19,920 37.391 = g.1T1
1100 13,348 874394 58,7719 Q474 204036 39.132 = . T.TTA
1200 134544 68.%43 59457 10,821 204158 40,88 = 7,442
1700 13,707 89.06%8 80203 12,188 20,279 42,%03 =  T.1%8
1400 19.04% 70.616 80e9089 13,582 20.404 M5e203 = 8,914
1500 13.961 71.639 6le887 18,982 204330 45,996 = 8,701
1600 14,000 T2+%80 824319 18,381 20,457 474691 =  Be.514
1700 18,189 T3.39% 629453 17768 20,783 404377 = 8,347
1000 144218 742208 63948 19,182 20.908 31,084 = g,198
1900 14,202 T4.978 84130 20,807 214032 82.720 =~ 6,063
2000 144337 T14.710 644690 i2.018 21158 84,302 = 5,043
2100 14,388 74,411 69232 V0474 21.277 88,049 - 35,831
2200 14,828 71,081 6%.789 8.8 21.398 §7.70% =  3,7%2
2300 144666 “TTeT23 464282 28,349 214511 50,390 = s5.,4%0
2400 14,499 T8e33Q 68.782 27.808 210830 80,993 = [ 1 1Y
2300 14,329 78,9132 67.228 19,259 21eT42 62,830 = 8,478
26800 14858 794502 A7.889 70,713 214093 64,262 = 3,40)
2700 - 144580 80:0%2 684137 32,170 21.902 65,894 = 3,333
2800 144802 80,3084 8845712 33,629 22.068% 672917 = 5,270
2900 144621 8le098 884905 Is.000 22.174 80,140 = 8,210
3000 14,639 Bled91 '8F+408 384,59 22.27% T0:757 = 3,19
3100 18,6%% 82.072 69.8p7 38.018 22378 T2.371 = $+102
3200 14,470 82.537 T0.190 Io.ana 224473 - 73.981 - 3,082
3100 164604 82980 7045879 40,952 22,988 794591 = 9,006
3400 - 14.808 BYea27 70050 A2.a1 22.86]1 77196 = 4e982
3800 164,707 83,85y Tle313 43,891 22752 T8 70T = 44920
3800 144718 Bhe288 L ELlY 45,1389 22.08] 802400 = 4.2
3700 144727 84:6T) 72.013% 46,835 22.928 814993 = 48B4}
3800 - 144738 B 004 7243981 48,308 23.01% 83301 ~ 4,807
3900 14,748 BY.haT T2.882 49.782 234007 85,183 = &,1MY
4000 1462752 B%:820 713008 5142%7 23.17M BOTTA =  4aTAl
4100 14,780 884185, 134323 52,732 23.2%7 884363 =  4.T10
4200 144708 88541 73.633 54,200 23.9% 00,951 =  a,880
4300 . 14,772 88.888 73937 39,680 234411 014537 =  4.892
4400 18,770 07.220 Tas 298 57.183 23.408% 93,120 = 4,628
4500 14,784 87.%80 "T4=928 50,601 23+%%8 Q44703 =  4.599
4600 14,789 87.88% Taep1S 604120 29,890 96,288 = . 4.97a
4700 14,794 88.20) 715-006 81,599 28,700 97.86U -  &4.530
4800 14,798 BB.518 75.37) 61.079 23.768 99:441 = . 4,827
4900 14,0802 88.020 Tebad 644989 23.83%¢ 101e0)1 = . 4,908
5000 14,808 89.119 - 7%.911 86,039 234002 102,900 =  a,a0
8100 18,810 #9412 76172 674520 2%.086 104.1%6 =~ - 40409
5200 1a.dls 89700 Theds0 - 89.001 28,080 103:733 =  4ss44
$300 14,217 89.982 76.683 10,083 26,092 107308 = 5,428
8400 14,820 00,299 T6.932 T1.58% 244154 108,872 =  a,808
8800 la,823 00.93) TTe178 “Theka? 244218 110.448 = 4,388
$600 14028 90798 TTeal?T Th.920 24.272 112010 = 46371
3700 12,820 81080 T7e654 Te.412 264329 L13.57% = 4,35
3800 14,091 9lad1s T7.888 17.809 262988 11%.142 = 4,938
5900 10,8% 91.572 78117 T¢4378 2hsbs] 116.TO8 = 4,328
8000 18,0% 9l.821 T8e3a0 80,082 24,499 118267 -  4.%08

—
\ Dec. 31, 1860; Dec. 31, 1964 |

|
|

o
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Figure B-7. Enthalpy-Entropy Diagram for Nitrous Oxide (Reprinted
from Ref. B-23, as given in Ref. B-24)
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PROPELLANT PROPERTIES INDEX

Carbonyl diisocyanate (CDIj
decomposition with'various materials, 88, 89, 90, 93
detonation propagation, 72 \
flash. point, 73
NVR buildup with various materials, 88-94
thermal stability, 73

Chlorine pentafluoride.(CiFs)
storability (AFRPL tests), 95, 97, 98
storability {Rocketdyne tests), 101-106

Chlorine trifluoride [C1F3)
storability, 101-106

Dicyanofuroxan (DCFQ)
detonation propagation, 73-75
detonation sensitivity, 73-75
flash point, 79, 80

Dicyanofuroxan (DCFO) bottoms

detonation propagation, 78, 79

Dicyanofuroxan (DCFO) bottoms mixtures with malonitrile (MN)

detonation propagation, 79

Dicyanofuroxan (DCFO)} mixtures with malonitrilé_(MN)
detonation propagation, 76-78

detonation sensitivity, 78

Florox

storability, 103-105
HDA, see High density acid

High density acid (HDA) (54.8 w/o HNO3, 44.0 w/o NO

boiling point, normal, 16, 116

2 0.5 w/o HZO’ 0.7 w/o HF)

compatibility with storage materials, 84-87
compressibility, adiabatic, 36, 116, 117, 120, 121
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critical properties, 16, 17, 116

density, liquid, 28, 30-32, 116, 118, 119
density, liquid, hydrometer measure of, 28, 31
equilibrium pressure, 42, 43

formula, empirical, 116

heat of formation, 43, 44, 117

heat of vaporization, 48, 117

melting poin{, 116

sonic velocity (velocity of sound), 32, 34, 117, 128, 129
surface tension, 117, 124, 125

triple point, 116

vapor pressure, liquid, 38-42, 117, 122, 123
viscosity', liquid, 49-51, 117, 126, 127

Hydrazine (N2H4]
gas solubility of nitrogen in, 63-67

Hydrazine mixtures

Hydrazine--unsymmetrical dimethylhydrazine (50 w/o N2H4-50 w/o UDMH)
density, liquid, 26, 27, 29
gas solubility of nitrogen in, 67-72

MHF-5 (55 w/o CH3N2H3-26 w/o N2H4-19 w/o N
storability (AFRPL tests), 97, 100

storability (Rocketdyne tests), 101-106

ZHSNOSJ

MHF-7 (81 w/o CH3N2H3-14 w/0 N2H

storability, 101-105

4-5 w/o-HZO)

Hydrazine, monomethyl (CH3N2H3)
gas solubility of nitrogen in, 61, 62

Inhibited Red Fuming Nitric Acid (IRENA)
compatibility of elastomeric O-ring with, 81-83

- Malonitrile (MN)
detonation propagation, 74

adiabatic compression sensitivity, 80
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MHF-5, see Hydrazine mixtures, MHF-5
MHF-7, see Hydrazine mixtures, MHF-7
MMH, see Hydrazine, monomethyl

Nitrous oxide {NZO)
boiling point, normal, 131, 136
compressibility, gas, 139-141
critical properties, 132, 136
density, gas, 132, 136, 143
density, liquid, 132, 136, 143
dielectric constant, gas, 138
dielectric constant, liquid, 138
diffusion coefficient, 138
enthalpy, gas, 134, 141, 148
entropy, gas, 134, 141, 148
heat capacity, gas, 134, 141, 146
heat capacity, liquid, 134, 146
heat capacity ratio, 134, 137, 147
heat. capacity, solid, 137
heat of formation, 132, 137
heat of fusion, 137 .
heat of vaporization, 132, 137, 145
magnetic susceptibility, 138
melting point, 131, 136
molecular weight, 136
sonic velocity, gas, 138
surface tension, 136
thermal conductivity, gas, 135, 138, 150
triple point, 131, 136 ?
vapor pressure, liquid, 131, 136, 142
viscosity, gas, 134, 137, 149 a

UDMH, see Hydrazine, unsymmetrical dimethyl
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