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FOREWORD

This propellant handbook is the product of a program sponsored by the Propellants Branch of the Air
Force Rocket Propulsion Laboratory. The objective of this program was to provide a comprehensive and
systemized text of the properties, handling procedures, design criteria, catalytic decomposition, cost, and
availability of hydrazine fuels and selected blends and ingredients of these fuels.

This program was initiated in August 1968, and was conducted by Bell Aerosystems Company,
Propellants and Combustion Technology Section, for the AFRPL, under Contract FO4611-69-C-0005. Lt.
Douglas Huxtable served as the Air Force Program Manager. Mr. W. R. Scott was the Bell Program Manager
and Mr. W. R Marsh was the Bell Technical Director.

This report has been assigned Bell Aerosystems identification number D8558-953014.

This technical report has been reviewed and is approved.

W. H. Ebelke, Col. USAF
Chief, Propellant Division
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ABSTRACT

The Hydrazine Fuels Handbook is a compilation of engineering information on the physical and
chemical properties, storage and handling, production, transportation, safety, and the thermal and catalytic
decomposition of the hydrazine family of fuels and their blends. It contains information on the following e
propellants: . ;

:

Ammonia MHF-1 ;

Diethylenetriamine MHF-2 s

Hydrazine ‘ MHF-3 2

Monomethylhydrazine MHF4

1,1-Dimethylhydrazine MHF-5

50/50, N, H,, /UDMH MHF-5B

MAF-1 MHF-6

MAF-2 , BA-1014

MAF-3 BAF-1185

MAF4 - MGGP-1 &

MAF.-5

This propellant handbook is intended to be used for R&D personnel and test engineers who are
directly involved in the utilization of liquid rocket propellants.
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TABLE 1.1-1 INDEX OF SUBJECT MATTER

ITEM SECTIONS PROPELLANTS SECTIONS
Analysis 20,71 Ammonia 21
Availability 20 DETA 22
Blend Systems 30,71 (Diethylenetriamine)
Catalysts 6.3,43,53 Hydrazine 23
Compatibility 44 MMH 24
Compositions 71,30 (Methylhydrazine)
Conversion Factors 72 UDMH 25
Cost 20 ! (1, 1-Diemethyihydrazine)
Decomposition, 6.2.2,6.3,4.3.3 50/50 {Aerozine-50) 26,3.2,38
Heterogeneous *MHF-1 (Hydrazoid N) 214,34
Decomposition, MHF-2 215,38
Homogeneous 6.2 . MHF-3 27,34,33
Decontamination 425,53 MHF-4 216,34
Detection, Fumes 525,5.27,5.28 MHF-5 217,34
Detection, Leaks 526 MHF-58 218,34
Disposal 524,53 MHF-6 219,33 -
Dosimeters 5.28 **MAF-1 2.10,3.7
Explosion Hazards 53,344,354 MAF-2 (MIGA) 21
Exposure Limits (personnel) 521,522 MAF-3 28,37
Field Testing - 5.25,5.26,5.27,5.28 MAF-4 (U-DETA, HYDYNE}| 29,37
Field Usage 42,523 MAF-5 212,3.7
Fire Extinguishment and 5.3 BA-1014. 220,33
Hazards BAF-1185 (Hydrazoid W) 221,33
First Aid 5.24 MGGP-1 213,35
Fume Detection 525,5.2.7,5.28
Handling 42,523
Hazard Classification 5.21
Heat Transfer (See Thermal 20
Conductivity)
Impurities (as Catalysts) 6.2.2
Impurity Limits 20
{Specification)
Leak Detection 526
Lethal Doses 522
Manufacture 20
Materials 43,44
Maximum Acceptable 521
Concentrations
Physiological Reactions 5.2.2
Pollution Control 425
Pressure Rise in Storage 433
Propeliants, Indices 71,25
Properties 20,30
Protective Equipment 523
Radiation Effects 6.4
Safety 5.0
Shipping 20,42
Shock Sensitivity 344,354,5.35,5.36
Stability 53,62,433
Storage 432,424,433 :
Tanks, Pressure Rise 433
Terminology 7.3
Tests, Safety 531
Thermal Reactors 6.5
Thermal Stability . 433,6.2,5.3
Toxicity 5.1
Transfer of Propellants 42
Transportation 20,42

*MHF = Mixed Hydrazine Fuel.

‘| **MAF = Mixed Amine Fuel.
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1.1 GENERAL

The purpase of this Handbook is to provide, in an
accessible and convenient manner, as much information as
possible on ‘the characteristics of hydrazine, its dervatives,
related compounds and blends, pertinent to their use as
fuels or monopropellants for rocket engines, attitude
control systems, and chemical gas generators. The
information presented herein has been collected and
correlated from books, published papers and reports,
manufacturers’ literature, government specifications, and
private communications. The authors and other members of
Bell Aerosystem’s Company organizativn have carefully
reveiwed and cvaluated this information, and have
attempted to resolve all dissgreements wherever possible,
with the aid of their own considerable experience in the use
of these propellants.

Since 1945 hydrazine (N, H,) and its derivatives have
become increasingly important as rocket éngin'e fuels and
monopropellants, due to a number of unique physical and
chemical properties. First isolated by Lobry de Bruyn in
1894, hydrazine remained an expensive chemical curiosity
for almost 50 years. Then during World War II, engineers at
Walter Werke in Kiel Germany, developed a rocket engine
for the Messerschmidt ME-163B manned interceptor using a
hydrazine hydrate-methano]l fuel blend with hydrogen
peroxide as the oxidizer. In support of this project, the
German Government built a plant at Gersthofen to produce
85% hydrazine hydrate by the Raschig process. After the
war, details of the rocket engine, the Raschig process,
scveral tank cars of hydrazine hydrate, and a number of key
personnel were acquired by this country. These events
catalyzed both the introduction of hydrazine and the
initiation of exploratory development of hydrazine rocket
technology in the United States.

Subsequent to 1945, several agencies undertook
development of thrust chambers and rocket cngine
components utilizing hydrazine as fuel. Concurrently there
was a lot of activity in search of fuel blends or derivatives
of hydrazine that would avercome some of its shortcomings
(i.e., high freezing point and a tendency toward
uncontrolled decomposition in the presence of hot
surfaces). Finally, improved synthesis methods for
hydrazine were actively sought.

In 1950, thé Olin Mathieson Chemical Company,
under an Army Ordnance contract, developed a continuous
Raschig synthesis process for hydrazine, which resulted in a
substantial increase in availability and reduction in price. In
1954. the Westvaco Chlor-Alkali Division of FMC Corp.,
introduced a continuous process for synthesis of
unsymmetrical dimethylhydrazine (UDMH) from ammonia
and methanol. This development made an important

hydrazine derjvative available at a low price, and led rapidly
to increased utilization of hydrazine fuels in the rocket
industry. Aerojet General adopted JP-X (a blend of JP4 jet
engine fuel and UDMH) as the fuel for the Bomarc and
Nike-Ajax rocket engines. Bell Aircraft adopted eutectic
hydrazine as the starting fluid for the Rascal and Hustler
engines, and in 1958 Bell converted the LR-81 Agen.~
rocket engines to UDMH and IRFNA (inhibited red fumiug
nitric acid). Also in 1958, the Titan II rocket enginc
development began at Aerojet General. This engine, using a
50/50 UDMH/hydiazine fuel blend with N,O, oxidizer,
created for the first time a large tonnage demand for both
hydrazine and UDMH, and resulted in expansion of
produgction facilities at both Olin 2and FMC.

Today a large variety of possibie biends incorporating
hydrazine ard its derivatives are known. Early development
of blends began in an effort to provide fuels which will
freeze at -65F or lower, be free flowing at thee
temperatures, and have better thermal stability thun
hydrazine, for use as a regenerative coolant.

Although a number of hydrazine fuel blends have
beer. investigated since 1945, those which have survived and
which appear in this Handbook have their origins in 1955
or later. Blends of hydrazine with methano!, hydrogen
sulfide, hydrogen cyanide, mecthylamine, lithium
borohydride. and others have been investigated. but most
were abandoned for various deficiencies. Water, ammonia,
hydrazinium nitratc. and the methyl-substituted hydrazines
have survived, along with diethylenetriamine and ace-
tonitrile, as the components for all hydrazine fuel blends
in use today. Investigation of new and improved blend is
still continuing. and components such as hydrazinium
azide, hydrazinium pechlorate, and methoxylamine have
shown promise.

As discussed in Section 3.0, all of the blends
described in this Handbook can be considered as members
of seven families of temnary mixtures, the properties of
which vary regularly and predictably with composition.
With the help of the ternary diagrams presented herein, the
investigator can select compositions having the most
satisfactory combination of properties to suit his needs.

The use of hydrazine as a monopropellant for

" attitude control thrusters and as a gas generator for

propellant tank pressurization has been under investigation
since the late 1940’s. JPL developed a monopropellant
hydrazine orbit adjust system for the Ranger and Mariner
space vehicles using an N,Q, *“slug™ start in conjunction
with a cobalt-alumina thermal reactor which would sustain

. decomposition of the hydrazine, or restart spontaneously,

if its temperature was above 400F.



A significant breakthrough in monopropeliant

‘hydrazine technology was the development of Shell 405
catalyst. This catalyst, which will spontaneously decompose

‘hydrazine ‘and. some-of -the fuel blends at room -

temperature, consists of iridium metal deposited on a high
surface area alumina substrate. The availability of Shell 405
since 1965 has triggered a number of development
programs in the small thrust chamber and gas generator
field using monopropellant hydrazine. The high cost and
scarcity of iridium limits its operational use; hence a search
for a low-cost spontaneous catalyst for hydrazine is still
under way at this writing. More about monopropellant
catalytic decomposition can be found in Section 6.

1.2 SCOPE AND CONTENT

This handbook is a comprehensive compilation of all
available data pertaining to propellants composed of
hydrazine, ammonia, hydrazine derivatives,
diethylenetriamine and water. An extensive treatment of
the physical, chemical. thermodynamic, and electrical
propertics of the propellants is combined here, in a single
volume. with a survey of the available information on
storage, handling, safety, materials compatibility, cost, and
availability. Also included are sections describing the
variation of properties with composition of blends, and the
catalytic and thermal decomposition behavior of some of
the propellants.

1.3 USER INSTRUCTIONS

13.1 Format

This Handbook is divided into seven major séctions
(1.07.0). Each major section is then subdivided into
subsections by decimal numbers (ie., 3.1, 2.7 etc.). Each
subsection is further divided by three and four digit decimal
numbers (i.e., 3.4.1 or 4.2.6.1).

Major sections are separated by tabbed dividers. Each
tabbed divider has an index listing the subsections
contained under that section tab. Each major subsection
has a seperator (untabbed) which has an index of minor
subsectiony contained therein.

/

The indices on each section divider provide a detailed
breakdown of the contents of zach section and subsection.
An index to propellants, acronyms, composition and the
relevant properties sections is found on the Section 7.0
divider.

Wherever possible. within a major section, a particular
subsection number (three. and four-integer decimals) will
always pertain to the same or a similar property or
propellant. For example, the numerals 2.4.3.3 denote the
following information:

The first numeral, 2, denotes major section 2,
. properties. The second numeral, .4, denotes the
propellant, MMH. The third numeral, 3,
denotes ‘that this subsection deals with a

physical property. Finally, the fourth numeral,.

3. denotes the particular property, “‘sonic
velocity”. Within section 2, all sub-sections
ending in .3.3 will denote “sonic velocity™.

In subsections where data on some properties are not
available, the corresponding integers will be miscing from
the sequence, to maintain the meaning of the last two
digits. For example, section 2.19 (MHF-6) contains
subsection 2.19.3.2 (density) followed by subsection
2.19.3.5 (viscosity). This indicates that no data were
available for the indicated properties, “sonic velocity™ and
“compressibility”.

132 Use of Index and References

Each section divider contains an index to the
contents of that section. The major section dividers
(tabbed) list the doubly numbered sections within that
section. Each doubly numbered section divider contains an
index of all subsections within that section. An index
showing the location within Section 2, the compositions.
and acronyms of the pfopellants appears on the Section 7
tabbed divider. This indicates where the properties and
logistics of specific propellants may be found.

~

The location of other types of information is listed
alphabetically in Table 1.1-1, located on the back of the
tabbed divider preceding this section.

Each propellant subsection in Section 2 contains a list
of references pertaining to the propellant. Each of the
remaining major sections (3.0, 4.0, 5.0.and 6.0) contains a
reference list at the end of the section. The reference
numbers in these sections pertain only to the reference list
at the end of that section.

1.3.3 Updating Provisions

Sections dealing with propellants for which further
data is expected to be obtained have been arranged so that

- missing subsections can be inserted later without disturbing

the numbering sequence or the order in which subsections
appear. When a gap exists for these propellants, the
subsection following the gap begins at the top of a new.
page. If existing subsections must be updated, the
appropriate pages can be replaced by the updated page.
New or updated pages will be distributed to recipients of
this Handbook when they become available.
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N Chemuul Namé: A@n_pni_a _

Chemical Formula: N_H;,-

“2:1.1 PROPERTY SUMMARY SHEET

Common Name: Ammonia

Formjla Weight: 17.032 (01*), 17.0306 (¢12)

PROPERTY VALUE UNITS “TEMP (°K) REFERENCE FIGURE
"MELTING POINT 195,40 °k . 2
—71.75 :c
351,72 °R
_ —107.95 F
HEAT OF FUSION 1351.6 cal/mole MP (2)
142,75 BTUIb {195.40)
NORMAL BOILING POINT 239.80 X . .
~33.35 e
431.64 °R .
-28.03 F -
HEAT OF VAPORIZATION 5.569 keal/mole NBP (10) 2117
_ . 588.16 BTU/b
TROUTON CONSTANT 23.2 . NBP
CRITICAL STATE CONSTANTS .
Temperature ' 405.6 X .
1324 C
730.1 °R
‘2704 F
Pressure 112.2 atms *
1647.5 © - psie
Density 0.235 glec .
14671 1o/t _
VAPOR PRESSURE OF LIQUID 0807 . "~ gtm 298.15 (3 (1) 211,212
145.45 psia 213
DENSITY OF LIQUID 06819 glee NBP () (31) 214,215
42,570 _ b/t 216
SONIC VELOCITY 1731 misec [ NBP (8) (28) 217
5679 fi/sec '
COMPRESSIBILITY OF LIQUID
ADIABATIC 4960 % 10° atm ! NBP (8) (28) 218
3375x16° Nk
ISOTHERMAL 7664 x 16° C atm? (51)
5.215x 16° psi’! i ‘ 219
- VISCOSITY OF LIQUID 0.2527. centipoise NBP (12) (13) (14§ (17)] 2110
HEAT CAPACITY OF LIQUID 1698 x 107+ Iop/ft-sec (22) (23) (24) {21}
. 1.066 callgK NBP (2 (9) 2.1-15,2.1-16
= _ 1.065 BTUML- R '
THERMAL CONDUCTIVITY OF | 1.355x 1073 cal/emvsec-K NEP (36 (52) (24)
LIQUID
9.105x 10° BTU/ftsec- R 21.12
SURFACE TENSION 34.05 dynes/cm NBP s e | . 2111
, 233x10° b/t
PARACHOR 605 . .
DIELECTRIC CONSTANT 21.29 - NBP 59, 60, 61, 63, 64,
' . 67 2113
ENTROPY (GAS) 30.73 cal/mole- K 298.15
2.390 ' BTUIIDtrOR "
ENTROPY (LIQUID) 24.80 cal/mole-"K 298.15 3
1.455 BTU/L'R
HEAT OF FORMATION -17.104 keal/mole NBP
(LIQUID) —1806.4 BTU/Ib
REFRACTIVE INDEX 1.3298 - 298.5 73
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- 2.1.2 GENERAL

2.1.2.1 Introduction

Ammonia is one of the most widely used chemicals
produced in this country. As a fuel, it is mildly cryogenic
and gives high performance with most oxidizers. 1t was used
in the NAA X-15 rocket-powered research aircraft.

Ammonia is a colorless gas at room temperature and
is easily detected by its strong odor. It is miscible in all
proportions with the hydrazines, and water, both separately
and in multi-component combinations. Thus, it offers some
potential as an ingredient of propellant blends. Ammonia
acts as a freeing-point depressant on hydrazine and water. It
forms two solid hydrates, NH;-H, 0 and 2 NH;-H, O at low
temperatures. '

The history of ammonia goes back to the Egyptians
who, in the fourth century B.C., reportedly used am-
monium chloride prepared by the distillation of camel
dung. Ammonia was produced commercially for many
years as a byproduct in the manufacture of coke and gas
from coal. The present day manufacture of ammonia is
largely based on modifications of the Haber-Bosch systems;
direct synthesis from nitrogen and hydrogen in the presence
of a catalyst.

2.1.2.2 Structure of Ammonia

The ammonia molecule is nearly tetrahedral in shape,
with a wide equilateral triangle base with nitrogen at the
apex. The height of the molecule is 0.360 A; it has an N-H
bond distance of 1.016 A, an H-H bond distance of 1.645
A. The H-N-H bond angle is variously reported as 107 and
109 degrees. The dipole moment is 1.46 x 107'® esu. Con-
siderable hydrogen bonding between molecules results in
freezing and boiling points higher than expected.

A more complete and current description of the am-
monia structure can be obtained from Reference 69.

2.12.3 Specification

Procurement, analysis, and use of anhydrous propel-

lant grade ammonia is covered by MIL-P-27406 (USAF)

which calls for a purity of at least 99.5% NH; . This specifi-
-cation is dated 2 May 1966. Further details are noted in
Section 2.1.6.

2.1.3 PHYSICAL PROPERTIES OF AMMONIA
AND NORMAL BOILING POINT

2.13.1 Vapor Pressure

The vapor pressure of liquid ammonia has been so
T vre s ' of Mtk da

.would constitute a major task. Fortunately, several reviews

of the literature have been made. In 1913, Goodenough and
Mosher(32) prepared thermodynamics tables for ammonia
making extensive use of the early (1847) work of Regnault.

. Cragoe, Meyers and Taylor(3) of the National Bureau of

Standards made a critical review of the earlier literature in
their paper on vapor pressure. Ammstrong(5) in 1953,
Davis(34) in 1956 and Edwards(35) in 1964 are the most
recent reviews.

In general, all the studies prior to the work of Cragoe
and his co-workers in 1918 are of historical interest only.
Since this study, the works of Overstreet and Giaugue(2),
Beattie and Lawrence(1), Keyes and Brownlee(7), and Hen-
ning and Stock(30), are of importance for liquid pressures.

The vapor pressure of the solid has been reported by
Karwat(42), Postma(29) and Overstreet(2). The latter work
is undoubtedly superior but all three studies are in essential
agreement and cover a temperature range from-111C (-79
F) to the melting point. The experimental data are presen-
ted in Figures 2.1-1 and 2.1-1a. The combined data were
found to be represented best by the classical Kirchoff equa-
tion

. 1631.54
log P (mm Hg) = 1.00094 - —— (2.1-1)
T. K
2936.77
log P (psia) = 8.29576 - T °R (2.1-1a)

?

The triple-point pressure from equation.2.1-1 is found to be
45.67 mm Hg at 195 40K.

The vapor pressure of liquid ammonia is reported
here in two separate temperature ranges. The experimental
data for the range from the melting point to -13 C (11 F)
were taken from the studies of Overstreet(2), Cragoe(3) and
Henning(30). The work of Cragoe is most heavily weighted
simply because of the greater number of experimental val-
ues. All temperatures were corrected to the presently ac-
cepted ice point. As many of the experimental data points
as could be conveniently plotted are shown in Figures 2.1-2
and 2.1-2a.

Several different equations were used in an attempt
to express the combined data. A third-degree polynomial
with the inverse of absolute temperature gave an average
deviation of 0.124% and a standard deviation of 0.727 mm
Hg. The coefficients found by the least-squares method are:

134466.8
+ Y
T, 'K)
1.34390x107
(T, °K’

1671.722
(T. °’K

log P (mm Hg) = 8.48827-

(2.1-2)
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3009.083
T, °R

435665.9
(T, °R)?

log P (psia) = 6.77464 -

7.83756x107

- (T, °Rp (2.1-2a)

The normal boiling point obtained from equation 2.1-2 is

239.80 K or 431.64 R. This value is accepted in this work

and discussed in detail later.

For the temperature range from—13C (11F) to the
critical point, the experimental data of Cragoe(3) and

Beattie and Lawrence(1) were chosen. The work of Keyes:

and Brownlee(7) has been reviewed by Davis(34), Am-
strong(5) and Edwerds(35) and found to be approximately
1% high. 1n a later paper, Keyes(44) redetermined the vapor
pressure and stated that the earlier study was in slight error.
In the later work, only a few smoothed values were given to
compare with the work of Cragoe(3). Since the experimen-
tal data were not given, tiis study could not be used. The
experimental data for the temperature range under discus-
sion are plotted in Figures 2.1-3 and 2.1-3a.

The experimental datz were found to be best
represented by

1565.85

log P (atm) = 842347 - W -0.01036 (T, K)
+ 1.0269 x 107 (T, °K) (2.13)
2818.55
log P (psia) = 9.59079 - —T—T-s 7559x10°%1,’R)

.. +3.1696 x 10° (T, R} (2.1:3a)

The average deviation from the experimental and deter-
mined from equation (2.1-3) is 0.029%. The standard devi-
ation is 0.0329 atmospheres or 0.48 psia.

At the selected critical temperature of 4056 K, a
critical pressure of 112.2 atmospheres was obtained from
equation 2.1-3. A discussion of the critical state propertles
can be found later in this section.

The normal boiling point of ammonia has been re-
ported by numerous authors. Both Davis(34) and Arm-
strong(5) have summarized the reported values back to
1839. Armstrong reported an average value of 239.78 K
(-33.38 C) based on an average of the work of Cragoe(3),
Overstreet(2), Henning(30) and Taylor(48) and for an ice
point equal t0273.16 K. A value of 239.77 K would then
be consistent with the  presently accepted ice point.

Davis(34) accepts a value of 239.76 K from the survey of
Rossini(49) at the National Bureau of Standards. Actually,
Rossini reports 239 73 K or 239. 72 K at the present ice
point.

Cragoe(3) made 17 direct observations of the normal
boiling point and obtained an average 0f-33.354 C. A value
of-33.341 C was obtained from the vapor pressure work
and the average of-33.35 C (239.80 K) was reported. Over-
street and Giauque(2) reported a value of 239.68 K from
their vapor pressure data at an ice point of 273.16 K which
is corrected to 239.73 K. Henning(30) reported a value of
-33.36 C (239.79 K). Bergstrom(47) reports a value 0.1 C
below that of Cragoe(3) or 239.70 K.

Keyes and Brownlee(7) gave a value of-33.21 C
(23994 K) from a series of direct measurements and a
value of -33.25 C (239.90 K) from manometric measure-
ments. In a later reference, Keyes(44) notes that the vapor
pressure data of Keyes and Brownlee(7) were in slight error
but new estimates of the normal beiling point were not
given.

From equation 2.1-2 for the vapor pressure of the
liquid between the melting point (1944 K) and 258 K,
based on the experimental work of Cragoe(3), Overstreet(2)
and Henning(30) a value of 239.80 K was obtained. This
agrees with the average value accepted by Cragoe(3) and is
retained in this work as the accepted normal boiling point.

This value is open to criticism since it is based on the
heavily weighted vapor pressure work of Cragoe(3), whereas
most of the other authors give slightly lower values. It i,
however, internally consistent with the accepted vapor pres-
sure data and will certainly be very close to any untimately
selected value.

2.132 Dénsity of Anhydrous Ammonia

The most reliable values for the specific volume of
saturated liquid ammonia are given by Cragoe and Har-
per(4) of the National Bureau of Standards in 1922. The
study covered a temperature range from the melting point
to 100 C (212 F) and the authors report an accuracy of
about one part in 10,000.

Davis(34) has reviewed other studies and -found most
of them to be of historical interest only. Goodenough(32)
in 1913 reviewed and reported the experimental work of
many of the early investigations.

.The only data found for the density of the solid ap-
vear to be those given by McKelvy(6). At-79 C, a value of

- 0.817 g/em® was reported while the density at =185 C was
"~ found to be 0.836 g/cm”.

2.1-6



The density of the liquid is shown for three separate
temperature ranges in this work. The first range includes

the data between the melting point and 0 C (32 F). The

data of Cragoe(4) and Timmermans(31) was selected. The
experimental values for density are shown in Figures 2.14
and 2.1-4a although Cragoe actually reported specific vol-
ume. A second-order equation was found to best describe
the data.

pg/ce) = 0.88824-4.7742x10°* (T, °K)

~1.5977x10°% (T, °K) (2.14)

p(Ib/ft*) = 55.4510-0.016558 (T, °R)

2.14
_30784 x10° T, Rp T

" The average deviation of the experimental data from the

smoothed data obtained from equation 2.14 is 0.013% and
the standard deviation is 1.2 x 10 g/cc.

The second temperature range covers the region from
0 to 100 C (32 to 212 F). Again, the excellent work of
Cragoe was chosen. Plank(14) also reported a few values in
this region which agree well with the National Bureau of
Standards study. The experimental data are plotted in Fig-
ures 2.1-5 and 2.1-5a. The data can accurately be described
by

plg/ec) = 0.54529 + 1.89323 x 107 (T, °K)

- 5.69427 x 10° (T,°K)*  (2.15)
o(Ib/ft®) = 34.0414 + 0.65661 (T, °R)
~1.0972 x10* (T, °R)>  (2.1-52)

The average deviation of the experimental data from the
data obtained from equation 2.1-5 is 0.087% and the stand-
ard deviation is 6.83 x 10°* g/cc.

The third temperature range from 80 C (176 F) to
the critical point is shown in Figures 2.1-6 and 2.1-6a; both
the saturated liquid and vapor densities are shown. The
saturated liquid densities were taken from the work of '

Cragoe(4), and Berthard(16) while the saturated vapor data '

from Berthard(16) and Dietrici as reported by Good:
enough(32) were used.

2.1.33 Sonic Velocity

- The speed of sound in saturated liquid ammonia has
been measured by Bowen(8) and Blagoi(28). The paper by
Bowen notes data previously given in a doctoral thesis at
Boston University by R. H. Maybury. This reference was
not obtainable but, according to Bowen, the data agreed
fairly well with his work but had a good deal of scatter.

217

Bowen covered a temperature range from near the
melting point to-33 C (-27 F) while Blagoi also covered this
range and extended it to-3 C (27 F). The experimental data
are plotted in Figures 2.1-7 and 2.1-7a. The agreement in
the temperature range common to both studies is fair with
the data from the more recent Russian study being about
1.4% higher near the melting point. Agreement at the high-
er temperature is better. The sonic velocity is adequately
represented as a linear function of temperature by

¢ (mfsec) = 3202.49 - 6.1366 (T, °K) (2.16)

¢ (ft/sec) = 10506.85 - 11.1851 (T, °R) (2.1-6a)
The average deviation of the experimental data from the
data calculated from equation 2.1-6 is 0.26% and the stand-

ard deviation is 7.051 m/sec.
2.1.3.4 Compressibility of Liguid Ammonia
The adiabatic compressibility of saturated liquid am-

monia can be calculated from the measurement of sonic
velocity using the relation

_where

B, = adiabatic compressibility

p  =saturated liquid density

¢ =velocity of sound

In the previous section, the ultrasonic propagation of sound
through the saturated liquid was reported from the work of
Bowen(8) and Blagoi(28). A temperature range from the
melting point to -3 C (27 F) was studied. At each of the
experimentally determined sonic velocity measurements,

* the corresponding adiabatic compressibility was calculated.

using the density values obtained from equation 2.14. The
calculated compressibilities are shown in Figures 2.1-8 and
2.1-8a.

The adiabatic compressibility change with tempera-
ture is adequately described by '

B, (atm™")=1.0098 x 10°* +1.68095 x 10° (T, °K)
- 8.0004 x 10°° (T, °K)?

+1.5051x 107" (T;°K)? 2.1-7)
B, (ps™") =-0.68713 + 6.3545 x 10° (T,’R)
-1.6802x 10°° (T, °R)?
(2.1-79)

© +1.7561x 10° (T, °R)®
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The average deviation of the data from equation 2.1-7 is

_0.52% and the standard deviation is 3.22 x 10”7 atm™.

The isothermal compressibility is defined as

=l_ﬂ]
ﬁi'-.V aPT

Keys(43) has reported the volume change with respect to

pressure changes at constant temperature. The actual exper-

imental data were not given, but rather he listed two tables
of smoothed data. The first table gives the pressure-volume
product for experimental temperatures at various volumes.
The second table gives the pressure-volume product at 2
series of even temperatures for various isobars.

The isothermal compressibility appears on the surface
to be easily obtained. The natural log of volume is fitted by
the least-squares method with pressure as the independent
variable for the given isotherms. The derivative of the re-
sulting equation gives the function,~1/V [aV/ aP]T which,
by definition, is the compressibility.

The data reported by Keyes was taken at pressures
from 100 to 1100 atmospheres. A liquid is somewhat easily
compressed with an initial low pressure since the molecular
spacing affords some compression. As the pressure is in-
creased, the change in volume is quite restricted. In other
words, the compressibility is much less at higher pressure
than at lower pressures.

Since Keyes(43) reported the volumes at rather large
(100 atmospheres) intervals, it was possible to obtain a
good fit of his data but insufficient data was given to ade-
quately define the change in volume with pressure near the
saturation line. Therefore, the compressibility values could
not be directly obtained from the data supplied by
Keyes(43).

The isothermal compressibilities have been reported
in the National Bureau of Standards Thermodynamic
Tables(51). The smoothed values are plotted in Figures
2.19 and 2.19a. The data were found to be adequately
expressed by:

8, (atm™) =-2.8773 x 10° +3.5420 x 10°(T, °K)
-1.4428 x 1077 (T,’K)’*

+1.9992x 107° (T, °K)® (2.1-8).

B (psi*)=-1.9579x 10°* + 1.3390x 10° (T, °R)
.-3.0301 x 10°° (T,°R)?

+23326 x 107 (T, °R)® (2.1-82)

2.13.5 Viscosity of Saturated Liquid Ammonia

The viscosity of saturated liquid anhydrous ammonia
has been reported by a number of investigators. The experi-
mental data are plotted in Figuses 2.1-10 and 2.1-10a and,
as can be noted, there is general disagreement. The various
studies are discussed in chronological order.

In 1912, Fitzgerald(13) reported a single value at
+33.4 C (-28.3 F) which is close to the normal boiling point.
The value of 0.2662 centipoise reported is an average of
four readings from two modified Atwald viscometers. A
density value of 0.6823 gfcc was used which is very close to
the presently accepted value of 0.6819. Fitzgerald noted
that the repeatability of the values was not as good as he
anticipated and believed that eddies were formed below the
foot of capillary. .

In 1920, Elsey(12) also made a single-point determin-
ation at=-33.5 C with a double capillary viscometer calibra-
ted with water. The reported value of 0.2543 centipoise is
nearly 5% lower than the value given by Fitzgerald(13).

Fredenhagen(17) in 1930 reported viscosity measure-
ments at~69.0 and -33.5 C.-At the lower temperature, a
value of 0.475 centipoise was reported based on a density
value of 0.7182 obtained by extrapolation. This density
value is only slightly lower than the presently accepted
value. A wvalue of 0.26475 centipoise was reported at-33.5
C using the density value of Fitzgerald(13) previously men-
tioned. The difference in significant figures for the two
readings was apparently based on the density confidence.
The value at-33.5 C is in good agreement with that obtain-
ed by Fitzgerald(13). '

Stakelbeck(11) in 1933 reported five readings from
=20 to +20 C and by extrapolation found that the value
obtained at-33.5 C fell between the previously reported
data of Fitzgerald(13) and Elsey(12). This apparent agree-
ment was only fortujtous, as shown in Figure 2.1-10, since
the slope of the Stakelbeck data only gives agreement with
the other investigators at this particular temperature.
Plank(14), in a later study, noted that the data of Stakel-
beck would agree with his own if multiplied by density.
This is merely a coincidence since the values reported are
definitely absolute and the density values used from a
German handbook were not considered important come
pared with the density of the falling steel ball used by the
author. The units of kg-sec/m(2) reported are somewhat
confusing since force is generally reported in newtons rath-
er than grams.

In the same paper, Stakelbeck reported the viscosity
of methyl chloride and this writer found the value to be
approximately 11% higher than the value reported in the
Mathieson Gas Data Book(57) at 20 C. The work of Stakel-
beck is only shown for the sake of completeness.



In 1931, Monosson(23) reported three values at-50,
-40 and-33.5 C. The latter value is in good agreement with
the Elsey(12) value but disagrees with the values of Fitz-
gerald(13) -and Fredenhagen(17). The -low temperature

values would appear by extrapolation to contradict the

value at -69 C reported by Fredenhagen(17).

The first viscosity values above 0 C since the study of
Stakelbeck were reported by Plank(14) in 1939. Values at
5. 15 and 25 C were reported. Two viscometers calibrated

with carbon disulfide and carbon tetrachloride were used. .
The data at low temperatures obtained from previous inves-

tigations could be reasonably joined with this data.

In 1948, Pinnevich(22) studied the viscosity over a
fairly large temperature range from <26 to 50 C. The lower
temperature data fall into the general trend of the earlier
studies. The data at higher temperatures can only be com-
pared with the work of Plank(14) and are somewhat higher.

In 1949, Shatenshtein(72) gave viscosity measure-
ments over a narrow temperature range from 15 to 25 C.
These data show a high degree of internal scatter but the
average readings fall within the general trend.

Carmichael(18) extended: the observed temperature
range in 1952 out to 100 C. At the lower temperatures,
where comparison with the other studies was possible, the

" agreement with the work of Pinnevich was fair, but near

0 C the dara reported was over 10% higher. In a later study,
Carmichael(21) reported data significantly different and,

- generally, he repudiates his earlier work on the basis of a

turbulence effect on the rolling ball.

For this study, all the data except the studies of
Stakelbeck(!1) and Carmichael(18) were considered. The
combined data are represented by

log 1 (centipoise) = 5.7757- 0.05837 (T.°K)
+1.7980 x 10°* (T, °K)?

- 19689 x 107 (T,’K)’ 219
log u (Ib, /ft-sec) = 2.6030- 0.03243 (T, °R)
+5.5492x 10° (T, °R)®
-3.3760x 10°® (T, °R)? " (2.192)

The average deviation from equatior 2.1-9 is slightly over
3%. ' :

2.1.3.6 Surface Tension and Parachor of Ammonia
The. surface tension of liquid ammonia has been

studied by Berthoud(16) and Durrant(15). Berthoud used a
single capillary tube and measured the height rise. Three

measurements were taken at approximately 11. 34, and
59 C. Durrant(15) reported five values for the surface ten-
sion for a temperature range from-33 to-56 C and also
stated that the prior work of Bérthoud w~s verified. Since-

_ the temperature range of the two studies was not common,

Durrant must have made his conclusions on the basis ol
extrapolation. The method employed by Durrant was not
reported. 5

The cxperimental data from both studies are shown
in Figures 2.1-11 and 2.1-1ta. The separate studies arc
smoothly joined by the linear relztionship:

v (dynesfcm) = 89.8093 - 0.23252 (T. °K) (2.1-10)

7 (bgft)=6.1539 x 10°-88517x 10°® (T, °R) (2.1-10a)

_The parachor (P) can be calculated from the relation

M 1/4
p=—"
of»,
where
M =molecular weight (17.032)
~  =surface tension (dynes/cm)

p'{ = density of liquid
’ £, =density of vapor

At -the normal boiling point (239.8 K) a parachor
value of 60.42 was obtained and at 298.15 K the calculated
value was found to be 60:46. Daniels(53) gives the value of-
the atomic- parachors for H as 17.1 and for N 12.5; from
these parachor?, a value of 63.8 is obtained.

2.1.3.7 Thermal Cdnductivity of Liquid Ammonia -

Experimental thermal conductivity data for liquid
ammonia have been reported by Kardos(37)(38)(39), Selle-
shop(25) and more recently by Richter and Sage(24). Need-
ham and Ziebland(36) and Golubev(32).

The early work of Kardos in 1934 is of historical
interest only. A temperature range from-10 to +20 C was .
studied, but experimental difficulties due to the high eiec-
trical conductivity of ammonia prevented accurate values.
Kardos was unable to define the change in conductivity
with temperature and reported on a single nominal value of
12.0 x 10* cal/gsec-C for the temperature range of his

‘work.

Sellschopp(25) studied the conductivity of the satura-
ted liquid over a temperature range from 30 to 100 C. A
coaxial-cylinder apparaivs was used with the inner cylinder
constructed of silver and the outer of copper. Sellschopp

* found that some of the copper plated out on the silver. For

this reason, he considered the work to be only provisional.
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220 240 260 280 300 320

Temperature (°K)
Figure 2.1-9a. Isothermal Compressibility versus Temperature, Saturated Liquid Ammonia
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Figure 2.1-11. Surface Tension versus Temperature,Liquid Ammonia
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Figure 2.1-11a. Surface Tension versus Temperature, Liquid Ammonia
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- The experimental data were not reported and the following
equation was given to represent the smoothed data:

K(cal/mhe-°C) = 0464 [1 -0.0042 (T, C)] (2.1-11)

or alternately, in terms of centimeters and absolute temper-
ature, equation 2.1-11 can be written

K(cal/cm-sec-"K) = 1.288 x 10 [2.1472 - 0.0042 (T, K)j

2.1-12) .

Since the experimental data were not given by Sellschopp,
his study was not considered in this work, but his smoothed
data are shown in Figures 2.1-12 and 2.1-12a for the sake
of completeness.

Richter and Sage(24) in 1964 and Needham and
Ziebland(36) in 1965 reported data for the liquid and gas
above 0 C and at pressures above saturation. In 1964,
Golubev and Sokolova(52) also reported experimental data
at elevated pressures and over a temperature range from
approximately-64 to +23 C.

Richter studied the conductivity for four isotherms
below the critical temperature and for three isotherms
above the critical point. Pressures up to 360 atmospheres
were obtained. Needham and Ziebland(36) published their
final results in 1965, although some preliminary work(26)
was published in 1962. Six isotherms beiow and three
above the critical temperature were studied. Pressures up to
500 atmospheres were obtained. Golubev(52) reported data
for four isotherms up to 400 atmospheres pressure.

This writer plotted the thermal conductivity as-a
function of pressure for all the isotherms given in the three
separate studies. In general, the conductivity was found to
be a linear function of pressure. Richter(24) reported the
data for the saturated liquid as found by extrapolation to
the saturation pressure.. From the previously mentioned
plots, the saturated liquid values from the data of Needham
and Golubev were also found by extrapolation.

The extrapolated data from the three separate studies -

are shown in Figures 2.1-12 and 2.1-12a. The data from
three sources would appear to be in good agreement. The
thermal conductivity as a function of temperature for the
saturated liquid from approximately-64 to +105 C is repre-
sented by ’

K (cal/cm-sec—K) = 1.4790 x 107 +2.2947 x 10°¢(T,’K)

-1.1726 x 10°% (T, °K)? (2.1-13)
K (BTU/Ib-sec"R)=9.9144+ 8.6230 x 10°%(T, °R)
-24353x 107'9(T,°R)>  (2.1-132)

Needham chose to represent the thermal conductivity
with density as the independent variable. This somewhat
unusual variable has an advantage in being able to represent
both the effect of pressure and temperature with a single
variable. The equation given by Needham is

K (cal/cm-sec~= K)x10* =8.695- 27.015 p +52.591 p?
(2.1-14)

where p is the density in g/em®. The authors used this
equation to report conductivity values down to the melting
point. The reported value was 1.720 x 10 cal/cm-sec/°K.
The value obtained in this study from equation 2:1-13 was
found to be 1.480, which would indicate that the use of
equation 2.1-14 given by Needham is not valid for extra-
polation to temperatures })elow 0cC.

The smoothed data obtained from equation 2.1-11
and reported by Selischopp gives values approximately 3 to
5% higher than obtained from equation 2.1-13. The effect
of pressure on the thermal conductivity of liquid am-
monia is not severe. At a pressure of 100 atmospheres
(1470 psia), the conductivity increases by approximately
4.5%.

2.1.3.8 Dielectric Constant of Anhydrous Liquid Am-
monia

The dielectric constant of liquid ammonia has been
studied by 2 number of separate investigations dating back
to 1899. A temperature range from~77 to +35 C has been
studied but, unfortunately, the data are not in good agree-
ment, The experimental data are shown in Figure 2.1-13
and 2.1-13a. The early data of Palmer(59) Coolidge(60) and
Godwin(61) were taken from the International Critical
Tables(62). The data from Franklin(63) and Mellor(64)
were taken from Battelle(65). Smyth{66) reported a single-
point value for the liquid at the melting point in his study .
on the solid. :

The most accurate values are probably those pub-
lished by Grubb(67). Unfortunately, Grubb only covered a
narrow temperature range from 5 to 35 C. In this range, the
values reported in the International Critical Tables are sore
12% lower.

As provisional data, the results of all the investiga-
tions were combined and the dielectric constant as a linear
function ¢f temperature is expressed by

€ =42.79-0.08966 (T, °K) (2.1-15)

€=42.79 -0.04981 (T, °R) (2.1°15a)
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The experimental data expressed by equation 2.1-15 have
an average deviation of 4.2%. Additional experimental work
is required to resolve the discrepancies in the existing data.

NOTE: Hosted. J. B.. and Tirmazi. S. H.. (.
Chem. Phys. 50. 1969) have recently reported
., values for the dielectric properties of liquid am-
monia which could not be included in this
work. This study appears to repudiate the data
of Grubb(67) while showing [air agreement
with the other sources.

~

2.1.39 Index of Refraction
The refractive index of liquid ammonia has been mea-
sured by Francis(13) for three temperatures from 9 to 35
C. The values are given for the usual sodium D line frequen-
cy. )
Refractive Index

L. °C ND
9 1.3365
1435 1.3345
35 1.3248

From the above data. Francis gives a value of 1.3327 and
1.3298 at 20 and 25 C. respectively.

2.1.4 CAEMICAL PROPERTIES

2141 General

Two important compound groups that are derivatives |

are the amides and amines. The amides represent ammonia
with one or more-c£.its hydrogen atoms replaced by acyl

groups: ~
HN HNQ
N- H N - C -~ CH,
HA H~
(Ammonia) {Amide)

The amines are carbon, hydrogen, and nitrogen com-
pounds obtained from ammonia through the replacement
of one, two, or three of its hydrogen atoms by alkyl groups.
Ammonia can therefore be considered as the “mother sub-
stance™ for the amines as follows:

HNC

N - R
H”

Primary Amine

HNC

N - R Secondary Amine
RS
R\ ‘B’ .. R

N - R Tertiary Amine
RH/

Section 2.1.2.2 gives details of the bond lengths and angles.

2.1.4.2  Inert Gas Solubility in Liquid Ammonia

The solubility of both Gaseous helium and gaseous
nitrogen in liquid ammonia has recently been reported by
Cannon(74). The solubility for both gases was measured at
total pressures of 300 and 700 psia.

A temperature range for nitrogen from-100 to +50 F
45 to +10 C) was studied. The same temperature range for
helium was also planned to be covered but the solubility of
helium at -100 F was so low that reliable measurements
could not be obtained. The helium measurements started at
-50 F. '

The equilibrium constants for both helium and nitro-
gen were calculated for both pressures. These constants
were found to be in fair agreement for both gases at the
two pressures studied indicating Henry's law was obeyed or
that the solubility is propertional to the partial pressure of
the gas.

The calculated equilibrium constants as a function of
temperature are shown in Figures 2.1-14 and 2.1-14a. The
quantity of dissolved gas can be determined from ‘the rela-
tionship

X =Kp
where

X  =mole fraction of dissolved gas
p = partial pressure of the gas (psia)
K =equilibrium constant

In order to determine the solubility of dissolved gas in pres-
surized tankage, the vapor pressure of ammonia for the
temperature recorded should be subtracted from the total
pressure measured.
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2.1.5 THERMODYNAMIC PROPERTIES
2.15.1 Heat of Formation of Liquid Ammonia
The heat of formation of gaseous ammonia at 298.15

K is reported as 10.97 +0.1 kcal/mole in the JANAF(58)
thermochemical tables. This value is a weighted average of

several calorimetric and equilibrium studies. The heat of
formation of the liquid at the normal boiling point is found
by addition of the heat of vaporization at the normal boil-
ing point, the enthalpy change of the real gas from 298.15
K to the normal boiling point and correcting for the enthal-
py difference between the real and ideal gas.

1/2 N3 + 3/2 H, (g. 298) —~~NHj; (ideal gas. 298) -1097
NH; (ideal gas. 298) = NH; (ideal gas. 239.72) -0.488
NH; (ideal gas, 239.72) —~NH; (real gas, 239.72) ~0.053
NH; (real gas, 239.72 —NH; (lig. 239.72) -5.581

AH (keal/mole)

12 Ny + 32 H, (2,298)

-17.092

The value of 239.72 K selected by JANAF is only
slightly different than the value of 239.80 K selected in this
work and any corrections would not be warranted. The
value for the heat of vapoiization (5.581 kcal/mole) is
taken from the excellent work of Giauque and Over-
street(2). It is difficult to dispute this value, but the work
of Osborne(10) at the National Bureau of Standards must
also be considered. Osbome studied the heat of vaporiza-
tion over a temperature range of-42 to +50 C. A curve fit
of all of Osborne’s data gives a smoothed value of 5.569
keal/mole at the normal boiling point or 12 cal/mole less
than that of Giauque(2).

Using the selected value in the work for the heat of
vaporization at the normal boiling point, the heat of forma-
tion of liquid ammonia at 239.80 K becomes—-17.104, and
is selected in this work to maintain intemal consistency. In
the calculation of rocket engine performance, the choice is
zcademic since either value will give the same performance
numbers since the enthalpy difference is less than 0.1%.

2.1.5.2 Melting Point and Heat of Fusion

The melting poini of ammonia has been experi-
mentally determined by a number of investigators. Arm-
strong(5) lLists 12 separate studies and selects a value of
<77.70 C incorrectly attributed to Cragoe(3); this value was
actually determined by McKelvy and Taylor(6). Armstrong
selected this value based on the internal consistency of four
separate readings. At the ice point value of 273.10 K used
by McKélvy, the value becomes 195.40 K; when corrected
to 273.15 K by ratio, the value is 195.44 K.

Davis(34) also reviewed the various literature pertain- -

ine to the meltine point and selecied the value given by

Overstreet and Giaugue(2). The value reported was 195.36
K based on six separate determinations. The ice point used
by Overstreet was also 273.10 K and, by correction, the
melting point value becomes 195.45 K.

Bergstrom(47) reports a value of -77.9 C from the
determination of the melting point pressure and his vapor
pressure equation. The corrected value is 195.2 K. Eucken
and Karwat(55) report a value of 195.5 K and, when cor-
rected to the presently accepted value for the ice point,
becomes 195.54 K.

The value accepted in this work is 195.40 K which is
the corrected value given by Overstreet and Giauque(2).
The melting point pressure reported by Overstreet is 45.58
mm Hg. Thode(46) reports 45.61 while Cragoe(3) gives
449. In a later study, Kirshenbaum(19) reports 45.47. A
value of 45.67 mm Hg was obtained at 195.40 K using
equation 2.1-2 for the vapor pressure and is accepted in this
work.

The heat of fusion at the melting point has been re-
ported as 1426 cal/mole by Eucken and Karwat in 1924
and in 1926 Eucken and Donath(56) reported 1380
cal/mole. Overstreet and Giauque reported an average from
three separate determinations as 1351.6 cal/mole or 588.16
BTU/Ib and this value is selected here.

2.1.5.3 (ritical State Constants

The critical state constants for ammonia have been
reviewed by Kobe(20) and the reported values given by
various authors are given in tabular form. For the critical
temperature, Kobe gave equal weight to all values since
1900 and selects a value of 132.3 C (405.45 K). The most
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recent value is 132 € (403.65 K) reported by Kopper(50)

~and was not considered by Kobe. Postma(29) reported a
value equal to the selected value given by Kobe.

Davis(34) and Armstrong(S) both accept a value of
403.6 K which appears to be a good compromise between
the older studies and the more recent value of Kopper(30)
and this value is retained in this work.

The critical pressure selected by Kobe(20) in a review
of all the data from 1900 to 1923 is 111.3 atmospheres.
Davis(34) selected a vatue of 111.5 atmospheres which is in
agreement with the value reported by Myers(54). Using the
critical temperature value of 405.6 K, a value of 112.2
atmospheres is obtained from the vaper pressure equation
accepted in this work (equation 2.1-3) and this is in good
agreement with the value of 112.4 atmospheres seiected by
Armstrong(3).

The critical density selected by Kobe(20) in his re-
view was 0.235 gfee based mainly on the work of Ber-
thoud(le) who selected 0.2364 g/ce at a critical tempera-
ture of 403.65 K. In the early review by Goodenough.
0.236 gfec was selected. Davis (34) selected 0.235 gfec.
which is the value accepted in this work. The critical den-
sity is shown in Figure 2.1-6 with the data of the saturated
liquid and vapor at elevated temperatures.

2.1.54  Heat Capacity of Ammonia

The heat capacity of solid ammonia has been studied
by Eucken and Karwat(33). Clusius(74) and more recently
by Overstreet and Giauque(2). Davis(34) has reviewed these
studies and concluded that only the work of Overstreet
should be considered. Although the separate German
studies are in good agreement with each other. they are
consistently higher than the American data over most of
the temperature range from 20 K to the melting point. The

experimental data reported by Overstreet are shown in

Figures 2.1-15 and 2.1-15a.

Using the least-squares method. the data was fitted
using third and fourth degree polynomials. Although most
of the data could be smoothly joined at the low tempera-
tures. they could not be smoothly fitted and extrapolation
dic not give a zero value art absolute zero temperature. It
was found that a linear expression would adequately de-
scribe the data for most applications. Extrapolation below
15 K will. of course. give erroneous values.

Cp (¢al/e=K) =-0.040675 + 3.9238 x 107 (T.’K)
(2.1-16)

cp (BTU/Ib2R) = 0.040675 + 2.1799 x 10 (T.°R)
(2.1-16a)

The average deviation of the data is quite high (13.7)
when compared to the smoothed data obtained from equa-
tion 2.1-16: however. the standard deviation 1 only 0013
calf/g-K.

The heat cupucity of suturated liquid ammonia hus
been studied by a number of investigators. The exhaustive
studies at the National Bureau of Standards by Osbhorne and
Van Dusen(v) and the excellent work ol Overstieet and
Giaugque(2) were selected by Davis(34) as the best. Falie:
studies reviewed by Davis showed  high degree of scattes
and generally poor agreement with the Osborne and Over-
street studies. The experimental data are plotted in Figures
2.1-16 and 2.1-106a.

Overstreet(2) covered a somewhat limited tempera-
ture range from the melting point o 239 K. Osborne -
cluded a temperature range from 227 (o 319 K. Although
the data reported by Overstreet is given as € (constant
pressure). Davis points out that it is actually (g titurated
liquid). and further points out that differences Tor the tem-
perature range covered would be very small. The combined
data of Cg, or. for all practical purposes. (‘p. can be ex-
pressed.

Cp(cal/gfk) =0.02839 + 0011328 (T.°K)
- 45591 x 107 (T, °K)?
+05877 x WO (1, °K)? Q1-17)

CP(BTU/lb—" R)=0.62839 +6.2936 x 107 (T.°R)

13071 x 107 (T. °R)

+1.1290 x 107 (T, °RY? (2.1-17a)

The average deviation obtained from equation 2.1-17 is
0.069%.

2.1.5.5 Latent Heat of Vaporization

The latent heat of vaporization was accurately deter-
mined over a temperature range from-42 to +52 C by
Osborne and Van Dusen(10) of the National Bureau of
Standards in 1918. Measurements made prior to this time
are summarized by Goodenough(32) but are generally of
historical interest only.

The experimental work of Osbomne is shown in Fig-
ures 2.1-17 and 2.1-17a. The experimental data can accura-
tely be expressed by

Hyy(keal/mole) = 5.3115 +0.013307 (T. °K)

—~5.1012 x 10°% (T. °K)? (2.1-18)
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Heat of Vaporization (kcal/mole)

| AH,, (kcal/mole) = 53115 + 0.013307 x (T, °K) =5.1012 x 107 (T, °K)*  (2.1-18) :
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Hy/(BTU/Ib = 560.960 + 0.78079 (T.’R)

—1.6628 x 1073 (T,’R)? (2.1-182)

“and the average deviation is 0.095%. Extrapolation of

equation 2.1-18 to the critical point does nct. however, give
a value of zero. Osborne expressed his data in terms of the
critical temperature by

Hy(Joules/g) = 13791 (133 T,°C)'?-2.466 (133.1,°C)
(2.1-19)

Hy(keal/mole) = 0.56140 (406.15 T.°K)' #
-1.00385 x 107 (406.15T,’K)  (2.1-19a)

Since the critical temperature chosen by Osborne is
slightly different ihan the value of 405.6 K selected here,
the data was fitted to the same form chosen by Osborne
and the corrected equation becomes

Hy(keal/mole) = 0.56433 (405.6-T, °K)'

-0.01023 (405.6-T,%) (2.120)

At the normal boiling point (239.80 K), a value of
5.569 kcal/mole is obtained from both equations 2.1-16
and 2.1-20. Overstreet and Giauque(2) made seven experi-
mental determinations at the normal boiling point and ob-
tained an average value of 5.581 kcal/mole. Postma(29) re-
ports a value of 5.864 kcal/mole which appears to be too
high. From the Clapeyron equation, using equation 2.1-16
for the vapor pressure, a value of 5.560 kcal/mole was ob-
tained.

The data reported by Osborne(10) is accepted in this
work and at the normal boiling point (239.80 K) the valce
is 5.569 kcal/mole. The calculated Trouton constant is
23.22.

21.6 LOGISTICS OF AMMONIA
2.1.6.1 Manufacture

Ammonia was produced commercially for many years
as a by-product in the manufacture of coke and gas from
coal. The most important method is the direct synthesis of
nitrogen and hydrogen in the presence of a catalyst.

In 1823, Dobereiner published a paper on the direct
synthesis of ammonia. In 1508, Haber and his cc-workers
started work on finding an improved catalyst. After several
years, a cutalyst consisting of iron promoted with metallic
oxide was perfected. Using Haber’s groundwork, Bosch and
Mittasch developed a largescale ammonia plant. The pre-
sent day manufacture of ammonia is largely based on modi-
fication of the Haber-Bosch system.

The source of the hydrogen and nitrogen is largely
dependent upon local raw materials. Generally, hydrogen is
obtained from the thermal reforming of natural gas with
steam. Other sources include the decomposition of steam
over coke, partial oxidation of hydrocarbons, hydrogen
byproducts from the refining cf petroleum naphtha for gas-
oline and the electrolysis of water.

Nitrogen for the direct element process is generally
obtained from burning hydrogen or hydrocarbons in air in
sufficient amounts to produce the desired 3:1 hydrogen-
nitrogen ratio, mixing producer gas with water gas and the
liquefication of air.

Quite briefly, the Haber-Bbsch process first produces
water gas by passing steam over an incandescent coke bed.
Some of the products of combustion are then diverted to
fumnish the required nitrogen. The mixed gases are then
passed through a scrubber to remove dust particles and
water. The gas is then mixed with steam and passed through
a catalyst where the carbon monoxide is converted to car-
bon dioxide.

The gas is then compressed to 25 atmospheres and
passed through a carbon dioxide purifier. The gas is then
compressed to 200 atmospheres and any residual carbon
monoxide is removed. The remaining gas mixture is three
parts hydrogen and ore part nitrogen. For the direct
synthesis of ammonia, the gas enters an ammonia converter
containing the catalyst. The unconverted gas is returned to
join the incoming makeup gas while the ammonia gas is
condensed out. Several other processes are given in Refer-
eace 69 and 70.

2.1.62 Analysis

The purity of ammonia produced in the United States
is consistently high. Federal Specification 0-A445a for re-
frigeration grade ammonia was previously used as the pro-
curement document for propellant grade ammonia(71).
This document did not control cil content but did control
pyridine. napthalene and hydrogen sulfide which would not
affect engine performance. :

MIL-P-27406 (USAF), dated May 1966, now covers
the procurement and use of anhydrous ammonia as a pro-
pellant, calling out 2 minimum purity of 99.5% by weight.
The impurity limitations are maximums of 0.5 weight %
water and 5.0 parts per million of oil.

Water content of the ammonia is determined by the
Karl Fisher method. A 100 ml sample of ammonia is placed
in a centrifuge tube. The ammonia is then boiled off in a
water bath with the aid of boiling chips washed with carbon
tetrachloride. The residue after boiling is mixed with 25 ml
of anhydrous methanol and then titrated to the dead-end
wstop with sulfiodine as the reagent. The water content is

2.1-44
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then calculated from the quantity of reagent used, water
equivalent of the reagent and the evaporation factor based
on the temperature of the sample lot. (See MIL-P-27406
(USAF) for complete details.)

The oil content is checked by drawing 2 1000 ml
sample in a round-bottomed flask. The ammonia is boiled
off with the aid of boiling chips and the residue is then
rinsed out with carbon tetrachloride and filtered into a
weighed evaporating dish. After the carbon tetrachloride
has evaporated, the weight of the oil is carefully determined
on an analytical balance. (See MIL-P-27406 (USAF) for
complete details.)

2.16.3 Cost and Availability

The Kirk-Othmer Encyclopedia(69) gives the annual
capacity of United States plants for the manufacture of
synthetic ammoma at nearly five million tons for 1962. The
principal suppliers are: Allied Chemical Corp., Commercial
Solvents Corp.. DuPont, Monsanto Chemical Co., Phillips
Petroleum Co., Solar Nitrogen Chemicals. Spencer Chemical
and Tennessee Corp. These companies can all produce over
100.000 tons annually. Other companies producing lesser
amounts are to0 numerous to mention.

Nearly 70% of the ammonia produced in the United
States is for agriculture, largely as fertilizer. Other applica-
tiors include use as a refrigerant, water purifier. household
ammonia, explosives, inorganic chemical manufacture, pulp
and paper and rubber manufacture. As a rocket propellant,
ammonia has found little use to this date.

If a major missile system were to employi_ammonia as
its fuel. it would be readily available in large quantities in

most areas of the United States. In 1966, the stock price of

ammonia was listed as five cents per pound or about twenty
cents a gallon. This puts ammonia very close to water in
cost.

2.1.6.4 Shipping and Transportation

For complete and detailed laws concerning the ship-
ment of anhydrous ammonia the Code of Federal Regula-
tions, Title 49 parts 71 to 90 should be considered. Anhy-
drous ammonia is shipped as a compressed gas and marked
with a green label marked “Nonflammable Compressed
Gas.” Tank cars and cargo tanks should be marked in
accordance with the Code of Federal Regulations 49-

CFR77-823(d).

Anhydrous ammonia may be packaged and shipped in
the following types of containers in accordance with the
ICC specifications listed:

Cylinders
Anhydrous ammonia may be shipped in cylin-
ders not to exceed 300 pounds of ammonia per-
cylinder. The following ICC regulations are ap-
plicable: ICC-3. 3A480, 3AA480, 3A480X.
3E1800 and 4AA480.
Cargo Tanks
Anhydrous ammonia shipped in tanks designed
to be permanently attached to motor vehicles
such as tank trucks and trailers must comply
with ICC Specification MC-330. Tanks must be
designed to withhold at least 264 psig.
Portable Bulk Tanks
Anhydrous ammonia may be shipped in port-
able tanks having a minimum design pressure of
265 psig. ICC Specification 51 is applicable.
Tank Cars ) .
Anhydrous ammoniz can be shipped in 11.000
gallon steel insulated tanks. Applicable 1CC
Specifications are 105A300-W, 106A500,
106A500-X, 112A400-F and 112A400-W:
106A500, 106A500-X, 112A400-F and
112A400-W. The safety vent is set to open at
225 psig which is approximately the vapor pres-
sure at 108 F.
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=~ -Chemical Name: -Diethylenetriamine

2.2.1 PROPERTY SUMMARY SHEET
- Common Name: rDE'i'A‘\' o
Formula Weight: 103.172(0'¢)

Chemical Formula: (NH,CH,CH;);NH

PROPERTY VALUE UNITS TEMP (°K) REFERENCE FIGURE
MELTING POINT 238.15 :|<
-35.0 °c 46
428,67 °R
-31.0 F
HEAT OF FUSION . keal/mole
BTU/Ib
NORMAL BOILING POINT 480.6 °k cale.
207.45 °c )
865.08 :R s
405.41 F
HEAT OF VAPORIZATION 12.068 keal/mole NBP calc.
210.54 BTU/Ib
TROUTON CONSTANT 25.11 . NBP cale.
DENSITY OF LIQUID 9488 glee 208 23 2.2:2
59.231 b/
.320 mm Hg 298 1 2.21
VAPOR PRESSURE OF LIQUID 0062 ~ psia
5.58 centipoise 298 2 2.2-3
VISCOSITY OF LIQUID 3.75x 102
‘ Ibmlfg-sec
i HEAT CAPACITY OF LIQUID callg K
: BTU/I- R
DIPOLE MOMENT 2.22 Debyes 208 5
HEAT OF FORMATION 185 keal/mole 298 2
-322.76 BTU/Ib
REFRACTIVE INDEX 1.4815 . 298 3
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Structure-and Descripticn - -

Diethylenetriamine falls in the general category of
polyamines and is available in quantity as an industrial
chemical. Its structural formula is:

HH A
¢-C-N

PLE Ny

H- N__ o
HHu
C-C-N

HH

As seen, it may be considered as the dimer of ethylene
diamine.

DETA is water-white to light amber in color, is rela-
tively viscous, and is a caustic liquid (1). It is-hygroscopic
and will absorb moisture upon exposure to a humid atmos-
phere. It has been used mainly as a propellant ingredient,
specifically in MAF-1, MAF-3, and MAF4, in order to ob-
tain improved physical properties in these fuels.

2222 Specification and Purity

" Commercial DETA, at the time of consideration asa
propellant, had a purity of at least 91% by weight, with the
major impurity being aminoethylpiperazine. It was former-
ly covered by MIL-D-50025B(MU). DETA is currently
covered by Federal Specification O-D-1271, dated Nov, 20,
1967. This specification requires a purity of at least 97.0%
by weight.

2.2.3 PHYSICAL PROPERTIES T

"2.2.3.1 - Vapor Pressure and Normal Boiling Point of Lig-

uid DETA

The vapor pressure of diethylenetriamine (DETA) has
been reported by Samer (1) and referenced to a product
bulletin of Carbide and Carbon Chemicals Company. The
data in Figures 2.2-1 and 2.2-1a appear to be smoothed and
of minimal precision and can be described by:

: 5150

log P (nm Hg)=s.3932-%K— (2.2-1)
' 4772.69

log P (psia) = 6.6846 -~ (2.2-12)

Equation 2.2-1 is applicable for a temperature range.froxh

20 to 210 C (68 to 410 F). The extrapolated normal boiling "

point from Equation 2.2-1 is 480.6 K or 207.4 C (4053 F).
This value is in good agreement with the 207.1 C value
reported in the LPIA manual (4).

The vapor pressure presented here should be consider-
ed as provisional data since the original data source was not
available.

2.2.32 Density of Liquid Diethylenetriamine (DETA)

A single-point density determination at 25 C (77 F)
for high purity DETA has been reported by Rouleau (3).
RMD (2) has supplied this contractor with density data
from 0 to 60 C (32 to 140 F). The exact source-is unknown
but it is believed that Carbide and Carbon Chemicals Com-
pany obtained the experimental data. At 25 C the density is
in excellent agreement with the published value of Rouleau.

The experimental work is plotted in Figures 2.2-2 and
2.2-2a. The density for the temperature range from 0 to 60
C is a linear function of temperature:

p(gfcc) = 1.1955-8.2751 x 107 (T, °K) (2.2-2)

p (Ib/ft>) = 74.6339-0.02870 (T, °R) (2.2-2a)

Equation 2.2-2 was derived by the least-squares meth- -
od and the single-point determination of Rouleau (3) was

given triple weight. This equation describes the experimen-

tal data with a standard deviation of 0.0006g/cc and the
average deviation is 0.04%.

2234 Viscosity of Liquid Diethylenetriamine (DETA)

The absolute viscosity of liquid DETA for a tempera-
ture range from-20 to +30 C (4 to +86 F) has been obtain-
ed from RMD (2). It is believed that these data originated
at Carbide and Carbon Chemicals Company. No details of
this work were made available.

The data are plotted in Figures 2.2-3 and 2.2-3a and
are well defined by:

1.1384 x 10°
log p (centipoise) = 18.3037 = ~==gm—""

T.°K
+l.833x 108
(T. °K)? @23)
L 2.0491x10°
log  (Iby ft-sec) = 15.1311 IR
5.9399 x 10°
(T,°RY’ (2.23a)



(2.2-1)

T

2651.50
T,°K

- pepes s

e

log P (mm Hg) = 8.3982-

=]
(=1
(=3

(84 wur) aanssarg

L P B T T PR T TR PRI - - C e e e e rtemeke e e mm e o - e o g G

900

800

oK)

00

7
Temperature (

600

500
Figure 2.2-1. Vapor Pressure versus Temperature, Liquid DETA
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Figure 2.2-2a. Density versus Temperature, Liquid DETA
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The standard deviation of the data as computed by equa-
tion 2.2-3 is 0.23 centipoise and the average deviation is

0.73%.

The LPIA Liquid Propellant Manual (4) gives 2 value
of 21 centipoise at 25 C and lists a 1956 JPL report as the
reference.

From equation 2.2-1 a value of 5.58 centipoise is
obtained at 25 C. This disagreement. plus the lack of detail
concerning the data from RMD (2). would seem to dictate
that this data be considered provisional.

2.2.4 CHEMICAL PROPERTIES
2241 Reactions

The most prominent reaction of DETA from a stor-
age viewpoint is its reaction with carbon dioxide to form a
salt. DETA is highly reducing in character and reacts spon-
tancously with most rocket oxidizers. A more complete

discussion of chemical reactions can be found in Reference
0.

2.2.5 THERMODYNAMIC PROPERTIES

tJ

.2.5.1 Heat of Formation

The only information appears to be a value of -18.5
keal/mole for the liquid at 298 K from Reference 2.

2.2.6 LOGISTICS OF DETA
2.26.1 Manufacture

Diethylenetriamine is prepared commercially by
treating ethylene dichloride with ammonia. Reaction con-
ditions vary, but in all cases a mixture is obtained. At low
temperatures and pressures. predominately ethylenediamine
is produced in low yield. At higher temperatures and pres-
sures, the yield is higher and a larger proportion of diethy-
lenetriamine and other polyethylene polyamines are pro-
duced. Dow Chemical Company and Carbide and Carbon
Chemicals Company currently manufacture DETA,

2.2.6.2  Analysis

Diethylenetriamine is assayed by titration of a one
gram sample with hydrochloric acid in the presence of
methyl red indicator. The boiling range is determined by
distillation of a 100 ml sample in a flask fitted with a
condenser and a calibrated thermometer. The temperature
is recorded at periodic points in the collection of the distil-
late. A pycnometer is used to determine the specific grav-

2.2-8

ity. The acceptable limits as prescribed by specification
0-D-1271 are:

Characteristic ' Requirerﬁents
Dicthylenetriamine. % by weight 97.0 min.
Water. % by weight 0.5 max.
Specific Gravity at 20°/20°C 0.950 - 0.958
Initial boiling point. °C 185.0
Dry point. °C 215.0

2.2.6.3 Cost and Availability

Diethylenetriamine is presently being produced by
Dow Chemical Company and Carbide and Carbon Chemi-
cals Company with total production of approximately 10
million Ib/yecar. DETA is available in tank car (or truck) lots
at approximately $0.40/lb and in 55 gallon drums at ap-
proximately $0.45/lb. '

2.2.6.4 Shipping and Transportation

Diethylenetriamine is shipped in aluminum or steel
tank cars and trucks and in tin-lined or steel drums. No
special precautions arc required for shipment other than a
precautionary marking as prescribed in 0-D-1271 describing
treatment if exposed to the liquid or vapors.

2.2.7 REFERENCES

1. Sarner, S.F.. “Propellant Chemistry.” p. 199, Rein-
hold Publishing Corporation, New York, New York
(1966). :
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Thiokol Chemical Corporation. Reaction Motors Di-
vision, unpublished data supplied to Bell Aerosystems
Co.on 2/27/69.

3.  Rouleau. DJ. and Thompson, A.R.. J. Chem. and
Eng. Data 1,356 (1962).

4. Liquid Propellant Information. Agency. Applied
Physics Laboratory, Johns Hopkins University. Lig-
uid Propellant Manual (1962) (Confidential) .

5. Kimura. K. et al.. Bull. Chem. Soc. (Japan) 39. 1681
(1966).

6.  Kirk-Othmer. Encyclopedia of Chemical Technology.
second addition, Vol. 7. page 22, John Wiley and
Sons. New York City. New York (1963).
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Chemical Name: Hydrazine

* Chemical Formula: N,H,

. 2.3.1 PROPERTY SUMMARY SHEET

Common Name: N,H,

PR 2 PR T AR OENT TS S SRR DAY SR N FEEES

PROPERTY VALUE UNITS TEMP (°K) REFERENCE FIGURE
MELTING POINT - 27468 ° . 1 - 2312
1.53 °c
434.42 R
. 34.75
HEAT OF FUSION 3.025 . keat/mole 274,68 1
169.9 _BTU/b
NORMAL BOILING POINT 2m7.4 x calc.
1142 °
697.3 R
2316 E
HEAT OF VAPORIZATION * 1038 keal/mole 298.15 .
583.0 BTU/Ib
TROUTON CONSTANT 24.1 NBP .
CRITICAL STATE CONSTANTS .
Temperature 653. oK -
380. c 10,22
1175. °R
716. °F
Pressure 145 atms - 10, 22
2131 - psia )
Density 231 glee 23
- 18,42 b/t
VAPOR PRESSURE OF LIQUID 1419 mm Hg 208.15 1,2,3,9 231
e 0.274 psia , 232
DENSITY OF LIQUID 1.0037 glee 298.15 4,56,7,8 | 233
: 62.659 b/t
SONIC VELOCITY 2074 misec 298.15 31,39,45 | 234
6804 ft/sec
COMPRESSIBILITY OF LIQUID
ADIABATIC 235x10° atm-I‘ 298.15 31,39,45 235
1.60x 10°° psit
"1SOTHERMAL 254x10° atm | 208.15 3 -
1.73x 16° psit
VISCOSITY OF LIQUID 0913 centipoise 298,15 4,5,8 1 236
6.135x 107 Topy/ft-sec
HEAT CAPACITY OF LIQUID 7356 callg- K 298.15 2.31
27351 BTU/Ib-R 1,12 2314
THERMAL CONDUCTIVITY OF .
“LIQuID 786 x10° callcm-sec K 298.15 (33) 238
BTU/ftsec R
SURFACE TENSION OF LIQUID 66.45 dynes/cm 298.15 13,35 237
4553x10° Ibg/ft
PARACHOR 91.2 - 298,15 .
DIPOLE MOMENT 1.84 Debye units 298.15 a4 .
DIELECTRIC CONSTANT 51.7 . 298.15 25,28 239
ENTROPY {LIQUID) 28.97 csl/mole-"K 298.15 1
: 0.904 BTU/Ib-"R
ENTROPY (IDEAL GAS) 5697 - cal/mole-"K 298.15 1
1.778 BTU/IB-"R
HEAT OF COMBUSTION 148.635 keal/mole 298.15 27
HEAT OF FORMATION 12.054 keal/mole 298.15 26, 27
‘ 676.57 BTU/Ib
INDEX OF REFRACTION 1.4686 298.15 3,7,42,43 | 2310

* Calculated or Selected Best Value

—_—

1
ld

ormula Weight: 32.048 {0'¢), 32.0453 (C'2)
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232 GENERAL
23.2.1 Introduction

Chemically, hydrazine (diamide) is a saturated hydro-
nitrogen like ammonia having the type formula Ny +H, | 5.
Hydrazine salts and the monohydrate were first isolated

by Curtius(49) in 1887. In 1894, Lobry deBruyn(50) suc-
cessfully prepared anhydrous hydrazine.

Anhydrous hydrazine is a clear colorless liquid at or-

dinary temperatures. It is quite hygroscopic and tends to
absorb carbon dioxide and oxygen from the atmosphere.
Chemically, hydrazine is highly reactive and extreme care
must be exercised in handling. The vapors of hydrazine may
ignite spontaneously with air or oxygen: It is the analog of
hydrogen peroxide if ammonia may be considered to corre-
spond to water.

Hydrazine, as a rocket fuel, is very attractive from a
performance standpoint. Its major drawback is its relatively
high melting point (34.75 F). To date, hydrazine as a
rocket propellant has been generally restricted to use as a
constituent of mixtures with MMH or UDMH which give
much lower melting points.
2.3.2.2 Structure of Hydrazine

From the study of both Raman and infrared spectra
of hydrazine, the stable configuration form of C2 symme-
try is indicated. The coincidences of the two spectra pre-
clude the trans configuration of rotation about the N-N
single bond. The cis configuration, although consistent with
the spectroscopic data, requires the hydrogen atoms to have
an opposed rather than staggered configuration.

For the calculation of the moments of inertia,

Scott(1) used bond distances of N-N, 1.47 Aand N-H, 104 -

A The bond angles were assumed to be tetrahedral and the
two NH, groups rotated 60 degrees from the cis configura-
tion. The moments of inertia as calculated by Scott are:

6.18x 10%°,35.33 x 10™*° and 36.98 x 10°*® gcm?

The structure for both the. trans and cis (gauche)
forms are: '

H H H H
A Y A
LY Ay
--H
II
H H H
(Trans) (Cis or Gauche)

2.3.2.3 Specification and Purity

Procurement and purity of propellant grade hydra-
zine is controlled by Military Specification MIL-P-26536C
dated 23 May, 1969. The limits on purity, impurities, and
density given by this specification are:

N,H, assay

98.0% by weight, min.
Water 1.5% by weight, max.
Particulate matter 10 mg/l, max.

Density (Rev. B) 1.004 +0.002 gfcc

2.3.3 PHYSICAL PROPERTIES

2.3.3.1 Vapor Pressure, Normal Boiling Point, and Heat
of Vaporization of Anhydrous Hydrazine

The vapor pressure of hydrazine has been studied by
Scott(1), Hieber(2), Chang(3), and Cragoe(9). The latter
study was conducted at elevated temperatures only.
Hieber’s observations were made over a temperature range
from 20 to 114 C (68 to 237 F). Scott reported vapor
pressure data for the liquid from 15 to 70 C (59 to 158 F)
and single point measurements at 0 C for both the solid and
supercooled liquid. Chang measured the vapor pressure over

the narrow temperature range from 3 to 51 C (37 to 124
F).

Scott actually reported three series of measurements;
the first set after 20% of the original sample had been
pumped off and the second series after 80% had been re-
moved. The third series was conducted after pumping off
20% of original sample and then distilling the remainder
under its own vapor pressure. The results of the three sep-
arate readings showed 2 slight increase in pressure for each
succeeding measurement. Scott suspected that some water
was present in the first sample used and the increase in
vapor pressure after distillation seems to verify this. Hydra-
zine and water form a maximum-boiling azeotrope so that
water as an impurity in hydrazine gives a lower vapor pres-
sure than for the pure liquid. Only the third set of measure-
ments was considered in this study.

Scott(1) compared his vapor pressure data with the
previously published data of Hieber(2) and concluded, since
the pressures of the earlier investigation were consistently

- lower, that water was present in the sample of hydrazine

used by Hieber.

Chang(3) compared his recent work with both that of
Scott(1) and Hieber(2) and concluded that the hydrazine
used in both these investigations contained some water
since his vapor pressure readings were higher and he used a
double-distilled sample. The actual difference in data is
quite small and, since Chang covered only the low tempera-
ture range, his comparison of work at higher temperatures



required extrapolation and his conclusions do not appear to

“-be valid. The experimental data are shown in Figures 2.3-1
. and 2.3-la.

The data from the three separate studies were com-
bined by the least-squares method and several equations
were obtained. The data were found to be best represented
by the equation
log P (mm Hg) = -6.50603 - 6,?—8]8(0 +0.047914(T,’K)

-4.9886 x 107 (T,°K)’. (23-)

17698 .
= -8.21964 -% +0.026619(T°R)

1]

log P (psia)

-1.5397 x 10° (T,°R)* (2.3-1a)
The standard deviation of the experimental data from the
values obtained from 2.3-1 is 1.71 mm Hg with the average
deviation being 2.3%. The normal boiling point obtained
from equation 2.3-1 is 387.37 K (697.27 R). Hieber did not
report a value for the normal boiling point but a value of
387.27 K is obtained from his vapor pressure equation

log P = 8339 - 2—17}—38 (2.3-2)
Scott(1) represented his data by
log P (mm Hg) = 7.80687 — —i080-745 (233)

T°C + 227.74

From Equation 2.3-3, a normal boiling point value of
386.50 K is obtained.

The only vapor pressure data reported in the litera-
ture above one atmosphere is that of Cragoe(9) in the Inter-
national Critical Tables. The data is taken from the early
work of Lobry deBruyn(10). The data is plotted in Figures
2.3-2 and 23-2a. The normal boiling temperature (one at-
mosphere) was given as 113.5 C or 386.65 K, but was taken
to be 11422 C or 38737 K to be consistent with the
normal boiling point accepted in this study.

The vapor pressure at elevated temperatures is best
defined by

1457.79 145452.1

- arae SIS,

log P (atm) 7329 T°K oK) (234)
262401 471264.7

log P (psia) = 5.90014——— ~ (2.34a)

TR (T,’Rf

739

2332 Density of Anhydrous Hydrazine

The density of anhydrous hydrazine has been re-

ported by numecrous. investigations. The studies of

Ahlert(4), Semishin(5), Pannetier(6), Barrick(7) and
Walden(8) are considered here to be the most reljable. The
results of these investigations are in essential agreement.
The more recent study of Ahlert(4) is the most conclusive
and includes data over a large temperature range.

Ahlert(4) used a double-distilled sample which was
carefully weighed and sealed in a precision bored glass
pycnometer. A carefully regulated constant temperature
bath was used and the temperatures were recorded with
certified platinum resistance thermometers. The liquid level
of the hydrazine in the pycnometer was measured to 0.001
mm with a cathetometer. The densities were obtained from
the known sample weight and the volume of the pycno-
meter obtained from water and mercury calibrations.

The experimental density values are shown in Figures
2.3-3 and 2.3-3a and cover a temperature range from 0 to
177 C. The density variation with temperature is adequa-
tely expressed by

plglec) = 1.23078-6.2668 x 10°(T, °K)

-4528 x 107(T, °K)*  (23-5)
o(Ib/E%)= 76.8353 -0.021735 (T, °R)
-87254 x 10°(T, °R)?  (2.3-5a)

The standard deviation of the experimental data compared
to the smoothed results from equation 2.3-5is 0.0011 g/cc.
The average deviation is 0.089%.

2333 Sonic Velocity in Liquid Hydrazine

The sonic velocity in liquid hydrazine has been mea-
sured by Kretschmar(31, 34. 39), Aerojet(40) and recently
by Rocketdyne(45). In Reference 34, Kretchmar reported a
sonic velocity value of 2059 +6 m/sec at 25 C for 96%
hydrazine. In Reference 31, two samples of anhydrous

hydrazine gave identical velocity values of 2090 m/sec also’

at 25 C. In a later report, Kretschmar(39) reported sonic
velocity measurements of various hydrazine-water mixtures
at 25 C. A Debye-Sears ultrasonic interferometer was used
in the later study and the author fitted his experimental
data closely by )

c(m/sec) = 1497.40 +745.460 H+382.353 H?-556.3361 H?
(23-6)
where H is the fractional weight of hydrazine.

The author reports a value of 2074 m/sec at 25 C for
pure hydrazine while a value of 2069 m/sec is consistent
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Introduction

Chemically. hydrazine (diamide) is a saturated hydro-
nitrogen like ammonia having the type form}lla N tHp 49
Hydrazine salts and the monohydrate were -first isolated
by Curtius(49) in 1887. In 1894, Lobry deBruyn(50) suc-
cessfully prepared anhydrous hydrazine.

Anhydrous hydrazine is a clear colorless liquid at or-

dinary temperatures. It is quite hygroscopic and tends to
absorb carbon dioxide and oxygen from the atmosphere.
Chemically, hydrazine is highly reactive and extreme care
must be exercised in handling. The vapors of hydrazine may
ignite spontaneously with air or oxygen. It is the analog,of
hydrogen peroxide if ammonia may be considered $g corre-
spond to water.

Hydrazine, as a rocket fuel, is very attractive from a
performance standpoint. Its major drawback is its relatively
high melting point (34.75 F). To date, hydrazine as a
rocket propellant has been generally restricted to use as a
constituent of mixtures with MMH or UDMH which give
much lower melting points.

2.3.2.2 Structure of Hydrazine

From the study of both Raman and infrared spectra -

of hydrazine, the stable configuration form of Cz symme-
try is indicated. The coincidences of the two spectra pre-
clude the trans configuration of rotation about the N-N
single bond. The cis configuration, although consistent with
the spectroscopic data, requires the hydrogen atoms to have
an opposed rather than staggered configuration.

For the calculation of the moments of inertia,

Scott(1) used bond distances of N-N, 147 A and N-H, 104 -

A The bond angles were assumed to be tetrahedral and the
two NH, groups rotated 60 degrees from the cis configura-
tion. The moments of inertia as calculated by Scott are:

6.18x 10%°,3533 x 10*° and 36.98 x 10*° g em*

The structure for both the trans and cis (gauche)
forms are:

H H H H
\‘ \\
--H
[ 4
P4
H H H
(Trans)

(Cis or Gauche)
‘

2323 Speciﬁca;joy; ;md Purity

Procurement and purity of propeliant grade hydra-
zine is controlled by Military Specification MIL-P-26536C
dated 23 May, 1969. The limits on purity, impurities, and
density given by this specification are: -

N, Hg assay 98.0% by weight, min.
Water 1.5% by weight, max.
Particulate matter 10 mg/l, max.

Density (Rev. B) 1.004 t0.00? glec

2.3.3 PHYSICAL PROPERTIES

2.3.3.1 Vapor Pressure, Norma] Boiling Point, and Heat
of Vaporization of Anhydrous Hydrazine

The vapor pressure of hydrazine has been studied by
Scott(1), Hieber(2), Chang(3), and Cragoe(9). The iatter
study was conducted at elevated temperatures only.
Hieber’s observations were made over a temperature range
from 20 to 114 C (68 to 237 F). Scott reported vapor
pressure data for the liquid from 15 to 70 C (59 to 158 F)
and single point measurements at O C for both the solid and
supercooled liquid. Chang measured the vapor pressure over
the narrow temperature range from 3 to 51 C (37 to 124
F).

Scott actually reported three series of measurements;
the first set after 20% of the original sample had been
pumped off and the second series after 80% had been re-
moved. The third series was conducted after pumping off
20% of original sample and then distilling the remainder -
under its own vapor pressure. The results of the three-sop-
arate readings showed a slight increase in pressure for each
succeeding measurement. Scott suspected that some water
was present in the first sample used and the incregse in
vapor pressure after distillation seems to verify this. Hydra-
zine and water form a maximum-boiling azeotrope so that
water as an impurity in hydrazine gives a lower vapor pres-
sure than for the pure liquid. Only the third set of measure-
ments was considered in this study.

Scott(1) compi;red his vapor pressure data with the
previously published data of Hieber(2) and concluded, since
the pressures of the earlier investigation were consistently

- lower, that water was present in the sample of hydrazine

used by Hieber.

Chang(3) compared his recent work with both that of
Scott(1) and Hieber(2) and concluded that the hydrazine
used in both these investigations contained some water
since his vapor pressure readings were higher and he used a
double-distilled sample. The actual difference in data is
quite small and, since Chang covered only the low tempera-
ture range, his comparison of work at higher temperatures
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required extrapolation and his conclusions do not appear to

- be valid. The experimental data are-shown in Figures 2.3-1

and 2.3-1a.

The data fiom the three separate studies were com-
bined by the least-squares method and several equations
were obtained. The data were found to be best represented
by the equation

log P (mm Hg) = ~6.50603 - 6;3 818(0+ 0.047914(T,’K)
-49886 x 10° (T,°K)z (231)

: 1176.98
log P (psia) =-8. 21964-T = +0026619(T °R)

_1.5397 x 105 (T R)? (2_";-13)
The standard deviation of the experimental data from the
values obtained from 2.3-1 is 1.71 mm Hg with the average
deviation being 2.3%. The normal boiling point obtained
from equation 2.3-1 is 387.37 K (697.27 R). Hieber did not

report a value for the normal boiling point but a value of -

387.27 K is obtained from his vapor pressure equation

21138 '
log P = 8.339 - 232)
Scott(1) represented his data by
log P (mm Hg) = 7.80687 — —aoo0.145 (233)

T,°C + 227.74

From Equation 2.3-3, a normal boﬂmg point value of
386.50 K is obtained.

The only vapor pressure data reported in the litera-
ture above one atmosphere is that of Cragoe(9) in the Inter-
national Critical Tables. The data is taken from the early
work of Lobry deBruyn(10). The data is plotted in Figures
2.3-2 and 23-23. The normal boiling temperature (one at-
mosphere) was given as 113.5 C or 386.65 K, but was taken
to be 114.22 C or 38737 K to be consistent with the
normal boiling point accepted in this study.

The vapor pressure at elevated temperatures is best
defined by

1457.79 145452.1

= 473294 ~—— = —5— 34

log P (atm) 7329 T°K = (I°KF (2.34)
' 2624.01 4712647

log P (psia) = 5.90014~ —— - (2.34a)

T,R (T, R)2

2332 Density of Anhydrous Hydrazine °

The density of anhydrous hydmzine'has Vb'eén Ie-
ported by numerous investigations. The studies of

Ahlert(4), Semishin(5), Pannetier(6), Barrick(7) and

Walden(8) are considered here to be the most reliable. The -

tesults of these investigations are in essential agreement.
The more recent study of Ahlert(4) is the most conclusive
and includes data over a large temperature range.

Ahler(4) -used a double-distilled sample which was

carefully weighed and sealed in a precision bored glass

pycnometer. A carefully regulated constant temperature
bath was used and the temperatures were recorded with
certified platinum resistance thermometers. The liquid level
of the hydrazine in the pycnometer was measured to 0.001
mm with a cathetometer. The densities were obtained from
the known sample weight and the volume of the pycno-
meter obtained from water and mercury calibrations.

The experimental density values are shown in Figures
2.3-3 and 2.3-3a and cover a temperature range from O to
177 C. The density variation with temperature is adequa-
tely expressed by

plglec) = 1.23078-6.2668 x 10%(T, °K)

—45284 % 107(T, °K)*  (2.3-5)
p(Ib/ft*)= 76.8353 ~0.021735 (T, °R)

-87254x 10°(T, R (23-50)

The standard déviation of the experimental data compared
to the smoothed results from equation 2.3-5 is 0.0011 g/fecc.
The average deviation is 0.089%.

2.3.3.3 Sonic Velocity in Liquid Hydrazine

The sonic velocity in liquid hydrazine has been mea-
sured by Kretschmar(31, 34, 39), Aerojet(40) and recently
by Rocketdyne(45). In Reference 34, Kretchmar reported a
sonic velocity value of 2059 6 m/sec at 25 C for 96%
hydrazine. In Reference 31, two samples of anhydrous
hydrazine gave identical velocity values of 2090 m/sec also
at 25 C. In a later report, Kretschmar(39) reported sonic
velocity measurements .of various hydrazine-water mixtures

at 25 C. A Debye-Sears ultrasonic interferometer was used

in the later study and the author fitted h1s experimental
data closely by
c(m/sec) = 1497.40 +745.460 H+382,353 H2-556.3361 H®

(2.36)
where H is the fractional weight of hydrazine.

The author reports a value of 2074 m/sec at 25 C for
pure hydrazine while a value of 2069 m/sec is consistent

\
~—
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with the reported equation. Either value is only slightly
below the 2090 m/scc value reported in Reference 31.

Aerojet(40) measured the sonic velocity in 2 hydra-
Zine-water mixture containing 91.9% N,H,. Values were
obtained at 83 F (283 C) for pressures between 500 and
1000 psig. The sonic velocity values ranged between 1994
and 2005 m/sec with the average of six readings at different
pressures being 2000 m/sec. From equation 2-6, a value of
2073 m/sec is obtained for 91.1% N, H,.

The recent Rocketdyne study was conducted over a
temperature range of 6.1 to 96.5 C (43 to 206 F) using
propellant grade hydrazine. The experimental data are plot-

ted in Figures 234 and 2.34a. The values reported by.

Kretschmar(31, 34) are also shown and are in good agree-
ment with the Rocketdyne study. The data are adequately
described as a linear function of temperature by

o(mfsec) = 32249 - 3.8611 (T,’K) 237

o(ft/sec) 105804 - 7.0375 (T,°R) 2.3-Ta

The standard deviation of the data from equation 2.3-7 is
8.6 m/sec and the average deviation is 0.3%.

2.3.34 Compressibility of Liquid Hydrazine

. The adiabatic compressibility (8,) can be calculated
from sonic velocity data

L
2

" The so.m'c velocity in liquid hydrazine has been reported by

Rocketdyne(45) and by Kretschmar(31, 39). This data is
given in Section 2.3.3.3. The adiabatic compressibility was
calculated at the experimental temperature for the sonic
velocity. The density at these temperatures was obtained
from equation 2.3-5.

The calculated adiabatic compressibilities are shown
in Figures 2.3-5 and 2.3-5a. Using the least-squares method,
the variaticn of compressibility with temperature was ex-
pressed by

Batn™) = 1.2742 x 10°° ~ 4.5295 X 10°(T, °K)

+ 2.7274 x 10°729(T, °K)? (2.3-8)
Blpsi") = 86704 x 1077~ L7123 x 10°(T, K)
+ 5.7280 x 107'3(T, R)? (2.3-8a)

The standard deviation from equation 2.3-8 was calculated
to be 20 x 107 atm® while the average deviation
was 0.51%.

The isothermal compressibility () was determined

_ by Kretschmar(31) by what may be described as a

“Cartesian diver principle”. A thin-walled glass capsule con-
taining the hydrazine sample is immersed in mercury con-
tained within a steel cylinder. The mercury is pressurized
and from the known density and compressibility of mer-
cury, the isothermal compressibility of hydrazine at 25 C
was found to be 24.83 and 24.38 cm? /kg for two different
samples. The average isothermal compressibility is found to
be 1.73 x 10°® psi?

233.5 Viscosity of Liquid Hydrazine

The absolute viscesity of liquid anhydrous hydrazine
has been studied by Walden(8), Mason(11), Semishin(5)
and Ahlert(4). The experimental data from the four investi-
gations are in essentizl agreement as shown in Figures 2.3-6
and 2.3-6a. A temperaiure range from the melting point to
177 C (351 F) is covered; one point reported by Walden(8)
is below the melting point, indicating the sample was super-
cooled.

The data reported by Mason(11) are smoothed data
and the experimental values were not given. These data are
slightly higher than those of the other investigators at the

.lower temperatures. The work of Ahlert is probably superi-

or and is the only study reporting data at the higher tem-
peratures.

The precision of the data dees not warrant correc-
tions for ice point or for density interpretations made here.
The smoothed data from the four separate studies have a
probable accuracy of +3.0%.

The variation of absolute viscosity with temperature
is described by equation 2.3-9. The standard deviation of

- the 235 data points is 0.032 centipoise and the average devia-

tion is 2.48%.

logy o(cp) = 3.1788 -0.015384 (T,K)-"

+1.5395 x 1075(T, °K)? (23-9)

log, ou(lb, [ft-sec) = 6.1448 x 107 -8.5469 x 10°(T,’R)

+4.7516 x 10°(T,°R)® (2.3-92)

Mason(11) also reported viscosity data of various
pressures up to 250 atmospheres (3675 psia) over a temper-
ature range from 10 to 80 C (50 to 176 F). The smoothed
data at 250 atmospheres are shown in Figures 2.3-6 and
2.3-6a for comparison with the saturated liquid data. At the
lower temperatures, the increase in viscosity is approxi-
mately 3% while the increase due to pressure at 80 C is
nearly 10%. At lower pressures, the eifect will of course be
less. At 50 atmospheres (735 psia), the change in viscosity
due to pressure increases by only 0.5% at 10 C and is2.3%
higher at 80 C.
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The viscosity of anhydrous hydrazine is defined over
most of its liquidous range with sufficient accuracy for

. most_engineering applications. The effect of external pres- - - -

sures has been shown to be small for normal propulsion

* systems applications.

' 2336 Surface Tension and Parachor of Liquid Hydra-

Zine

The surface tension of anhydrous hydrazine under its
own vapor pressure has been studied by Barrick(7),
Lyerly(37) and Bernard(35). The first two investigators re-
ported single-point determinations while Bernard studied a
narrow temperature range from 21 to 40 C (70 to 104 F).
Baker(13) has measured the surface tension of hydrazine-
-water mixtures and also reported a value for 100% hydra-
zine. The experimental data from.the four separate studies
are shown in Figures 2.3-7 and 2.3-7a. The single-point de-
termination at 25 C given by Baker is in good agreement

.-: " with the data reported by Bernard while the single-point

determinations by both Lyerly and Barrick are considerably
lower.

The surface tension can be expressed as a linear func-
tion of temperature using only the data of Bernard and
Baker by:
y(dynes/em) = 139.903-0.24637 (T.’K) (2.3-10)

7(Ibg/ft) = 9.5864 x 10°-9.3786 x10°(T,’R)

e

(2.3-102)

I'd
The standard deviation obtained from equation 2.3-16 is
0.9 dynes/cm-while the average deviation of the data is only
0.07%.

The surface tension of anhydrous hydrazine appears
to be adequately defined but only for a narrow temperature
band. ‘

The parachor at 25 C was calculated to be 91.2 from
the relation

poMr¥
P-Py
where

P = parachor
M = molecular weight (32.048)
¥ = surface tension (66.45 dynes/cm)
py = 0.00077 gfce (ideal gas)
p, = 10037glec

Daniels(41) gives the atomic parachor of N to be 12.5 and
17.1 for H. A parachor value of 934 is calculated from
these atomic parachors.

2.33.7 Thermal Conductivity-

liquid anhydrous hydrazine do not appear in the open liter-
ature. Experimental data for the vapor phase are reported
by Gray(32).

Recently, Rocketdyne(33) has published thermal
conductivity data for liquid hydrazine. The data are given
in graphical form and expressed as a function of tempera-
ture by

K (BTU/fthr °F) = 0.2793 + 1.134x 10°(T, °F) |

- 8341 x 107°(T, °F) (2.3-11)
The work is referenced to a Rocketdyne research memo,
but no explanation of the data is given. It is quite con-
ceivable that these data were obtained from a theoretical
empirical equation. Tsenberg(30) has shown that empirical
equations used to calculate thermal conductivity often give
poor correlation to experimentally determined data.

Equation 2.3-11 can be written

K(cal/em-sec-"K) = 2.1067 x 107* + 6.5541 x 107(T,’K)

-1.1179 x 10°® (T, °K)? (2.3-12)
K(BTU/ft-sec-"R) = 1.4147 x 1075+ 2.4451 x 107(T,°R)
-23169x 107'°(T,°R)*  (2.312a)

The data obtained from equation 2.3-12 and 2.3-12a are
shown . in Figures 2.3-8 and 2.3-8a, respectively, and are
applicable for a temperature range from 25 to 127 C (77 to
266 F). These curves should be considered as provisional

.data-until the source of the Rocketdyne data has been as-

certained.

2.3.3.8 Dielectric Constant of Anhydrous Hydrazine g

The dielectric constant of hydrazine is given by
Audrieth(22) from the experimental work of Ulich(25) and
Drude(38) who studied a temperature range from 9 to 25 C
(20 to 77 F). Audrieth reports the following equation to
represent the change in dielectric constant as a function of
temperature

€= 58.5~0.3253(T, C)+ 0.0028(T,°C)*~0.0000267(T, C)*
(23-13)

The experimental data of Ulich and Nespital are plotted in -

Figures 2.3-9 and 2.3-9a.

It was found that a second-degree polynomial equa-
tion represented the data with an average deviation of only
0.07%. :

- Experimental -data for the thermal conductivity of-



€ waB2=LLILosUL, n)t 16563 X10°(L, &) (2.0-14)
€= 206.82~0.6715(T.°R)+ 5.1127 x 107°(T.°R)? (2.3-14a)

Audrieth notes that, from these data/hydrazine should be
an excellent electrolytic solvent ‘

2339 Index of Refraction of Liquid Anhydrdus Hydra— '

zine e T

The refractive index of liquid anhydrous hydrazine
has been reported by a number of investigators, but only
over a narrow.temperature range. Barrick(7) reported values
at 35 C for three separate wavelengths and also gives values
obtained by Bruhl(47). Battelle(42) reports values at the
sodium w.mdength (5893 A) at 20 and 25 C from
Dreisback(48). Chang(3) and Pannetier(43) have reported
the refractive mdex at 25 C for mixtures of hydrazine and
UDMH 1nc]udm° values for the pure substances.

The cxperimenta.l data are given in Table 2.3-1. The
data at ,th"e“sodium wavelength are plotted as a function of
temperature-in Figure 2.3-10. The refractive index values
from the various investigators would appear to be in good
agreement and for the sodium D-line appears to be a linear
function of temperature.

TABLE 2.3-1" INDEX OF REFRACTION -

TEMP. "p e "F

°c | (5893 A)| (6563 &) | (4861 A)| REF.
20 [ 147074 - - 48
223 1.46079| 146624 1.47715| 47
25 1.4683 - - 3
25 1.4679 . . 4
25 | 143867 - - 48
35 | 1.46444| 1.46207| 1.47108 7

2.34 CHEMICAL PRCPERTIES OF
HYDRAZINE

2.34.1 Chemical Reactions

Hydrazine is a powerful reducing agent and reactions
with strong oxidizing agents cause violent uncontrolled de-
flagration. It is possible, however, to oxidize hydrazine or
hydrazine salts that are in aqueous solution without explo-
sions. For example, hydrazme sulfate is oxidized to hydro-
z0i¢ acid:

2H202 + (N2H5)2 S,04-’HN3 +NH4HSO4 + 4H20

Generally, the reactions of hydrazine are similar to
those of ammonia and amines but, being a diamine, further

reacuons ouen take place. | he reaction ot hydrazine with
carbon monoxide forms semicarbazide at room temperature
and under high pressures:

0 o
N,H, +CO~sNH; +NH, NH € N H, .-

~ The reaction of aqueous hydrazine with carbon di-
oxide gives hydrazine carboxylic acid:

N2H4 + C02 _.NHZ NHCOOH

With cyanamide, hydrazine forms aminoguanidine:

NH
NoH, + NH, CN —NH, CNHNH,

and, when reacted with nitrous acid, forms the primary
explosive tetracene
NH N-N T NH
I 7\ .
NH, CNHNH, + HNOZ-N\ —N=NNHNHCNH-H,0
s
NH

The reaction of cyanogen chloride with two moles of
hydrazine forms N, N'- diaminoguanidine and with an

"excess of hydrazine N, N, N - triaminoguanidine is form-

ed.
. }fﬂ
CICN + 2 N,H, — NH; NHCNHNH,

NN,
CION +3 NyHg— NH,. NHCNHNH2

Carboxylic acids are neutralized by hydrazine to form
the hydrazine salt:

0
I
N,H, + RCOOH — RCO™ + NH;NH,

Hydrazine reacts with monobasic acids such as hydro-
chloric acid to form either monoacid or diacid salt:

N,H, + HCl=eN, H, - HCI + HCl~sN,H, - 2HCI

The monohydrochloride is stable in solution but the
dihydrochloride dissociates to the monohydrochloride and
hydrocloric acid.

The dibasic acids such as sulfuric acid react with
hydrazine to form dihydrazine sulfate, monohydrazine sul-
fate or hydrazine disulfate:

23-17
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NaH, + Hy 804 (NaHy)s - HpSO4

(NaHa), *Ha S04~ 2(N;Hy - H;SO,)

2N, H, - H,S04) + HyS0,~ 2(N,H, - 2H,50,)

Alkali metals react with hydrazine to form correspon-
ding alkali hydrazide:

NatN;H, ~ NaNHNH, + 1/2H,

The sodium hydrazide explodes violently in the presence of
oxygen and this reaction is typical of the alkali hydrazides.

Hydrazine is a very promising monopropellant. The
catalytic and thermal decomposition proceed in two steps
according to:

3 NyH;—~4NH3 +N,  (+144,300 BTU/Ib)
4 NHy = 2N, + 6H, (-79,200 BTU/Ib)

Since these reactions proceed at different rates, the overall
decomnposition reaction may be written as a function of the

" fraction (X) of ammonia dissociated:

3 N, H, = 4(1-X)NH, + (1+2X)N, + 6 H,
(144,300-79,200 BTU/Ib)

23.5 THERMODYNAMIC PROPERTIES
OF HYDRAZINE

'23.5.1 Heat of Formation

Bushnell(26) has determined the heat of solution of
hydrazine hydrate NyH4. H,0 and Hughes(27) has report-
ed the heat of combustion of hydrazine hydrate as well as
hydrazine.

Bushnell(26) reports the heat of solution of hydra-
zine hydrate to be~1.797 kcal/mole. Using the heat of com-
bustion of the hydrate (146.936 kcal/mole) given by
Hughes(27) and the heat of formation of water given by
Wagman(28), a value for the heat of formation of 12.103
kcal/mole is obtained. (See Table (a) below)

Using the heat of combustion of hydrazine (148.635 kcal/-
mole) reported by Hughes(27) and Wagman’s(28) value for
the heat of formation of water, a value for the heat of
formation of liquid hydrazine of 12.005 at 25 C (77 F) is
obtained. (See Table (b) below)

The methods and experimental data used to obtain
the two heats of formation given both appear to be without
serious error. The average of the two values is 12.054 kcal/-
mole, which is the value accepted in this work.

2.3.5.2 Melting Point and Heat of Fusion

Scott(1) has calculated the melting point of pure
hydrazine from a study of melting point as a function of

2H,(g,298) + 0,(g,298) —~2H,0(2,298)

Table (a) AH(kcal)  Ref.
' NpHg - H;0(2,298) —N, H, (1,298) + H,0(0,298) 1.797 (23)
Ny(g,298).+ 3H,00,298)—N, H, - H,0(1,298) + 0,(2,298) 14693  (27)

2%58315)  (28)

N,(2,298) + 2H,(g,298) ~N2H,(2,298)

12.103

Table (b)

2H,(8,298) + 0,(g,298) —~2H,; 0(¢,298)

N2(3,298) + 2H,0(,298) —~N, Hq(®,298) + 0,(2,298)

AH(keal) Ref.

148635  (27)

268315)  (28)

Ny(2,208) + 2Hy(5,298) —~ N, Ha(2298)

12.005
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-~ the fraction melted. The hydrazine sample used was esti-

mated to have a purity of 99.75 mole %. lts melting point
was found to be 274.56 K and the calculated data for pure
hydrazine was 274.69 K. Correcting for the presently ac-
cepted ice point, the value is 274.68 K or 1.53 C(34.75 F).

Mohr(21) determined the, melting point of various
 hydrazine-water mixtures and by extrapolation of the melt-
‘ing point diagram reports a value of 2 C (35.6 F) for the
melting point of pure hydrazine.

The cormected melting point obtained by Scott is ac-
cepted in this work (274.68 K).

It should be noted that even the addition of small
quantities of water to hydrazine lowers the melting point.
Water forms hydrazine monohydrate (N,Hg4.H,0) and the
eutectic composition is 69 weight % of NoHg4 and its melt-
ing point is -54 C as reported by Mohr(21). The melting
point of hydrazine-water mixtures is given in Figures 2.3-12
and 2.3-12a. '

Scott(1) measured the heat of fusion at the melting
point and reported a value of 3.025 kcal/mole (169.90
BTU/Ib). The value given by Scott includes corrections for
premelting and for the heat required to melt the eutectic
mixture since the sample contained a small amount of
water. The correction for premelting required an estimate
of the heat capacity below the melting point and, for this
reason, Scott reported that the heat of fusion value has a
large absolute uncertainty.

23.5.3 (Critical State Constants of Hydrazine

There are no recent determinations for the critical
state constants of hydrazine. Audrieth(22) reports the criti-
cal temperature to be 380 C from the work of Lobry
deBruyn(10) published in 1896. The critical pressure based
on the vapor pressure work of deBruyn is given by Audrieth
as 145 atmospheres (2131 psia). Audrieth notes that these
values may be of doubtful accuracy because of the tenden-
¢y of hydrazine to undergo decomposition at higher tem-
perature. The critical pressure obtained from the selected
vapor pressure equation 2.3-2 is 144.6 atm (2124 psia),
which is in good agreement with the value reported by
Audrieth.

The critical density is reported in the Liquid Propel-
lant Manual(23) to be 0.231 g/cc.

23.54 Heat Capacity of Liquid Hydrazine

The heat capacity of hydrazine has been reported by
both Scott(1) and Hough(12). Scott reported data for both
the solid and liquid phase. The values are actually for the

tiratinn eonditior* (C Y ‘nc 1 “th -t wolumr  or

"~ temperature were held constant. The values of Cq

‘should
be nearly equal to values at constant pressure (C,) and the
data of Scott is assumed to be C_ for this work. From a
study of the -melting point as a Punction of the fraction
melted, the purity of the sample was estimated to be 99.75
mole %.

Scott estimated the precision of the calorimetric mea-
surements to be approximately 0.1% but, because of the
sample impurity and difficulties encountered in the mea-
surements, the absolute uncertainty was believed to be
0.3%. Scott did not report his experimental data because of
this uncertainty, but rather gave smoothed results at inte-
gral temperatures between the melting point and 67 C.

Hough(12) studied the isobaric heat capacities of
hydrazine-water mixtures including data for pure hydra-
zine. From chemical analysis, the hydrazine was found to
contain less than 0.001 mole fraction of impurities. A stain-
less steel bomb calorimeter having a volume of one liter was
used. The calorimeter was calibrated with water and tem-
peratures were measured with a platinum resistance ther-
mometer. Energy measurements were made in watt-seconds
and converted to gram-calores. Five readings were made
between 40 to 80 C (104 to 176 F). Hough estimated the
heat capacity data had a maximum uncertainty of 1% with
a majority of the values having an uncertainty of less than
0.5%. The experimental data are plotted in Figures 2.3-13
and 2.3-13a with the nine smoothed values given by Scott.

A comparison of the experimental data shows a maxi-

- mum difference at 40 C where the data reported by

Scott(1) are about 1% higher than those of Hough(12). At
the higher temperatures, the agreement becomes much
better. Extrapolation of Hough’s work to lower tempera-
tures would give values much lower than obtained by Scott.

There does not appear to be a clear choice between
the two studies. For this work, the data of the two studies
were combined by the least squares method and the change
in heat capacity with temperature is

Cp(cal/g—°K) = 0.88415 - 13949 x 10°%(T, °K)

+3.0074 x 10°%(T, °K)? (2.3-15)
C(BTU/L-R) = 0.88354 - 7.436 x 104(T,"R)
92750 x 10°7(T, °R)? (2.3-159)

The standard deviation is 0.0024 cal/g-K. The least squares
method weighs the data of Scott(1) mors heavily because
of the greater number of points used. This is not justified
because smoothed data were used and the actual number of
experimental data points taken is not known. Partial justifi-

cation may be warranted because Scott reports a higher
1 r FERPEY S ] 1
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The heat capacity of anhydrous hydrazine appears to
be well defined from its melting point to approximately

640 R. Extrapolation above this temperature is not advised.

Recently, Ahlert(36) published heat capacity data for
commercial grade hydrazine over a temperature range from
58 to 191 C (136 to 376 F). The hydrazine sample contain-
ed 2.5% H,;0, 0.5% NH; and traces of aniline and heptane.
This mixture is slightly above the limits imposed by specifi-
cation MIL-P-26536C for propellant grade hydrazine.

The experimental data are shown in Figures 2.3-14
and 2.3-14a and are adequately defined by

cp(cal/gfk) =0.29512+2.0193x107(T,°K)
~1.8559x107(T,°K)? (2.3-16)

CP(BTU/lb_—°R) =0.29512+1.1218x10°3(T,°R)
-5.7282x10°7(T,’R)? (2.3-162)

The standard deviation from equation 2.3-16 is 0.004
cal/p-K and the average deviation is 0.31%.

The specific heat of propellant grade hydrazine is
higher than for anhydrous hydrazine. At 350 K, the pro-
pellant grade hydrazine heat capacity is 1.3% higher.

2.3.5.5 Heat of Vaporization and Trouton Constant

Experimental determination of the heat of vaporiza-
tion does not appear in the literature. Scott(1) reported a
value of 10.7 keal/mole at 298 K using equation 2.3-3, and
the Berthelot equation of state to correct for the non-
-ideality of the gas. Hieber(2) reported a calculated value of
10.2-keal/mole at 23 C. A value of 10.38 kcal/mole was
obtained at 298 K using equation 2.3-1 and the Clapeyron
equation

e dp
AH, =T, *K(Vy-Vp) p

and at the NBP (387.37 K) a value of 9.3¢ kcal/mole is
obtained which gives a Trouton constant of 24.1.

2.3.6 LOGISTICS OF HYDRAZINE

2.3.6.1 Manufacture

Quantity manufacture of hydrazine is accomplished
by the modified Raschig process. This is essentially a two-
-step process where initially an excess of ammonia is re-
acted with sodium hypochlorite to form chloramine:

NH; + NaO Cl—++ NaOH

The chloramine reacts with excess ammonia to form hydra-
Zine.

NH‘;C]. +NH3-+N30H"N2 H4- +Na Cl +H20

' The second reaction is slow compared to the first and is run

at about 130 C to increase the conversion of chloramine to
hydrazine. With a large excess of ammonia (20:1 to 30:1)
to react with any chloramine the oxidation of hydrazine by
chloramine is minimized.

The reaction liquor is passed into ammonia recovery
columns and the ammonia separated by distillation and
liquified for reuse. The hydrazine solution is further evapo-
rated to remove sodium chloride and sodium hydroxide. A
three-stage fractionation column is used to remove the
water and give a yield of 98% or better anhydrous hydra-
zine.

23.6.2 Analysis

Hydrazine assay can be determined by direct titration
with potassium iodate (KI ;) in the presence of concen-

_ trated hydrochloric acid. The procedure is straightforward.

The sample is placed in a glass stoppered flask and concen-
trated HCl (12N) is added to 20% more than the equal
volume of hydrazine. A small quantity of carbon tetrachlo-
ride (5 ml) is added before titration with a standard potas-
sium jodate solution. The iodate is added until the dark
brown color changes to a light yellow. At this point, drop
by drop titration with vigorous shaking is done until the
end point is reached. The solution will be a light yellow at
the end point. If a potentiometer is used, the end point
occurs in the range of 0.67 to 0.70 volt where the potential
increases very sharply at the exact end point.

The water content and other soluable impurities
would be found by volume differences. The most accurate
method of determining water content would be by gas
chromatography. According to revision B of the specifica-
tion, the maximum allowable water and soluble impurities
is 2.5 weight %. The density of liquid propellant hydrazine
at 25 C (77 F) shall be 1.004 +0.002 g/cc. Revision C of the
military specification dated May 1969 calls out the use of
gas Chromatography for analysis. The maximum impurity
was changed to 2.0% and density is no longer a require-
ment.

2.3.6.3 Cost and Availability

- The principal supplier of anhydrous hydrazine in this
country is Olin Mathiesun Chemical Corporation with the
hydrazine plant located at Lake Charles. Louisiana. The raw
materials for the manufacture of hydrazine are readily avail-
able in large quantities. The quantity of hydrazine is then
dependent upon manufacturing facilities. The Lake Charles
plant has a nominal capacity of two million pounds per

2.3-36
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_year. A government-owned plant in Virginia has a potential

capacity of aporoximately 16 million pounds per ycar(52).

In 2 recent communication(33) from Olin Mathieson,
the price of propellant grade anhydrous hydrazine was
quoted at $2.95/pound in quantities over five 55-gallon
drums. Other prices are shown in the table below. In large
quantities. the potential cost of hydrazine has been estima-
ted(52) to be as low as $0.50 per pound.

Container Quantity Price*
1-1b bottle Any $10.00/1b
5-b bottle Any $5.00/lb
30-gal (240 1b) ss. drum Any $3.25/lb + $100
deposit/drum
55-gal (440 1b) s.s. drum l1tod . $3.15/1b +$100
deposit/drum
5-113 $2.95/Ib + $100
deposit/drum

*F.0.B. Lake Charles, La.

Although hydrazine has a number. of uses (silver
plating, fluxes, boiler scale prevention, etc.), the principal
use is as a rocket fuel.

2.3.64 Shipping and Transportation

For complete and detailed laws concerning the ship-
ment of anhydrous hydrazine the government Code of
Federal Regulations should be consulted:

General Services Administration National Archives
and Records Service, Federal Register Div., “Code of
Federa] Regulations”, Title 49 Parts 71 to 90.

Hydrazine is classified by the ICC as a corrosive liquid
and requires a white label during shipment.

Hydrazine must be packed in containers covered by
the following ICC specifications:

(1) ICCID: boxed glass carboys.

(2) ICCI15A, 15B or 15C: wooden boxes with in-
side containers of glass bottles not exceeding
one gallon each. The glass should be cushioned
with vermiculite and covered with tightly
closed tin cans.

(3) ICCs, 5A, 5C and 17E: metal drums construc-
ted of 304 or 347 stainless steel.

(4) ICC 103-W: tank cars constructed of 304 or
347 stainless steel with molybdenum content
not to exceed 1/2%. Vapor space in tank must

be filled with nitrogen gas at atmospheric pres-
sure.
(5) ICC 103A-A1-W: tank cars (aluminum) vapor
~ space to be padded with nitrogen gas at atmos-
pheric pressure.
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E Chem;II;lame 7lr\nathylhydrazine

Chemical Formula: CH3N,H,4

2.4.1 PROPERTY SUMMARY SHEET

' Commoanama: o

7MMH W(Mdrn'om'el'i'iylrhydraz'ine)' 7

12 16
Formula Weight: 46.0724 (€ ) 46.075(0"")

" PROPERTY VALUE UNITS TEMP (°K) REFERENCE FIGURE
MELTING POINT 220.78 °k
-52.37 :c
397.40 °R
-62.27 F
HEAT OF FUSION - 2.4905 keal/mole 220.78 4
97.231 BTU/Ib {MP)
NORMAL BOILING POINT 360.80 K
B87.65 c
649.44 R
189.77 °F
HEAT OF VAPORIZATION 0.648 keal/mole 298,15 4
3769 BTU/Ib
TROUTON CONSTANT 24.6 - calc.
CRITICAL STATE CONSTANTS o
Temperature 585 c‘K 3
312 c
1053 °R
593 F
Pressure 81.3 atms 3
1195 psia
Density 0.29 g/ee
18.10 Ib/fe 3
VAPOR PRESSURE OF LIQUID 49.47 mm Hg 28 3.4 24-1
0.957 psia 24-2
DENSITY OF LIQUID 8702 . glce 298 1,2,3,20, 21 243
54.325 b/t 244
SONIC VELOCITY 1548 misec 298 2 245
" 5079 ft/sec
COMPRESSIBILITY OF LIQUID
ADIABATIC 4.88x 10° atm? 208 2 246
f 3.32x10° psi!
ISOTHERMAL 5.89 x 10° atm ! 348 3 247
4,01 x 10° psi’!
VISCOSITY OF LIQUID 775 centipoise 298 2,3 2438
5.21x10° Iy /frsec
HEAT CAPACITY OF LIQUID 7002 calig-"K 208 4,19 2412
6998 BTU/b-R
THERMAL CONDUCTIVITY
OF LIQUID 592x10% | " cal/emesec’K 298 19 - 2410
398x10° | BTU/ftsec R N
SURFACE TENSION 33.83 dynes/cm 298 3 249
2318 x 107 Ibg/ft
PARACHOR 127.7 . 298 cale.
DIPOLE MOMENT 16814 Debyes 288 23
DIELECTRIC CONSTANT 19.2 . . 2888
‘ 173 -, 325.4 %
ENTHALPY OF LIQUID 4’3066 cal/mole. K
" 0.861 BTU/b- R 298 4
ENTROPY OF REAL GAS 72.02 cal/mole-"K 298 4
: 1.563 BTU/Ib-"R
HEAT OF FORMATION 13,108 keal/mole 298 4
' .- 511.67 BTU/Ib
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24.2.1 Introduction

Monomethylhydrazine (MMH) is one of the many
hydrazine derivatives: it can be synthesized in the
laboratory by direct methylation of hydrazine with
dimethyl sulfate, or by methylation of the neutral salt
hydrazine sulfate with dimethyl sulfate. It is a clear.
colorless. hygroscopic liquid with the ammoniacal odor
generally characteristic of amines (6), (8).

The use of MMH as a fuel for rocket engines is very
promising. Its performance is slightly below that of
hydrazine, but it is much superior to hydrazine with respect
to freezing point, stability, storage and as a coolant.

MMH is an excellent fuel for pse with both oxygen
and fluorine-containing oxidizers. Optimum performance
can be achieved by oxidation of the carbon to CO or CO,;
this also eliminates the formation of undesirable solid
carbon in the products of combustion. With fluorine
oxidizers it is desirable to add a sufficient quantity of
oxygen to the system in order to axidize the carbon.

MMH has a positive heat of formation and is an
interesting candidat: for use as a2 monopropellant. Its use
with present cataly:*: is, however, not promising since its
decomposition can lead to the formation of carbon and
polymeric materials which would poison or mask a catalytic
surface.

The procurement of MMH as a propellant is covered
by MIL-P-27404A, dated May 1969.

2422 Structure of Methyhydrazine

The methylhydrazine molecule has three possible
theroretical configurations as a result of rotational
isomerisms. A single trans and two skew forms are
hypothesized. The trans form appears to be unfavorable by
.anology with the hydrazine molecule. The skew
configuration with the methyl group farthest from the
hydrogens of the amine group is called the “outer”.
Conversely, the other skew form is called the “inner”.
From a steric consideration, the “outer” form is more
stable and hence is predominant.

The angles of the molecule are assumed to be
tetrahedral by Aston (13). The bond distances are: N-N,
145 A; N-C, 147 A; N-H, 1.04 &; CH, 1.09 A. The
product of the principal moments of inertia is “1.803 x

1015 g cm? and the reduced moments are 4.32 x 107"

and 2.85 x 107*® g cm?, respectively, for the methyl and
amine groups. Janz (26) has depicted the three theoretical
configurations of MMH as:

"% F@f el

i

CH@

I. (Trans) 1. Outer Skew IH. Inner Skew

2.4.3 PHYSICAL PROPERTIES OF MMH
24.3.1 Vapor Pressure and Normal Boiling Point.

Precise vapor pressure measurements of liquid MMH
were made in 1951 by Aston (4) but only a few
determinations were made over a narrow temperature range
up to 25 C (77 F) where the vapor pressure is less than 1
psia. Aerojet (3) extended this temperature range to near
the normal boiling point. A few additional pressures were
also obtained by Aerojet at elevated temperatures.

The experimental data from both investigations are
plotted in Figures 2.4-1 and 2.4-1a. The dataare smoothly
joinied by the least-squares method and equation 2.4-1 was
found to best describe the data.

.1081 o P(mmHg) =7.11158 -ll_()%l
. 241)

152227.6
(LK)

. 1988.229
log; o P(psia)=5.39797 - Te

- 4932169
(TR

(2.4-1a)

The standard deviation calculated from equation 2.4-1 is
1.28 mm Hg and the average deviation is 0.40%.

From equation 2.4-1 a normal boiling point value of
360.80 K (87.65 C or 189.78 F) is obtained. Aerojet (3)
reports values of 89.5 C and 1925 F (which are not equal)
and Aston (4) is given as the reference. The Liquid
Propellant Manual (6) reports the same temperatures given
by Aerojet and also uses Aston as the reference. Aston,
however, does not report a boiling point and the vapor
pressure equation reported is only applicable for a range
between 12 and 50 mm Hg. Harshman (5) reports an
unreferenced value of 875 (189.5 F) which compares
favorably to the value selected here.

The Aerojet (3) study also included a few vapor pres-
sure readings above one atmosphere pressure. These points
are shown in Figures 2.4-2 and 24-2a. Equation 2.4-2 was

—
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derived from these points plus the critical point and by
forcing the curve through the normal boiling point in order
to provide continuity with the lower temperature range
data given in Figure 2.4-1.

log, o P(atm) = 4.5106- _115,50.]0(7

_ 982318
@.’k?

>

(242)

log; o P(psia)=5 .6778_24‘?9;113

_318290.6 (24-22)

(T, °R)?

24.32 Density of Liquid MMH

The density of saturated liquid MMH has been stud-
ied by Aerojet (1, 3), Metalectro (2), Rocketdyne (20) and
Ahlert (21). A temperature range from near the melting
point (-52.4 C) to 84 C was covered by these investigations.
In general, the agreement between the various studies is
only fair as shown in Figures 2.4-3 and 2.4-3a.

The Aerojet (1) study covered a temperature range
from-51 to +14 C (59.8 to +57.2 F) and a single pycno
meter corstructed from a capillary tube of known diameter
was used. The purity of the MMH sample was not given.
Two additional measurements at higher temperatures were
reported by Aerojet (3) in a separate study. There is some
question as to whether these ‘measurements were made at
the saturation pressure. The Metalectro study covered a
temperature 1ange from the melting point to 25 C. The
sample was reported to have a high purity but the exact
compositions were not given. A dilatometer calibrated with
methano] was used. ' ‘

The recent work reported by Rocketdyne (20) cover-
ed a wide temperature range from the melting point to 84
C. Propellant grade; MMH was used with the analysis show

ing 0.5 weight % water. A Poole-Nyberg densimeter was
used. The recent study of Ahlert and Shimalla (21) report-

ed in the open literature covered a temperature range from
30 to 70 C (86 to 158 F). A minimum purity of 99.5
weight % was reported. The data were obtained using
pycnometers calibrated with distilled water. It is not clear
how many pycnometers were used but the plural terminol-
ogy was used. The authors estimate the total error to be
one part in ten thousand.

The variation of density with temperature from-52
to +84°C was found to be well described by the linear

expression

p(g/cc)=1.15034-9.3949 x 107 (T,°K)  (2.4-3)

o (1b/ft%) = 71.8132-.032584 (T, °R) (2.4-33)
The standard deviation of the data calculated from the lin-
ear fit is 0.0026 g/cc and the average deviation is 0.27%
with the maximum of slightly over 0.4%.

The density of the saturated liquid has not been stud-
ied at elevated temperatures, but Aerojet (3) has reported
the densities at random pressures up to a temperature of
270 C. These densities were corrected to the saturation
pressure by estimating the isothermal compressibility from
the densities at two different pressures for the same temper-
ature and are shown in Figures 2.44 and 2.44a. The cri-
tical density value of 0.29 g/cc at 312 C given by Aerojet is
also shown in Figure 244 and the estimated saturated
densities were smoothly joined to the critical point. The
data shown in Figures 2.44 and 2.4-4a should be treated as
provisional work, but should be a good estimate for use in
many engineering applications.

Aerojet (3) also reported densities for the vapor at
various pressures. The attempt to correlate the data to
saturation pressures gave inconclusive results because of the
very high scatter.

2.4.3.3 Sonic Velocity in Liquid MMH

Rocketdyne (24) has recently measured the velocity
of sound in liquid propellant grade MMH over a temper-
ature range from-32 to 96 C (<26 to 204 F). The experi-
mental data are plotted in Figures 2.4-5 and 2.4-5a. The
variation of sonic velocity with temperature is adequately
described by the linear relationship

c(mfsec) = 2711.6-3.903(T,K) (24-4)

¢ (Ftfsec) = 8896.4=7.114(T,R)  (2.44a)

The standard deviation of the experimental from the
smoothed data is 4.1 m/sec and the average deviation is
0.2%. The apparatus and methods used by Rocketdyne are
briefly discussed in Section 2.6.3.3.

2434 Compressibility of Liquid MMH

The sonic velocity in liquid MMH has recently been
measured by Rocketdyne (24) and the data are given in
section 2.4.3.3 above. The adiabatic compressibility (B,)
can be determined using sonic velocity data and the acousti-
cal equation

2

ﬁa = —l—
k pc
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where

density
sonic velocity

nou

c

The compressibilities were computed at the experimental
temperatures for sonic velocity. The density for each
lemperature was obtained for equition 2.4-3. The calcu-

lated compressibility data is shown in Figures 2.46 and
2.46a.

The change in compressibility with temperature is
described by

fy @em™) = 3.0413x107-2.1258 x 1077 (T, °K)
+9.194x 107 (T, °K)? (245)

By (si™') = 2.0695 x 107-8.0361 x 107 (T, °R)
+1.9310x 107! (T, °R)? (2.4-52)

The standard deviation of the experimental data compared
to the least-squares curve fit is 6.76 x 107 atm”’ and the
average deviation is 0.83%.

Aerojet (3) has reported density values over a temper-
stwre range from 67.5 to 270°C {154 to 518°F). At each
selected ternperature the density was obtained for at least
two different pressures. The isothermal compressibility B;
is calculated from the relation:

= - _1 dv
¢ V[dP]

The calculated compressibilities are plotted in Figuces 2.4-7
and 2.4-Ta. The calculated values probably have large errors
since the absolute density change is quite small and any
small errors in density are magnified in computing the
isothermal compressibility. The derived data can best be
represented as a linear function of temperature by

b em™) = 2.133x107¢ (T, °K)-6.727x 107
' ' (24-6)

B (psi™') = 8063x107 (T, ‘R)-4.577x 1075
(2.4-62)

The above equations as well as the plotted data should be
considered as provisional data only.

2435 Viscosity of Liquid MMH

Experimental viscosities for liquid MMH have been
reported by both Metaleciro (2) and Aerojet (3). Metal-
ectro used carefully purified MMH and employed a Fenske
type viscorneter modified to prevent air contact. Readings

were taken over the temperature range from near the melt-
ing point to 25 C. Aerojet reports data from 20 to 80 C (68
to 176 F) using an Ostwald-Fenske viscometer. The purity
of the MMH used'by Aerojet was not described.

The experimental data is plotted in Figures 2.4-8 and
2.4-8a. The experimental data from the two separate stud-
ies can be smoothly joined. At 25 C where the range of two
studies overlap the agreement is good. Using the
least-squares method. various equations were used to
smoothly represent the data. It was found that a cubic
equation was required to pass through the points at the
extremities of the temperature scale.

log i (centipoise) =~7.9944 61f;3.96

(T.°K)
_L7458x 10% , 1.8509 x 10*
@K (1K (247)
log n (b /ftsec)  =~11.167 , 11023.1
(T,°R)
_5.6565 x 10° . 1.0794 x 10°
(T, °R)? (T,°R)? (2.4-72)

The standard deviation of the experimental data as deter-
mined from equation 2.4-7 was 0.22 centipoise with the
average deviation being 1.84%.

2.4.3.6 Surface Tension and Parachor of MMH

The surface tension of liquid MMH has been meas-
ured by Aerojet (3) over a temperature range from-40 to
60 C (-40 to 140 F). A capillary rise method was used but
the experimental technique and sample purity were not

given. The experimental data are plotted in Figures 2.4-9
and 2.4-9a.

The change in surface tension with temperature is
linear and is expressed by

v (dynes/cm) = 63.480-~.09944 (T, °K) (2.48)

y(bgfft) = 43450x 10°-3.7856 x 10 (T, R)

(2.482)

The standard deviation obtained from equation 2.4-8 is

0.16 dynes/cm and the average deviation was calculated to
be 0.27%.

The parachor at 25 'C was found to be 127.7 from the
relation:
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b
p=M
P1-Ay
P = parachor
M = molecular weight (46.075)
= surface tension (33.83)

¥
py = density of liquid (0.8702 g/cc)
p, = density of vapor (0.016 g/cc. ideal gas)

Using the atomic parachors given by Daniel (17), 2 value of
132.4 is obtained.

24.3.7 Thermal Conductivity of Liquid MMH

The thermal conductivity of liquid MMH was recently
studied by Rocketdyne (19) and appears to be the only
data available for this property. A total of 24 determina-
tions were made over a temperature range from-17 to 152
C (1.4 to 306 F). Propellant grade MMH was used which
had a purity of 99.2% by weight, the main impurity being
0.7% water. This composition is well within the limits of
MIL-P-27404.

The conductivity apparatus consisted of two con-
centric aluminum alloy cylinders. The test fluid was con-
tained in a thin annular passage between the two cylinders.
The ends of the annulus were sealed with two Teflon
O-rings to minimize heat conduction and to hold the cyl-
inders concentric. Six pairs of copper-constantin thermo-
. couples were embedded at various locations in both cyl-
inders. Two thermal barriers made of teflon were fitted
over the ends of the cylinders, and the cell was held togeth-
er by two stainless steel end plates which fit over the
thermal barriers. An electrical resistance heater in the inner
cylinder supplied the heat energy for the temperature
gradients across the sample liquid.

The experimental data are plotted in Figures 2.4-10
and 2.4-10a. The data show a somewhat large degree of
scatter which is not unusual for this inherently difficult to
measure property. The quadratic equation chosen to repre-
sent the data has an average deviation of 1.51%. The max-
imum deviation is 4.0%

K (cal/cm-sec/°K)=3.4025 x 107 +2.200 x 1078

(T, °’K)-4.545 x 10 (T, °K)? (2.49)
K (BTU/ft-sec-R) = 2.2848 x 10™* +8.207 x 10”3
(T,°R)-9.419x 107! (T, °R)? (2.49a)

The standard deviation of the experimental data from the

smoothed data obtained from equation 2.49is 1.13 x 10°°
cal/em-sec-K.

2.1.3.8 Dielectric Constant

The dielectric constant has been reported by Olin :_ -
Mathieson (25) to be 19.2 at 15.6 C and 17.3at322C. A
value of 19.0 at 25.0 C has been given by Aerojet (29). The
single-point determination by Aerojet was made on pro-
pellant grade MMH using a Sargent Oscillometer. The data
from the two sources would appear to be in slight dis-
agreement. Additional measurements over a larger temper-
ature range are required to adequately define this property.

244 CHEMICAL PROPERTIES OF MMH

244.1 Chemical Reactions

Methylhydrazine is considered to be iess reactive than
hydrazine but it readily undergoes reactions with a variety
of both organic and inorganic compounds. Like hydrazine,
MMH is a strong reducing agent, weakly alkaline and very
hygroscopic. It reacts with carbon dioxide and oxygen in
air.

Rocketdyne (27) has given the following chemical re-
actjons as typical examples:

CH,;NHNH, + RX—~CH,HNRNH, X

CH;NHNH, + HNO,=~CH;HNNHONO-~CH,;NH,
CH; NHNH, + CO,~~CH;HNNHCOOH
CH,NHNH, + RCOR—CH,HNNCRR!
CH;NHNH, + RCOOR'~CH,HNNHCOR!
CH;NHNH, + CS,—CH,HNNHCSSH

" CH;NHNH; + (RO), PCl~(R0), PNHNHCH;3

CH3NHNH, + HCOOH-~CH; NHNHCHO
CH3NI‘INH2 + }IN03-'CH3H2 NNH20N02

24.4.2 Inert Gas Solubility in Liquid MMH

The solubility of gaseous helium, nitrogen and argon
in liquid MMH has been studied by Chang (22). The MMH
(solvent) was weighed and placed in a container with a glass
enclosed magnetic bar for stirring. The volume of the
solvent was determined from the measured weight and
known density. The pressures were measured with a mono-
meter equipped with a microslide cathetometer. The
apparatus had three calibrated volumes for the measure-
ments of the admitted gases.

Solubility measurements for each of the three gases
were taken at three separate temperatures. At each temper-
ature, data was obtained at two different gas pressures. -
Chang reports that the three different dissolved gases obey
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ed Henry's law (that the solubility is proportional to the
partial pressure of the gas).

The amount of dissolved gas can be determined from
the relationship '

X=KP

where

X = mole fraction dissolved gas
P = partial pressure of the gus (atmospheres)
K = equilibrium constant

The values of K as reported by Chang are plotted in Figures
24-11 and 2.4-11a. To determine the amount of dissolved
gas in a pressurized tank. the vapor pressure of the MMH
should be subtracted from the measured total pressure.

24.5 THERMODYNAMIC PROPERTIES
OF MMH

2451 Heat of Formation

The heat of formation of the liquid at 298 K was
determined 1o be 13.106 kcal/mole.

The heat of formation of liquid MMH was calculated
from its heat of combustion. Aston (13) gives the heat of
combustion at constant volume for 30 C as-311.711
kcal/mole. The heat of combustion at constant pressure was
culculated by using the following equation:

AH = AE + AnRT
where

AH = the heat of combustion at constant pressure

AR = the hest of combustion at constant volume

An = the difference in the number of moles of gas
between the reactants and products.

For the combustion of MMH at 30 C

[CH3N,H; (£30°C) + 5/2 0, (830°C)~CO,
(8.30°C) + N, (2:30°C) + 3H,0 (£,30°C)]

An = =1f2and

OH3p°c = 311711 +(-1/2) (1.98717x 107%)
(273.15 + 30) :
~312.01222 kealfmole

Converting tempceratures to K. the heat of combustion at
298 K may be determined in the following manner: (4, 11,
12)

*AH (keal)
CH3N,H; (2,303) + 5/20, (g.303)~

€O, (g.303) + N, (g.303)

+ 3H,0¢,303) -312.0122
CO; (g, 303)—=CO; (g, 295) -0.04484
N; (g, 303) =N, (g, 298) -0.03486
3H,0(g,303)—=3 H,0 (£, 298) 3(-0.08991)
CH;3;N,H; (€, 298) = CH;3N,H; (£,303)  0.16134
520, (g,298)5/2 0, (g, 303) 5/2(0.03518)
CH;3N,H; (£,298) + 5/2 0. (g, 298)—

COZ (g' 298) + N2 (gs 29%)

+ 3(H,0(Q,298) ~312.1123

Combining this heat of combustion with the heats of
formation of gaseous carbon dioxide and liquid water yields
the heat of formation of MMH. (11, 12)

AH (keal)

CO, (g,298) + Ny (g, 298)

+ 3H,0(2, 298)—~

CH3N,H; (2,298) +5/20, (g,298)  312.1123
C (s, 298) + O, (g, 298)~C0, (5,298)  -94.054
3 H, (g, 298) +3/2 0; (g, 298) -+

3 H,0 (£, 298) 3(-58.3174)
C(s,298) + 3 H, (g, 298) + N, (g,298)~

CH;N,H; (8, 298) 13.106

2.4.52 Melting Point and Heat of Fusion

The melting point and heat of fusion at the melting
point have been determined by Aston (4). The equilibrium
temperatures of solid and liquid MMH were observed with
increasing fractions of the sample melted. The
solid-insoluble impurity was determined to be 0.25 mole %.
The melting point of the pure compound after corrections
for the impurity was found to be 220.7¢ K with the ice
point taken to be 273.16 K The precision of the value may
warrant the correction to the presently accepted ice point,
and the corrected value is 220.78 K(-52.37 C or-62.27 F).

Two measurements were obtained for the heat of
fusion. Corrections for premelting and heating of the solid
and liquid were made based on the heat capacity data taken
previously. The reported average value was 2.4905 + 0.0003
kcal/mole (97.231 BTU/Ib).
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2453 Critical State Constants

The critical temperature and pressure of MMH have
been experimentally determined by Aerojet (3). A heavy
walled calibrated capillary tube, to which pressure could be

applied hydraulically using mercury, was used. It was found

during the initial measurements that non-condensible gases
were formed and erroneous and non-reproducible values of
temperature and pressnre were obtained.

The method was modified slightly and the MMH

sample was maintained at 310 C (590 F).-Pressure was
applied to maintain a liquid state. When temperature
equilibrium was assured, the temperature was raised rapidly
and the pressure adjusted to maintain both the liquid and
vapor phase. The temperature and pressure at which the
liquid-vapor boundary could no longer be maintained was
recorded.

The reported values were 312 C (594 F) and 81.3
atmospheres (1195 psia). The critical density was estimated
by Aerojet (3) to be 0.29 gfce from a constructed phase
diagram. Aston (4) estimated the critical temperature to be
257°C and the pressure to be 75 atmospheres.

The values obtained by Aerojet (3) are accepted but
only as reasonably good estimates due to the experimental
difficulties encountered from decomposition.

24.54 Heat Capacity of Liquid MMH

The heat capacity of liquid MMH has been studied by
Aston (4) from near the melting point to 17 C (63 F). The
values reported by Aston are smoothed values and neither
the experimental data nor the equation used to smooth the
data were given. The MMH sample had only 0.25 mole %
impurities and the data had a reported precision of £0.2%.

Recently, Rocketdyne (19) experimentally deter-
mined the heat capacity up to 124 C (255 F). The MMH
sample used had a purity of 99.6 by weight %. The accu-
racy of data was given as £3.0% with the precision being
much better.

The smoothed data of Aston as well as the Rocket-
dyne experimental data are plotted in Figures 2.4-12 and
2.4-12a. The Rocketdyne data appear to have a large degree
of scatter because of the expanded scale used; the percent
spread is actually small. The combined heat capacities are
expressed as a function of temperature by equation 2.4-10.
The standard deviation is 3.63 x 10°° cal/gK.

Cp(cal/g ~°K) = 0.6528 -1.7284x 107° (T, °K)

+ 3.9142x 1077 (T, °K)? (24-10)

Cp (Btu/lb-"R) = 0.6534—1.2801 x 107° (T.°R)
+ 1.8487 x 1077 (T, °R)* (2.4-100)

The heat capacity of liquid MMH is well defined from
its melting point to 124 C. Extrapolation to temperatures
much above this temperature is not recommended.

2.4.5.5 Latent Heat of Vaporization and Trouton
Constant

" Aston (4) measured the heat of vaporization of MMH
at 298 K and an average of five determinations was report-
ed to be 9.648 kcal/mole. Using the Clapeyron relation und
the vapor pressure equation, a value of 9.726 kcal/mole is
calculated here. No corrections were made for gas non-
-ideality. This is in good agreement with the precise meas-
ured value and is an indication of the thermodynamic valid-
ity of equation 2.4-1. At the normal boiling point (360.8
K), the calculated heat of vaporization is 8.894 kcal/mole
and the Trouton constant is 24.6. Aerojet (3) estimated the
heat of vaporization from a constructed enthalpy diagram
to be 8.601 kcal/mole at the normal boiling point. For
vapor pressure data. refer to Section 2.4.3.1.

24.6 LOGISTICS OF MMH

2.4.6.1 Manufacture

Methylhydrazine is manufactured by the Olin Math-
ieson Chemical Corporation using a modified Raschig pro-
cess. Sodium hypochlorite (NaOCl) is combired with a
slight excess of ammonium hydroxide (NH,OH) to ini-
tially form chloramine (NH,CI)

NaOCl + NH40H"NH2C1 + NaOH + H20

The chloramine (NH,CI) is then reacted with anhydrous
methylamine (CH;NH,) to form the MMH (CH3N, Hs).

NH, Cl + NaOH + CH;NH,~CH;N,H; + NaCl + H,0

The effluents from the reactor contain a very dilute
aqueous solution of MMH. The impurities (NH;, CH; NH.
and N;) are removed in a recovery column, Additional
impurities in the recovery columns are NaCl and H,0. The
NaCl is crystallized in an evaporator and removed by cen-
trifuge. The remaining aqueous MMH is distilled in a
three-column distillation system to obtain anhydrous MMH.

24.6.2 Analysis

The following volumetric analysis method is quoted
directly from the Olin Mathieson product data sheet:

This is a volumetric procedure utilizing a
potentiometric end point with the classical
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iodate reaction for hydrazine and related pro-
ducts. The analysis is based on the following
reaction:

CH;N,H; + K105 + 2HCl -
KCl+ICI+CH,0H+ 2H,0+ N,
Reagents

Hydrochloric Acid - 12N

Potassium iodate solution - N/10- Standurdized
according to Method of Bradstreet *‘Standardization
of Volumetric Solutions™, p. 69.

Dry Ice

Acetone

Distilled Water

Calculation

ml KIO; x N x 38.3950
wt. of sample

7% MMH =

The procedure is then as follows:

Transfer two ml of MMH into a tared weighing bottle con-
taining 15 ml, of distilled water. Replace the stopper and
swirl gently to mix: allow to reach room temperature.
Reweigh the bottle and determine sample weight by differ-
ence. Carefully transfer the contents to a 250 ml volumetric
flask. rinsing the bottle into the flask several times with
distilled water. Dilute to volume with distilled water, stop-
per and mix thoroughly by inverting the flask six or seven
times. All precautions to prevent atmospheric contam-
ination should be taken.) Transfer a 5.0 ml aliquot into a
400 ml beaker containing 15 ml of distilled water and 60
ml of concentrated HCL. (Acidity should be not less than
6N at the titration end point). Place the beaker in a dry
ice-acetone bath atop a magnetic stirrer and place so that
the electrodes will be well immersed in the solution and not
be damaged by the rotating magnetic rod. Agitation should
be sufficient for uniform mixing of titrant. Reduce the
temperature of the solution to 10 C by adding small pieces
of dry ice to the acetone bath. Carry out the titration with
N/I10KI0; as rapidly as possible while maintaining the
temperature below 0 C. As the end point is approached,
maintain the solution temperature as constant at -10 C as
possible. The end point is taken at the greatest emf deflect-
ion for the smallest volume of titrant added.”

In all probability, the best method to determine
water content is by gas chromatography. It is anticipated
by Forbes (28) that this method would be included in any
future revisions of the governing specification (MIL
P-27404)

The density at 25 C (77 F) must be 0.872 = 0.002
gfcc according to the specification. This criterion seems

quite stringent and the minimum allowable density of
0.870 g/cc is almost exactly equal to the density value of
08702 gfcc reported in the physical property section of
this handbook.

The melting point must be -67.9 F (391.8 R) or less.
This requirement is questionable since the melting point of
the pure substance is -62.3 F (3974 R) (see Section
2432).

The transmittancy of light must be 90% that of dis-
tilled water when measured with a colorimeter.

NOTE: MIL-P-27404 dated April 1962 has been super-
ceded by revision A dated May 1969. This revision calls
out the use of gas chromatogrophy for analysis. The den-
sity, melting point and light transmittacy requirements have
been deleted.

2.4.6.3 Cost and Availability

The principal supplier of methylhydrazine is the Olin
Mathieson Chemical Corporation. The production plaat is
located at Lake Charles, Louisiana. The raw materials for
the manufacture of MMH are readily available and the avail-
ability of MMH therefore depends upon the manufacturing
capabilities. To date, MMH has not been produced on a
large scale.

At the present time the cost of MMH is $3.20 per
pound in 55 gallon drums F.0.B. Lake Charles, La. I{ large ~
quantities were being produced. the price could be reduced
to close to $1.00 per pound. The following table depicts
the cost of MMH in other sizes of containers:

CONTAINER COST
1-1b  Bottle $10.00/1b
4-b Bottle 6.25/lb
30-gal (2151b)S.S. drum 3.50/Ib plus $80.00
. deposit per drum.
55-gl (3751b)S.S. drum 3.20/Ib plus $100.00
deposit per drum.

2464 Shipping and Transportation

For complete and detailed laws concerning the ship-
ment of monomethylhydrazine the Code of Federal Regula-
tions, Title 49, parts 71 to 90 should be consulted. Mono-
methylhydrazine .is classified as a flammable liquid by the
ICC and containers must be marked with a red label
“Flammable Liquids”. Containers are covered by the
following ICC specifications:

(1) ICC-ID: boxed glass carboys
(2) ICC-15A, 15B and 15C: Wouden boxes, with
inside containers of glass bottles not exceeding
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1 gallon each. The glass should be packed with
verimiculite and tightly closed with tin cans.
Containers made of aluminum not less than
0.04 inch thick whose capacity may not exceed
two quarts.

(3) LCC-5. 5A, SC and !7E: Metal drums con-
structed of 304 or 347 stainless steel with open-
ings not exceeding 2.3 inches ir diameter.

(4) 1CC 103-W: Tank cars constructed of 304 or
347 stainless steel with molybdenum content
not to exceed 0.5%. Vapor space in tank must
be filled with nitrogen gas at atmospheric pres-
sure.

(5) ICC 103A-AlW: Tank cars (aluminum) vapor
space to be padded with nitrogen gas at
atmospheric pressure.
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2.5.1 PROPERTY SUMMARY SHEET

Chemical Name: |, | Dimethylhydrazine
Chemical Formula: (CH;); N, H,

Common Name: UDMH

Formula Weight: 60,102 (0! ¢)

PROPERTY VALUE UNITS TEMP (°K) REFERENCE FIGURE
MELTING POINT 21594 °k 7
—57.21 :c
388.70 R
—70.94 °e
HEAT OF FUSION 2.4074 keal/mole 215.94 7
72.099 BTU/Ib
NORMAL BOILING POINT 335.47 °Kk
- 62.32 :c
603.84 °R
14418 F
HEAT OF VAPORIZATION 7.797 keal/mole NBP cale.
23351 BTU/Ib (215.94)
TROUTON CONSTANT 232 . NBP
CRITICAL STATE CONSTANTS .
Temperature 523 °K
250 .c
941 R
482 °F
Pressure 59 atms
867 psia
Density 275 glce
17.16 b/t
VAPOR PRESSURE OF LIQUID 167.1 mm Hg 298 2,37 25-1
3.23 psia 252
DENSITY OF LIQUID 7861 glcc 208 1,2.5,6 253
49.073 Ib/f® 254
SONIC VELOCITY 1247 misec 208 35 255
4091 ft/sec
COMPRESSIBILITY OF LIQUID
ADIABATIC 823x10° am ! 298 35 256
5.60%10°° psi?
ISOTHERMAL 2.049 x 107 atm | 3713 2 257
1394 x 10° ps
VISCOSITY OF LIQUID 492 centipoise 298 1,2 258
3309x 107 Ipmiftsec
HEAT CAPACITY OF LIQUID 704 callg K 298 7,8,9 2512
704 BTU/Ib-"R
THERMAL CONDUCTIVITY OF
LiQuUID 376x10° callemesec-K 298 9 2510
227x10° BTU/ftsec- R
SURFACE TENSION 24.09 dynes/cm 298 2 259
1650 x 10> Ibg/ft .
PARACHOR 7 . 298 calc.
ENTROPY 7283 callmole;K 298 7
1.212 BTU/b-"R
HEAT OF FORMATION 12.339 keal/mole 298 4,11
369.54 BTU/Ib
HEAT OF COMBUSTION 437.7 keal/mole 298 4,1
13108.7 BTU/Ib
INDEX OF REFRACTION 1.4083 . 298 3,36
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2.5.2 GENERAL
2.5.2.1 Introduction

Unsymmetrical dimethylhydrazine (1, 1 dimethyl-
hydrazine) is a clear, colorless hygroscopic liquid at
normal room temperature and has a distinctively ammo-
niacal odor. As a rocket engine fuel, UDMH is not quite as
energetic as hydrazine, but still must be considered a high
energy fuel. lts relatively low freezing point (-71 F) makes
it an excellent candidate as a space storable fuel.

UDMH is completely miscible with water, enthanol
and various amine fuels including hydrazine. It is not sensi-
tive to shock and is thermally stable. UDMH is compatible
with most metals and can be stored for extended periods of
time.

To date, UDMH is one of the leading rocket fuels in
terms of annual use. As a neat propellant it has had unquali-
fied success as the fuel for the Agena engine. It has also

been used extensively in equal weight proportions with

hydrazine in the Titan and Apollo spacecraft engines.

The physical properties of UDMH are generally weil
defined, although in some cases not at elevated tempera-
tures.

2.5.2.2 Structure of UDMH (1,1 Dimethylhydrazine)

The rotation of the NH, group about the single N-N
bond in 1, 1 dimethylhydrazine would permit trans and
gauche configurations. Aston (7) has studied the configura-
tion using Raman spectrum data to compare with calcu-
lated entropy data. The entropy was calculated for both
forms assuming all angles tetrahedral and the following
bond distances: N-N, 145, &; CN, 147 A;CH, 1.09 &;
N-H, 1.04 A. An angle of 110 degrees was assumed for both
the C-N-Cand C-N-N bond.

The calculated principal moment of interia for the
trans was 1.519 x 107'% gcm? and 1.495x 107114 gem?
for the gauche. For the trans form, the reduced moment for
each of the methyl groups is 5,03 x 10*® g cm? and the
amino group is 3.04 x 10°*? g cm?. The gauche form gives

"502 x 1079 g cm? for the methyl groups and 3.03 x 10°74°

for the amino group.

From the assumed internal rotation of ihe methyl
groups the calculated entropies when compared to the
Raman spectrum indicated that the gauche form was the
most likely. A calculated entropy based on 75% trans and
25% gauche also gave entropies in agreement with the ex-
perimental spectrum data but Aston concluded this con-
figuration to be highly unlikely. The trans form in hydra-
zine, methylhydrazine and sym-dimethylhydrazine has a

higher energy than the gauche or skew form and therefore
exists in negligible quantitics.

25.23 Specification and Purity

Procurement and analysis of propellant grade UDMH
is controfled by Military Specification MIL-P-25604-C
dated May, 1963, including attachment S/N 9135-687-4293
dated June, 1967. The specification requires a purity of at
least 98.0% UDMH and a density range from 0.783 to
0.786 gfcc. at 25 C (77 F). The water content must be no
greater than 0.3% by weight. The remainder of the allow-
able impurities are assumed to be amines.

2.5.3 PHYSICAL PROPERTIES

2.53.1 Vapor Pressure, and Nommal Boiling Point of
UDMH

The vapor pressure of UDMH has not been extensive-
ly studied. Aston (7) and Chang (3) have both reported
data over a limited range at lower temperatures. Barger (2)
reported data for two separate ranges, one from 25 C (77
F) to near the normal boiling point and a second series

* fiom 130 C (265 F) to the critical point.

The low temperature data of the three separate inves-
tigations are shown in Figures 2.5-1 and 2.5-1a. Where the
data reported by Chang (3) and Barger (2) overlap. there is
good agreement. The work of Chang was reported with
some reservations because the manometer used allowed
contact of the mercury with the UDMH vapors and it was
speculated by the author that this could possibly have
caused catalytic decomposition. ™

For this study, the combined data of the three inves-
tigations are used to describe the vapor pressure of UDMH
from -35 C (-31 F) to the normal boiling point. The varia-
tion of pressure with temperature can be defined by

875.89 140001.0
! mHg) = 6.73578 = —— = —5—
og P(mmte) T,’K (T.°K} (251)
1576.61 4536026
i3) =5.0218 - 55— -5
log Plpsiz) = 3.02218 - 7=~ —ropye (2.5-1a)
The standard deviation of the experimental data from the
smoothed data obtained from equation 2.5-1 is 4.54 mm
ig while the average deviation is 5.4 %.

The normal boiling point obtained from equation
2.5-1 i 335.47 K (62.32 C or 144.17 F) which is somewhat
less than the generally accepted value of 63 C reported by
Washburn (10) in the International Critical Tables.
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The vapor pressure data from Barger (2) at elevated
pressures are shown in Figures 2.5-2 and 2.5-2a. The vapor
pressurc from the normal boiling point to the critical tem-
perature is expressed by:

1659.84
] tm) = 4.9439 - 252
og P(atm) 39 T.°K (2.5-2)
2987.71
log P(psia) = 6.1111— W (2.5-2a)

The above equations were obtained using the experimental
data of Barger (2) and foreing the curve to go through the
normul boiling point obtained from equation 2.5-1.

2.5.3.2  Density of Liquid UDMH

The density of saturated liquid UDMH has been meas-
ured by Horvitz (1), Barger (2). Aercjet General (5) and
Bell Aerosystems (6). The four separate investigations
covered a temperature range from -61 to 60 C (<77 to 140
F). The single-point determination by Acrojet (5) at-60.7 C
is below the melting point. indicating the liquid was super-
cooled.

The results of these four separate studies are in essen-

tial agreement although the data reported by Barger (2) are B

generally higher. The experimental data points are shown in
Figures 2.5-3 and 2.5-3a. Using the least-squares method,
the combined density data of Horvitz (1), Aerojet (5) and
Bell (6) are nearly a linear function of temperature. The
second-order equations given below afford a slightly better
fit:

. plgfee) = 1.06041-7.7507 x 10°* (T, °K)

~4.8648 x 1077 (T, °K)? ' (2.5-3)

p(Ib/ft?) = 66.1991- 2.6881 x 10°7% (T, °R)
-93735x 107 (T, °R)? : (2.5-3)

!
l'
A"'Itemately. the linear expressions are
i
R‘(glcc) =1.09450-1.0343 x 10 (T, °K) (2.54)
p(Ib/it’) = 68.3277-3.5874 x 10°2 (T. °R) (2.542)
',"With the exception of the data given by Bell (6) which is
rpublished here for the first time, the cxperimental details
-are sketchy. Bell employed two orthobaric pycnometers
"' which had a precision bored capillary section. The pycno-
- meters were calibrated with mercury and cach one was

- vacuum loaded with approximately five grams of propellant
" grade UDMH. The sample mass was determined from the

difference of weight betwcen the empty and charged

- water constant temperature bath was used. Below the freez-
ing point of water, an acetoneliquid nitrogen bath was
employed. At each temperature, five readings were taken
on each pycnometer so that the data were an average of 10
separate readings. The meniscus and reference level were
measured with a cathetometer and temperatures were re-
corded using a mercury in glass thermometer immersed in

the bath. The thermometer had a readout precision of £0.1
C.

The propellant grade UDMH unalysis showed the
sample purity to be 98.33% by weight. The main impurity
was dimethylamine with 0.2% water and a trace of am-
monia. ' )

The density of UDMH at elevated temperatures has
been reported by Barger (2). The measurements were made
at various pressures. In order to show the density at satura-
ted conditions. only those points were used where the pres-
sure was closc to the liquid vapor pressure. These points are
shown in Figures 2.54 and 2.54a. Three additional points
are shown as dashed circles. These points were originally
reported at pressures 12 to 18 aumospheres above the
saturation pressure. The points as shown were correcled
using the compressibility data given in Section 2.5.3.4.
Barger (2) also reported a number of vapor density deter-
minations at various pressures. Three of these determina-
tions were made at pressures close enough to the vapor
pressure to be considered saturated vapor densities. The
critical density shown in Figures 2.54 and 2.5 is also
taken from Barger. The curve, drawn through all the data
shown. should be a good approximation of the saturated
liquid and vapor densities at clevated temperatures.

The density of liquid UDMH is well defined from its
melting point to 60 C (140 F) and is defined for most
engineering applications up to the critical point.

2533 Sonic Velocity in Liquid UDMH

Rocketdyne (35) has recently measured the velocity
of sound in liquid propellant grade UDMH over 1 temper-
ature range from=32 to 96 C (<26 to 204 [). The experi-
mental data are plotted in Figures 2.5-5 and 2.5-5a. The
variation of sonic velocity with temperature is adequately
described by the fincar relationship:

c(mfsec) =2382.1-14781(T,°K) (2.5-5)
o(ft/sec) =84714-8.1622(T. R) (2.5-5)
The standard deviation of the experimental from the
smoothed data is 3.0 mfsec and the average deviation is

0.23%.

The apparatus and methods used by Rockeidyne are
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2534 Compressibility of Liquid UDMH

The sonic velocity in liquid UDMH has been meas-
ured by Rocketdyne (35). Adiabatic compressibility is
related to the sonic velocity by the accoustical equation.

|
8,= 2
P
where
p = density
¢ = sonic velocity

The compressibilities were computed at the experi-
mental points for sonic velocity. The computed values are
shown in Figures 2.56 and 2.5-6a. The data are adequately
expressed by

B(atm’™*) = 39348 x 10°*-2.8074 x 10°° (T, °K)
+5.9151 x 10° (T, °K)? (2.5-6)

ﬁa(psi'l) = 26775x 10°-1.0613x 107" (T, °K)

+1.2423 x 107 (T, °K)? (2.56a)

The standard deviation from equation 2.5-6 is 2.0 x 107

can be calculated from change in density at different pres-
sures from the relation:

P -p2
(P, -Py) 0,

This method is subject to errors because of the small
differences in liquid densities. The calculated isothermal
compressibilities are shown in Table 2.5-1 and Figures 2.5-7
and 2.5-7a. Only four data points were available and, there-
fore, a least-squares curve fit was not warranted.

ﬂi(PSi-l ) =

The isothermal compressibility data should be con-
sidered as provisional data and only used for preliminary .
design work. Extrapolation to lower temperatures is not
advisable.

2.5.3.5 Viscosity of Liquid UDMH

The absolute viscosity of liquid UDMH has been
studied by Horvitz (1) and Barger (2). Horvitz covered a
smperature range from -55 to 25 C (67 to 77 F). Barger
extended this temperature range to 60 C and the data from
the two studies can be smoothly joined.

The experimental data are shown in Figures 2.5-8 and
2.5-8a. Combining the data of the two studies, the viscosity
as a function of temperature is adequately described by:

623.532 + 181151.8

atm ' and the average deviation is 1.1%. u{centipoise) =-0.25411- T, oK (T, °K)? (25-7)
Barger (2) has obtained some density values above 112236 586932
210 F at different pressures. The isothermal compressibility ullbyfft-sec) = 3.4268 ~ T.°R * (T, °RY? (2.57a)
TABLE 2.5-1 ISOTHERMAL COMPRESSIBILITYIOF LIQUID UDMH
DENSITY (g/cc) PRESSURE (psia)
TEMP. - B
CR) p1 P2 Ap P, P, . AP {psi”!} x 10°
671.67 0.7217 0.710 0.007 1015 315 700 1.394
725.67 0.681 0.672 0.009 1015 315 700 1.888
779.67 0.642 0.631 0.011 1015 365 650 2.636
83367 | 0.599 0.582 0.017 1015 368 647 4.387
TEMP. ,- B
°K) (atm ') x 10°
373.15 2.049
403.15 2.776
43315 3874
463.15 6.447
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Figure 2.5-7. Isothermal Compressibility versus Temperature, Liquid UDMH
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The viscosity at room temperature (77 F) is 3309 x 107
b, /ft-sec or at 25 C, 0.4925 centipoisc. The standard devi-
ation of the experimental data from the smoothed values of
equation 2.5-7 is 0.055 centipoise and the average percent
deviation is 1.6%. Additional experimental work is required
to define the viscosity at higher temperatures.

2536 Surface Tension and Parachor of Liquid UDMH

The only experimental surface tension data for liquid
UDMH uppears to be in the work of Barger (2). A capil-
lary-risc method was used but details were not given. The
temperature range from -54 to 50 C (65 to 121 F) was
covered. The experimental data are shown in Figures 2.5-9
and 2.59.

‘The variation of surface tension with temperature is
nearly linear for the temperature range covered and equa-
tion 2.3-8 adequately describes this variation.

y(dyncs/cm) = 56.705 —0.1094 (T, °K) (2.5-8)

Yb/f1) = 38855 x 107 -1.1640x 107 (T,°R)  (2.5-82)

A parachor value of 171.3 at 298.15 K was deter-
mined from the relation:
1/4
p= My ’
pl 'pv

where

P = parachor

M = molecular weight (60.102)

¥ = surface tension (24.087 dyncs/cm)
p = 07861 glee

p, = 0.0089 g/cc (ideal gas)

From the atomic parachors given by Daniels (34) (C=4.8.

H=17.1. N=11.5), a valuc of 171.4 is obtained without con-

sidering bonding cnergics.
2.53.7 Thermal Conductivity of Liquid UDMH

The only thermal conductivity data on liquicf UDMH
appears to be the study recently made by Rocketdyne (9).
Conductivity measurements werc made over a temperaturc
range from 0 to 251 F (-18 to 122C).

The conductivity apparatus consisted of two concen-
tric aluminum alloy cylinders. The test fluid was contained
in a thin annular passagc between the two cylinders. The
¢nds of the annulars were sealed with Teflon O-rings to
minimize heat conduction and to hold the cylinders con-
centric. Six pairs of copper-constantin thermocouples were
embeddced at various locations in both cylinders. An electri-
cal resjstance heater in the inner cylinder supplicd the heat

energy for the tcmpt—:ﬁturc gradient across the sample
liquid.

The experimental data are plotted in Figures 2.5-10
and 2.5-10a. Two or more readings were taken at cach-of
the six temperatures studied. The data scatter is somewhat
severe, which is not unusual for this property which is
inherently difficult 10 measure.

Using the lcast-squares method. the data as a lincar
{ungtion of temperature arc expressed by:

K{cal/em-sec-"K) = 6.7975 x 10* =£.0187 x 10 (T. °K)
(2.5:9)

K(BTU/ft-sec-"R) = 45648 x 1077 =3.8007 x 107%(T."R)
(2.53-9a)

The average deviation of the data was calculated to bhe
1.6%. The sample purity was given as 99.8% by weight.

2.5.3.9 Indcx of Refraction

The refractive index of hydrazine-UDMH mixtures
has been reported by bath Chang (3) and Pannetier (36).
The experimental data were obtained at the sodium-D
wavelength and only at the single temperature of 25 C (77
F). Chang rcports a value for pure UDMH of 1.40351. while
Pannetier gives 14035, The average index is then 1.4053.
Additional studics are required to define this property asa
function of temperature.

2.5.4 CHEMICAL FROPERTIES
2.54.1 Chemical Reactions.

UDMH -is somewhat unique in that it is completely
miscible in both polar and nonpolar solvents. It can gener-
ally be chassified as a weak organic base and a strong reduc-

tant having antioxidant-properties.

FMC (28) sugoests many possible uses for UDMH and
gives several chemical reactions. Some of the chemical reac-
tions which are significant to propellant fuel applications
are listed.

Salt Formation

Acids form two series of salts with UDMH in the
general reaction:

(Cllg)l Nsz +HX = ((‘Hq )z NzH:H)\
(CHy )2 NyH; +HX = (CHy); NaHa2HX

Salts formed from hydrochloric. sulfuric. niiric. phos-
phoric. oxalic and picric acid have been syritliesived.

[ S
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Hydrazine Formation

Aldehydes and ketones react with. UDMH to form
dimethylhydrazones:

(CH3)> N;H, + RCHO == (CHj): Na = CHR

(CH3); N;H, + RRCO i~ (CH;); N; = CRR’

«oab
.

Reduction of dimethylhydrazones may form trisubstituted:
hydrazines: ’

(CH3):N,H, = CHR = (CH; ) NNHCH,R

Carbon Dioxide Reaction

CO, reacts with UDMH to form dimethylcarbozate: * ¥

(CH;) NyH, +CO, - (CH;); NNHCOOH

and further reaction leads to the formation of a salt com-
plex:

(CH: )1 1 2H2 +(CH3)1 NNHCOOH
~ [[(CH;), NNHCOO] ~(CH; ), NNH, ¥

Boron Compound Reactions

With some: Boron compounds UDMH forms well
defined compounds:

(CHz)a NaH: #BF3; — (CHs); N2H,'BF;

(CH:,); N.H, + Et;B —'(CH;;); Nsz'Et3 B

Oxidation of UDMH

Gray (31) has investigated the oxidation of UDMH
vapors and has defined four distinct regimes depending on
mixture, pressure and temperature; slow reaction, chem-
iluminescent oxidation, weak ignition and strong explosion.

The complete oxidation is very exothermic:

(CHs): Ny H, +40, —=2C0, +4H,0+N,
(+472.6 keal/mole)

At 514 C, strong explosions occurred for mixtures of 20 te
40% UDMH. The minimum total pressure for a strong ex-
plosion was found to be at composition close to UDMH + 2
0,. At compositions above 40% ODMH, the ignjtion was
weak.

Chemiluminesience reactions (cool flame) occurred at
temperatures from 300 to 400 C for a UDMH + 2 O,
mixture.

Slow 6xidatipn occurs at a fuel rich mixture of ap-
proximately 40 UDMH + ©, at 420 C. The reaction occurs
without light emission. :

2.5.4.2" Inert Gas Solubility in Liquid UDMH

The solubility of gascous helium, nitrogen and argon
in liquid UDMH has been studied by Chang (22). The
UDMH (solvent) was weighed and placed in a container
with a glass enclosed magnetic bar for stirring. The volume
of the solvent was determined from the measured weight
and known density. The pressures were measured with a

.manometer equipped with a microslide cathetometer. The

‘apparatus had three calibrated volumes for the measurc-
ments of the admitted gascs.

The amount of dissolved gas can be determined from
the relationship

X=KP
where,
X = mole fraction dissolved gas
P = partial pressure of the gas (atmosphercs)
K = equilibrium constant

The values of K as reported by Chang are plotted in Figures
2.5-11 and 2.5-11a. To determine the amount of dissolved
gas in a pressurized tank, the vapor pressure of the UDMH
should be subtracted from the measured total pressure.

2.5.5 THERMODYNAMIC PROPERTIES

2.5.5.1 Heat of Formation and Combustion of UDMH -

The heat of combustion of UDMH has been deter-
mined in separate investigations by Aston(4) and Donovan
(11). The heat of combustion given by Donovan is 473.28
kcal/mole. The value obtained from Aston’s work after cor-
rections to constant pressure and to 25 C is 474.122. The
agreement between the two studies is good and the average
heat of combustion becones 473.701 kcal/mole a: 25 C.

Combining this heat of combustion at 298 K with the

heats of formation of gaseous carbon dioxide and liquid
water reported by Wagman (12) yields a heat of formation

of 12.339 kcal/mole for the liquid at 298 K.

vy
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AH(keal)

2C04 (2.298) + N, (g.298) 473.701
—C1HyN; (2.298) +4 0, (g 298)
+4 H,0 (2. 298) Y
2C (5. 298) + 2 05 (g. 298) ~2 CO, (g. 298) 2(-94.031)
4H, (g 298)+ 20, (g 298)..-4]-'.20(9.298) 4-68.315)
2C (5. 298) +4 H, (g. 298) 12.339

~ C3HyN; (2.298) + N, (g. 298)

Aston reported 2 mean value of 32048.3 +48.7 inter-
national joules per gram at 30 degrees for the heat of com-
bustion from four separate determinations. Using a conver-
sion factor of one calorie equal to 4.1833 international
joules and a molecular weight of 60.102, the heat of ¢om-
bustion becomes 473.3724 kcal/mole at constant volume at
30C.

The heat of combustion at constant pressure is calcu-
lated from

AH=AE+AnRT

where.

AH heat of combustion at constant pressure

AE = heat of combustion at constant volume

An difference in the number of moles of gas
between the reactants and products

For the combustion of UDMH at 30 C then

[C2H N, (€30°C) +4 0, (2. 30°C) —= 2C0; (g.30°C)
+N; (. 30°C) +4 H,0 (830°C) ]

An = —] and

OHypee  =-4733724+(-1)(1.98717x 107)
(273.15 +30.0)

AH30°C ==-4739748

Using the following equation the heat of combustion
can be changed from 30 C to the standard reference tem-
perature of 298.15K (25 C).

AH,-AH, =[ T2,
T, AC,dT

Since the limits of the above integral are very small for this -
case, the change in heat capacity was assumed to be con-

stant over the limited temperature range and the equation

above is then

AH3030k - AHagyeg = ACp(303-298)

Using the heat capacitics of the guscuus products
CO,. N. and O, from Hilsenrath (13}. the heat capacity of
liquid UDMH from Aston(7) and the heat capacity of liquid
water from Rossinni (14} the Leat of combustion at 298 K
is calculated as follows:

AHaggop = Alizg3e.- ACP (303-298)

AHaggop = ~-473.9748-[2(0.008%)

+(0.00697) + 4 (0.01798)
-(0.03928)-4 (0.00703) ]
(303-298)

AHqggey = —473.9748~[0.01792 +0.00697
AHyggey = -4T39748-[0.13705]

AHZ98°K =-474.122 kecal/mole

2.5.5.2  Melting Point and Heat of Fusion

The melting point {triple point) of liquid UDMH has
been experimentally measured by Aston(7). The cquilib-
rium temperature of high purity UDMH was ohscrved with
increasing fractions of the sample method. At the reported
ice point of 273.16 K. the melting point given by Aston
was 215951 K. At the presently accepted ice point. this
value becomes 215.943 K (-57.21 C) or 388.70 R (~70.97
F).

Heat of fusion was also determined by Aston(7).
Three separate determinations were made and after correct-
ing for premelting, the average reported was 24074 &
0.0015 keal/mole or 72.099 BTU/Ib.

2.5.5.3 Critical State Constants

Aston (7) estimated the criticul temperature of
UDMH to be 522 K (939.0 R) ard the critical pressure to
be 60 atmospheres (882 psia). The only experimental work
is that reported by Barger (2). Originally, Barger attempted -
to measure the disappearance of the meniscus by gradually
increasing the pressure. This method proved inconclusive -
because of the decemposition of the UDMH which resulied
in a non-condensible gus at the temperature conditions.
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The experimental method was modified and the
sample was maintained at 240 C (432 F) and sufficient
pressure applied to maintain the sample in the liquid state.
After thermal equilibrium was achieved, the temperature
was rapidly raised and the pressure adjusted so that both
liquid and vapor were present. The temperature and pres-
sure at which the two-phase condition could no longer be
maintained were recorded as the critical constants. The
reported values for temperature and pressure respectively
were: 250 C (482 F) and 53.5 atmospheres (786 psia).

Barger states that the method used precluded abso-
lute accuracy, but feels that the values are a good estimate.
It would appear that the critical temperature is more valid
than the pressure reading. Using the vapor pressure equa-
tion for elevated temperatures (equation 2.5-2), a critical
pressure of 59 atmospheres (867 psia) was obtained at the
critical temperature and is accepted in this work.

The critical density is reported by Barger (2) to be
0.275 gfec and was taken from a constructed phase dia-
gram.

2.5.34 Heat Capacity of Liquid UDMH

The neat capacity of liquid and solid UDMH has been
measured, by Aston(7) from -260 to 25 C 436 to 77 F
using a platinum calorimeter. Fifty-four separate readings
were obtained over this temperature range. A platinum re-
sistance thermometer was used to record the scmple tem-
peratures.

Aston did not report the experimental data points,
but rather the smoothed data at integral temperature incre-
ments. The liquid heat capacity measurements had a re-
ported mean deviation of only 0.01% from the best curve.
The fractional distilled sample had an estimated purity of
99.99 mole % based on the melting point data.

Additional heat capacity data have been reported by
Rocketdyne (8), (9) from 1.7 to 71 C (35 to 160 F). The
data were originally reported in Reference (9) and later in
Reference (8). The data reported in the later reference are
approximately 0.6% lower.

The experimental data given in the Rocketdyne study
are ploited in Figures 2.5-12 and 2.5-12a along with the
smoothed values given by Aston. The scatter of the
Rocketdyne data appears to be excessive. A comparison of
the data near 500 R where the temperature range of the
two studies overlap, shows the Rocketdyne data to be 0.7
to 4.5 % higher. At this temperature range, Rocketdyne
used a copper sample container. At the higher tempera-
tures, an aluminum container was used.

The experimental heat capacity as a function of tem-

Trooa e — e e s R IV |

The trend of the Rocketdyne data would indicate the slope
increases with temperature. This trend is generally true of
liquids but is usually pronounced at temperatures closer to
the critical point.

Rocketdyne (8) also measured the heat capacity of
water in the same equipment and obtained results higher
than the literature values. The apparent discrepancies arc
presently being investigated by Rocketdyne. Until the
results of this investigation are published, the heat capacity
of UDMH reported here should be considered provisional.

Since the experimental data are conflicting, the type
of least-squares curve fit is somewhat academic. It was
found that the linear expression gave the smallest standard
deviation:

Cp (calfg - °K) 0.4071+8.838x 10°* (T,°K) (2.5-8)

Cp (BTU/b-°R) = 0.4071+4.909x 10°(T, °R) (2.5-8a)

The maximum deviation of the Aston data from the linear
fit is 2.9% while the maximum deviation of the Rocketdyne
data is 3.8%. The average deviation is 1.3%.

2.55.5 Latent Heat of Vaporization and Trouton’s Con-
stant

The heat of vaporization at 25 C (77 F) has been
experimentally determined by Aston (7) to be 8.366 £0.016
keal/mole or 250.55 BTU/1b. Chang (3) reports a calculated
value of 7.844 keal/mole from his vapor pressure work. The
measured value obtained by Aston is retained in this man-
ual. From equation 2.5-1, a value of 7.797 kcal/mole

(233.51 BTUfIb is obtained at the normal boiling point

from the Clapeyron equation (see Section 2.5.3.1).

dp
_m ©
Hy =T, (V,-Vp —

The Trouton constant is calculated to be 23.2 using the
calculated heat pf vaporization value (7.797 kcal/mole).

2.5.6 LOGISTICS OF UDMH
2.5.6.1 Manufacture

The principal supplier of UDMH in this country is the
Food Machinery and Chemical Corporation with the manu-
facturing plant ir Baltimore, Md. The synthesis of UDMH is
accomplished by FMC through the nitrosation of dimethyl-
amine (DMA) to N-nitrosodimethylamine, followed by the
reduction of this intermediate to (CH;), NoH, (UDMH):

(CH;); NH t HNOz — (CH3)2 NNO + H20

(CH Y- NNN +NH. - :(CH. NNH. +H.O

D S T A o
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The di’ute aqueous solution is then purified and distilled to
obtain a nearly anhy drous UDMH.

Another method of manufacture is the Raschig pro-
cess used in the manufacture of hydrazine and methyl-
hydrazine. For UDMH the process is modified by the sub-
stitution of dimethylamine for ammonia in the second step
reaction with chloramine.

2.5.0.2  Analysis

The unalysis of propellant grade UDMH is covered in
MIL-P-25604C (May 1963} including attachment S/N
9133-687-4293 dated June 1967.

UDMH ussay can be determined by direct titration
with potassiumn iodate (K104 ) in the presence of concentra-
ted hydrochloric acid. The procedure is essentially the same
as given for hydrazine and methylhyd;szine. The detailed
procedures are given in MIL-P-25604C.

The water content of UDMH is determined by aas
chromotography according to procedures found in attach-
ment S/N 9135-687-4293 to the specification. Since gas
chromotography offers ari accurate determination of water
content. it could also afford an accurate means of determin-
ing assay.

The density at 25 C (77 F) must have a minimum of
0.783 and a maximum of 0.786 g/cc. The melting point
must be -70 F (390 R) or less. The light transmittancy must
be at least 90% that of distilled water as measured by coior-
imeter. A 100-'ml sample shall be distilled at a rate of 4 to 5
ml per minute. The temperature recorded after 10% distilla-
tion must be greater than 143.0 F and after 90% distillation
the temperature must be 148.0 F or less. The distillation
flask should then be cooled to assure that distillation losses
were not over 3.0%.

25.6.3 Cost and Availability

UDMH is readily available in large quantities for the
aerospace industries which had a yearly consumption of
approximately 19 million pounds in 1964. The principal
usc of UDMH is the neat fuel for the Agena engine andasa
50-50 blend with hydrazine for the Titan Il program.

At ‘the present time. the sole supplier of large scale
quantities is the Food Machinery and Chemical Corpora-
tion, Baltimore, Md. UDMH is being procured on a long
time commitment basis bv the government. The unit price
is $0.59/prund from the government in drum Jots.

2.5.6.4 Shipping and Transportation

- [N Y A fal n .- FUN ¥ I R ‘o

tank cars are constructed of mild steel and the drums are
nonreturnable.

Container Net Lading
1-gallon glass bottle 61b
5-gallon drum. ICC-17C 301b
55-gallon drum, 1CC-17C 3351b
Tank car, ICC-103W - 4,000-gal 26.500 Ib

6,000-gal 39.7501b
8,000-gal - 53.000 Ib

UDMH has also been handled by tank truck, and this
service can be arranged if desired. Railway express ship-
ments are limited to five pints per cuse. and up to this
amount may be shipped by air. but only on all-cargo flights.

UDMH is classified by the ICC as a flammable liquid
and requires a red fabel during shipment. It must be packed
in containers covered by the following ICC specifications:

ID: Boxed gplass carboys

15A.BorC: Wooden boxes with inside containers: these
must consist of (1) glass bottles not holding
over one gallon each and cuskioned by ver-
miculite within tin cans. which shall be tight-
ly closed or (2) containers not holding over
two quarts each and made of aluminum no
less than 0.104 inch thick: closures and
gaskets must be of material that will not
react dangerously with. or be decomposed
by contact with UDMH.

SA.5C. 17E: (Single Trip): Metal batrels or drams of type
304 or 347 stainless steel, with openings not
exceeding 2.3 inches in diameter.

17C: Mild-steel barrels or [CC42B aluminum
drums (Single-trip). with openings not ex-
ceeding 2.3 inches in diameter.

The 1CC has recently approved the following specifi-
cations for transporting UDMH:

Tank cars - 103W. 103¢-W. 105A100-W. 105A200-W,
105A400-W, 105A500-W. 105A600-W or
111A100-W4.

Tank motor vehicles - MC-300, MC-301, MC-302.
MC-303, MC-310, or MC-311.

Complete information is contained in the Code of
Federal Regulations. Title 49, Parts 71 to 90.
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2.6.1 PROPERTY SUMMARY SHEET

Chemical Name: 50% 1, 1 Dimethyhydrazine +50% Hydrazine Common Name:  50-50
Empirical Formula: 00_5955 H5_3911 NZ.O Formula Weight:  41.805
Composition; % b.w.: 50,0 C;HyN; +50.0 N, H,
PROPERTY VALUE UNITS TEMP (9K) REFERENCE FIGURE
MELTING POINT 2676 K 5 2613
5.6 Zc
4817 R
220 °F
NORMAL BOILING POINT 343 °K 1,2
70 :c
618 R
158 F .
HEAT OF VAPORIZATION 8.048 keal/mole NBP cale.
; 6.3 BTU/Ib
TROUTON CONSTANT 235 NBP cle.
CRITICAL STATE CONSTANTS .
607 K 1.3
334 C
1093 R /
633 °F /
Pressure 1178 atms cale,
173 psia
Density Not Avail glec
b/t
VAPOR PRESSURE OF LIQUID 1384 mm Hg 298 1,2,3 2.6-1,262
2.68 psia
DENSITY OF LIQUID 0.8987 glcc 298 1,4,7 263
56.103 Ib/fe
SONIC VELOCITY 1€12 misec 298 27,28 264,265
5287 ft/sec
COMPRESSIBILITY OF LIQUID
ADIABATIC 436x10° atm 298 calc. 266
297x10°¢ psi!
ISOTHERMAL Not Avail aun;'
psi
VISCOSITY OF LIQUID 0.809 centipoise 208 1.4 2.67
. 5.43x10° tb fftsec
HEAT CAPACITY OF LIQUID 0.732 callg-K 208 9,20 2614
0.732 8TU/Ib-R
THERMAL CONDUCTIVITY OF 683 x m“s‘ al/cmsecfg( 298 8 269
LiQuID 458x 10 BTU/ft-sec- R
SURFACE TENSION 29.10 dynesfem 298 6 268
1994x 107 Ib/ft
HEAT OF FORMATION 12.153 cal/mole 208
5229 BTU/Ib
HEAT OF COMBUSTION 312.112 keal/mole 298 4
12,185. BTU/Ib
Index of Refraction 1.4393 - 298 22,23 2610

)

V. i

\.ﬁ.i;,«



2.6.2 GENERAL

2.6.2.1 Introduction

Hydrazine is one of the more energetic fuels but. due
to its refatively high freezing point (+34 F) and tendency to
detonate in the vapor phase when heated. it has not been
extensively used. Hydrazine has been mixed with many
other fuels in order to obtain a lower freezing point. reduce
the tendency of vapors to detonate. and still retain the high
impulse characteristics of hydrazine.

The fuel mixture that has been most often utilized in
rocket propulsion is the blend of 50% by weight of
hydrazine mixed with 50% by weight of unsymmetrical
dimethylhydrazine (UDMH). This propellant was utilized in
the Titan 11 missile and the Titan Il - SLV, as well as in the
NASA Genuni flight program. Because of its extensive
usage and “manerated” status, it was also chosen for the
Apollo Primary Propulsion System and the LM Ascent and
Descent stages.

As are other members of the hydrazine family, this
fuel mixture is a strong reducing agent; it reacts violently
with oxidizing agents, and is hypergolic with many rocket
oxidizers. It retains the major characteristics of N,H, and
UDMH which are discussed in Sections 2.3.2.1 and 2.5.2.1,
respectively.

2.6.2.2. Structure

The structures of the components of 50-50 are
discussed in Section 2.3.2.2 for hydrazine and Section
2.5.2.2 for UDMH. The blend exhibits weak hydrogen
bonding between the hydrazine and the UDMH at low
temperatures.

2.6.2.3 Specification

The manufacture, procurement and analysis of 50-50
blend are controlled under Military Specification
MIL-P-27402, revision A, dated 24 February 1967. This
specification requires a2 minimum purity of 93.2% by
weight N, H, + UDMH (see Section 2.6.6.2).

2.6.2  PHYSICAL PROPERTIES OF 50-50 BLEND
2.6.3.1 Vapor Pressure and Normal Boiling Point

The vapor pressure of a mixture will vary with the
composition of the mixture. However, if the 50-50 blend is
kept within specification limits, the slight variation in
composition would not significantly affect its vapor
pressure. The ullage above the liquid will, however. have a
noticeable effect. The vapor pressure of an ideal mixture is
the sum of the partial pressures of each of the component

gases. 1f a large volume space above the liquid occurs. the
more volatile component vaporizes from the liquid and the
composition of the liquid phase is altered. Since the more
volatile component appears in a greater proportion in the
gas. its lower partial pressure is dominant and the vapor
pressure decreases as the ullage volume is increased.
Converseiy, as the volume is decrcased, the vapor pressure
increases. The true vapor pressure of a mixture occurs when
the gas and liquid compositions are identical. as is the case
at zero ullage. This difference in pressure was demonstrated
by measurements at Bell Aerosystems (2). At a temperature
of 26.7 C (80 F). a pressure of 3.96 psia was recorded at a
25% ullage. When the ullage was increased to 75%, the
pressure decreased Lo 3.06 psia.

The vapor pressure of 50-50 blend has been measured
by Aerojet (1) Bell (2) and Rocketdyne (3). The first two
studies were conducted with a 46% ullage and at pressures
below one atmosphere. The Rocketdyne study was made
with a small ullage space and over a wide temperature
range.

Aerojet (1) reported readings for a blend having a
composition of 51.0 N, H,, 48.2 UDMH and 0.5 H,0 by
weight. The type of equipment used was not given, but it is
assumed that a mercury manometer was employed. Ten
readings were reported over a temperature range from - 10
to 71 C (14 to 160 F). Bell reported three measurements
within the temperature range covered by Aerojet. An
isoteniscope was used and pressures were measured with a
mercury manometer. The exact composition of the blend
was not reported but was within the specification limits.
The data from these two investigations are presented in
Figures 2.6-1, and 2.6-]1a. Using the least-squares method,
equation 2.6-1 was obtained to describe the pressure change
as a function of temperature.

2820.587
(T.’K)

181627.9
<. °Kp?

log P (mmHg) = 9.55828- (26-1)

5077.049 , 5884737
(T,°R) " (T, °R)?

log P(psia)=7.84466— (2.6-1a)

The experimental data obtained by Rocketdyne (3)
in this temperature range is shown in Figure 2.6-1 for
comparison purposes. The pressure readings were obtained
with pressure pickups: interpreted here to mean strain gage
transducers. This instrument is not recommended for high
precision pressure measurements.

The vapor pressures obtained at elevated
temperatures by Rocketdyne (3) are presented in Figures
2.6:2 and 2.6-2a. Using the least-squares method, the
coefficients were obtained for equation 2.6-2.

2086.62 993873
T.°K (T, °K)?

log P(atm) = 5.2379- 12.6-2)



L LR T .
e e
T
AR
| = At e
O Ao S
o~
Nt > - - = ..m
8 [T 5
S 1t 2
2 3
NN~ T
Q¥ § T 3
wol°. & Li- o &
=S g - 8 w
o0 B 3 2
—r m |J.| - 2
...... | Rt :
LY YO R I I O 3
& @ [ =
pa] D= %«w g
Q. - - -
Sl= 8 [ :
[+ ] I o o -
- B S48
5 b ) et 8
VoA EEET S 2 ]
X =R N N N N -
© o - -
= o)
Py - © B
4] o L 5 =
* .nw.u tﬁl pm
. S 8§
S D &
=0 A =] >
= o] m 2
=1 $
E 3§ Z
A 3, <
=% m M
g o &
p— 8 .
1 2 V.
5 Sadh g
o RN z
i 3
y [0 ]
TN g
L g i
g
L .«
oo LA
. L [
It ' i ._
FVATEEEE T =
- Q

(3 wiuwr) aanssarg



Pressure (psia)

10.0
8.0

6.0

b
o

L
o

~
o

1.0
0.8

0.6

04

03

021} -

0.1

O Acrojet’
/A Bell Aerosystems®

[-] Rocketdyne?

5077.049 = 588473.7

‘»; l log P (psia) = 7.84466 — T°R + T.°R)? (C.6-1a)
‘i - »-Equation Derived from Data References | and 2 only
450 500 550 600 650

Temperature (°R)

Figure 2.6-1a. Vapor Pressure versus Temperature Liquid 50-50 Fuel Blend
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375591 3220157
T.°R  (T.°R)?

log P(psia) = 6.4051- (2.6-2a)

The high temperature data of Rocketdyne (3)' was forced to
smoothly join the lower temperature data from Aerojet (1)
and Bell (2).

The normal boiling point obtained from equation
2.6-11is 343.13 K (617.64 R). This accuracy is obviously
not warranted and 2 nominal value of 70 C (158 F) is
selected here. The boiling point of a mixture will depend
upon the composition as well as the ullage above the liquid.
The vapors of this blend are largely UDMH.

2.6.3.2 Density of Liquid 50-50 Blend

The density of liquid 50-50 blend has been studied by
Aerojet (1) and Schluter and Smith (4). Pannetier (7) has
studied the density of various hydrazine and UDMH
mixtures.

Details of the Aerojet study are lacking. Seventeen
readings are given at even integers of temperatures from 0
to 70 C (32-158 F) but these data may be smoothed rather
than actual experimental data. Pannetier reported
experimental densities for various UDMH-hydrazine
mixtures at 20 and 25 C. From a carefully constructed plot
of density versus UDMH concentration, the density for an
exact 50-50 weight composition was obtained.

Schluter (4) used glass pycnometers with a volume of
approximately 50 ml. The exact volume was obtained from
several calibrations of each pycnometer with water over 2
temperature range from 5 to 45 C (41 to 113 F). The
density of benzene was obtained and agreement with the
literature was within 0.02%. On this basis. the author
estimated the density accuracy of the 50-50 blend to also
be 0.02%. A temperature range from 0 to 25 C was studied.
The blend composition by weight percent was given as
follows:

UDMH 475 0.03
N.H, 51.0£0.03
H,0 1.2£03

It would appear that great care was taken to obtain
high precision data, but the report suffers from lack of
detail. The experimental data were not given, nor was the
number of experimental points taken, but a large number is
inferred. The number of different pycnometers used was
also omitted. The smoothed values obtained from a
least-squares fit were reported at even integers of
temperature. These data, along with data reported by
Acrojet (1) and Pannetier (7), are shown in Figures 2.6-3
and 2.6-3a. The agreement of the three studies is excellent.
In deferer ~a ta rerarted arenrary of the S~hintar eondy

the six smoothed data points were given double weighted
values.

The density as a linear function of temperature is
given by

p(gfcc) =1.17423-9.2417x 10 (T. °K) (2.63)

p (Ib/ft3) = 73.3048 - 0.032052 (T, °R) (2.6-3a)
The standard deviation of the data is 0.0003 g/cc with an
average deviation of 0.023%. The density above 70 C does
not appear to have been studied.

2.6.3.3 Sonic Velocity in 50-50 Blend

The velocity of sound in liquid 50-50 blend has been
determined by Aerojet (27) over a temperature range from
16 to 93 C (61 to 200 F) and at pressures from 400 to
1500 psia. The experimental velocity measurements for the
five isotherms studied are plotted as a function of pressure
in Figure 2.6-4. There is some scatter, especially at the
highest temperature isotherm, but the data for each
isotherm appear to be reasonably well expressed as a linear
function of pressure. The coefficients of the linear
expression were obtained at each isotherm and the sonic
velocity was then obtained for the saturated liquid vapor
pressure.

Rocketdyne (28) recently measured the sonic
velocity in saturated liquid 50-50. A temperature range
from 0 to 94.5 C (32 to 202 F) was studied. Propellant
grade 50-50 was used but the exact composition was not
reported.

The Rocketdyne data is shown in Figures 2.6-5 and
2.6-5a along with the calculated values from the Aerojet
study. The agreement between the two studies is
remarkably good considering the scatter of the original
Aerojet data. The temperature effect on sonic velocity can
be adequately expressed as a linear function of temperature
by

¢ (m/sec) = 2765.3-3.8695 (T, °K) (2.64)

¢ (ft/sec) =9072.4-7.05297 (T, °R) (264a)

The standard deviation obtained by the use of equation
2.64 is 8.5 m/sec white the average devialion was 0.45%.

The Aerojet study was conducted using a stainless
steel 1-1/2 inch diameter pipe approximately 20 feet long.
The pipe was fitted with a Teflon diaphram in order to
impart a shock wave. Pressure transducers were located at
either end of the pipe and were connected electronicaily to
an ¢ ~illesranh minr‘ne at 400 inrheerarc ~r -1 The tat-l



AFRPL-TR-69-149

time required for the shock wave to travel the known
length of pipe was obtained from the separate transducer
signals on the oscillograph puaper. The unit was checked out
with water and the results compared with the literature
values, A system correction factor was applied to the
measured values to obtain good agreement with the
accepted values for water.

Rocketdyne (28) employed a sonic velocity cell
constructed of 6061 aluminum alloy. A 5 mHz radio
frequency signal was fed simultaneously to a quartz crystal
in the velocity cell and to an oscilloscope. The sound waves
reflected from the erystal pass through the test fluid and
then to the oscilloscope. From the known distance traveled
through the test fluid and from the time differential of the
two signals displayed on the oscilloscope, the sonic velocity
was caleulated. The apparatus was calibrated with both
water and methanol.

2034 Compressibility of Liquid 50-50 Blend

The isothermal compressibility of liquid 50-50 does
not appear in the literature. The sonic velocity in the liquid
has been reported by both Aerojet (27) and Rocketdyne
(28) and is reported in section 2.6.3.3. The adiabatic
compressibility from sonic velocity is found from the
relation

B =7

R

where
Ba = adiabatic compressibility
p =  density
<

= sonic velocity

The calculated compressibility data is plotted in
Figures 2.6-6 and 2.6-6a. The compressibility as a function
of temperature can be expressed satisfactorily by the linear
relation
B,atm™)=5.3196 x 10°° +3.245 x 107 (T,’K) (2.6-5)
B, (psi")=3.6198 x 10°® +1.2270 % 10® (T."K) (2.6-52)

The standard deviation obtained from equation 2.6-5 is
1.37x10% atm™"  and the average deviation is 1.98%.

19

.6.3.5 Viscosity of Liquid 50-50 Blend

The viscosity of the 50-50 fuel blend has been studied
by Aerojet (1) and by Schluter (4). The results of the two
studies are in excellent agreement and a temperature range
from 0 to 70 C (32 to 158 F) was covered.

The Acrojet study was made on a sample having a
composition by weight % ol 51.0 N,Hg, 48.2 UDMH and
0.5 H,0. No other detils were given. A total of 14
kinematic viscosity determinations were given und were
converted to absolute viscosity using densitics obtained
from equation 2.6-3.

Schiuter (4) employed an Ubhelhode capillary tube
viscometer which was calibrated with water. Experimentul
points were determined over a temperature range from 0 to
25 C (32 to 77 F). The experimental points were not given
nur was the number of points. a'though a large number of
individual readings was indicated. The sample had a
composition by weight % of 47.7 UDMH + 51.0N.H, +
1.2 H,0. The smoothed absolute viscosity values reported
in this study along with the Acrojet data. are shown in
Figures 2.6-7 and 2.6-Ta. The variation of viscosity with
temperature can be described by

501489 . 166602.5

log u (cp) =-0.28445- 266
B (cP) T.K (T.Ky (200
toga (Ib_ftsec) =-3.4572 902.540+539754.2
ogu -sec) =-3.4572-
A Om T.R (T.R)?

(2.6-62)

Equation 2.6-6 was derived from the combined Acrojet
experimental data and the six smoothed values from
Schluter which were given double weight. The standard
deviation of the experimental data from the smoothed data
of equation 2.6-6 is 0.009 centipoise. The average deviation
was 0.7%.

2.6.3.6  Surface Tension of Liquid 50-50 Iilend

The surface tension of liquid 50-50 fuel blend has
been determined by Aerojet (2). Lyerly (18) (single point
only) and by Bell Aerosystems (6). The Bell data is
published here for the first time and the methods employed
are briefly discussed.

The surface tension was measured under its own
vapor pressure over a temperature range from 1.5 10 58 C
(35 to 136 F) employing a capillary rise method. As Sugden
(19) has suggested, the best method is to employ a double
capillary system and measure the change in height for two
capillaries of different size.

Precision bored capillary tubes having a
manufacturer’s precision -diameter of 20.001 cm were
obtained. Two capillaries approximately 60 cm long were
selected. The true diameters were calculated from the
height and weight of a mercury thread. Sixteen readings
werc made on each capillary and the average culculated
diameters were 04558 and 0.1021 cm. Nearly all of the
calculated diameters fell within 0.25% of the average
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