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EXPLORATORY STUDY OF HYPERGOLIC
IGNITION SPIKE PHENOMENA

Phase 1I, Part II
July 1 to September 30, 1966

INTRODUCTION

During recent test firings of Aerozine—SO/nitrogen tetroxide
100-pound thrust engines at environmental pressures of about 0.005 psisa,
Manned Spacecraft Center (MSC) Personnel observed the formation and
accumulation of a residual material on the engine's diffuser bell.
Chemical analyses of this material, supplied to the Bureau of Mines by
MSC, has subsequently shown it contains water, hydrazine nitrate, and
other unidentified compounds. Since these residues apparently contain
an appreciable amount of hydrazine nitrate, an explosive material, it
has been suggested that these residues could be contributing to the
pressure spiking phenomena often observed during ignition of the engines
at attitude.

On July 7, 1966, the Bureau of Mines agreed to conduct, as part
of its experimental program, an exploratory study of the physical and com-
bustion characteristics of hydrazine nitrate and its water solutions. It
is believed this information will permit a more critical evaluation of the
potential hazard in the engines. Table 1 lists the suggested experimental
studies as outlined and agreed upon at the July 7 conference.

TABLE 1. - Suggested studies of the physical and combustion charac-
teristics of hydrazine nitrate and its solutions.

Physical Properties Combustion Characteristics
Viscosity Critical film detonation
Surface tension thickness

Vaporization rate Shock and impact sensitivity
Phase diagram Detonation parameters

Thermal stability

This report describes the results of the physical and combus-
tion characteristic study and in addition, the residue chemical analysis.
The first section contains the results of the chemical analysis of the
engine post shutdown residues received from MSC. The second section
discusses the physical characteristics of hydrazine nitrate and its per-
tinent solutions. The remaining section contains the results of studies
conducted at the Bureau and other laboratories concerning the combustion
characteristics of these same systems.




EXPERTMENTAL STUDIES
Materials

The hydrazine nitrate used in these experiments was prepared
by the procedure recommended by the Thiokol Corporation in their report
RMD 239-ql (Period June-September 1958, Contract No. as 58-6LLC). The
nitric acid used in this preparation was A.C.S. grade with a purity of
70 percent; the hydrazine was purchased from Olin Mathieson Chemical
Corporation with a stated purity of 97.5 percent. The methanol used
for recrystallizing the hydrazine nitrate was a Reagent Grade product
with a purity of 99.9 percent. Commercial distilled water was used in
preparing the various solutions.

Residual Analysis

The residues were obtained by MSC personnel following engine
shutdown from various locations in the environmental chamber and rocket
engine.

The samples received from MSC were divided into two equal por-
tions, one for immediate analysis and the other was reserved for use in
case of accidental loss of the first sample. The first sample was
freeze-dried at a pressure of about 0.1 psia, thereby separating it into
solid and liquid portions. The liquid portions were water clear, and
the solid portions, a dark straw color. The liquid portion was analyzed
by a gas-liquid chromatograph using a 3-foot column of Carbowax 1540 at
a temperature of 113°F. The solid portion was mixed with potassium
bromide and pressed into a pellet for infrared analysis. Table 2 shows
the results of these analyses conducted on the various samples to date.

Physical and Thermochemical Characteristics

To understand the role of hydrazine nitrate (HN) in the hard
start phenomena, it is pertinent to have available information concerning
its physical and thermochemical characteristics. In this regard, several
literature searches were conducted for the Bureau by The Chemical Pro-
pulsion Information Agency and Defense Documentation Center.

Table 3 contains a list of the known physical and thermochemi-
cal properties of HN. As shown in the table, there exists two crystal-
line forms of HN, and ¢ and the B. The B form melts at 158°F with no
apparent decomposition or sublimation. Robinson and McCronel/ found that
the resulting melt supercools readily amnd usually crystallizes as the o
form. However, on seeding the o form with B crystals, it reverts to the
B form at a rate which decreases with decreasing temperature. Due to
the unstable nature of the o form, it has not been possible to determine
from the MSC residue samples whether this or the 8 form is actually
generated in these engines. Furthermore, these authors found no indi-
cation of any additional thermal (phase) changes in the crystalline
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TABLE 3. - Physical and thermal chemical properties

of hydrazine nitrate.

Formula weight
Density (X-ray)
Melting point

a form

g form
Heat of formation
Heat of solution

Heat of decomposition

Combustion temperature

95.06

95.35 1b/ft?
159°F

14keF

+107,000 Btu/mole
-15,700 Btu/mole
-15,900 Btu/lb

4, 350°F




structure of HN between -94°F and the melting point; the system is
therefore probably monotonic. These results are in accord with results
of similar Y7rk conducted at the Bureau, using a differential scanning
calorimeter?/ .

Moisture absorption experiments were conducted on HN by Medardi/
using various Regnault mixtures (sulfuric acid of 11° Be, 21° Be, and 31°
Be) to obtain various water vapor pressure enviromments. Figure 1, repro-
duced from Medard's report, shows the results of these experiments. The
figure shows that at 60°F HN will absorb moisture from an environment at
90 percent relative humidity at a rate of 0.01 pounds of water per pound
of HN per day.

Medard also examined the weight loss of anhydrous HN during
intermittent heating to 230°F for a period of 315 hours (apparently the
author attributes this weight loss to thermal degradation). He found
this loss to be linearly dependent with time, ag? amounted to a loss of
about 0.005 weight percent per hour. KissingerZ/, in similar work, found
that the HN decomposition at 280°F is "barely noticeable by the standard
vacuum stability technique." He also reported that it can be stored
under 95 percent ethyl alcohol at a maximum temperature of 86°F for as
long as four months without any "apparent i1l effects." Shidlovskii,
Semishin, and Simuti 2/ in their work observed "an intense thermal decom-
position of HN at 392-428°F and a flash at 518°F." This latter obser-
vation seems to be in accordance with the Bureau's results where impur
HN was found to decompose explosively at a temperature of about 518°F§7.

The solubility of HN in water and in hydrazine has been studied
by a number of investigators; among these Corcoran, Kruse, Skolnik, and
Lieberfy.conducted the most extensive study. Their results for the three
component system HN-water-hydrazine are shown in figure 2. The concen-
tration triangular grid has not been included in the figure to avoid
obscuring the pertinent features of the phase diagram structure. The
figure shows the isothermal contours for the liquidous surfaces of the
ternary system and also shows that the system has four invariant points:
two ternary eutectics, a ternary peritectic, and the eutectic of the
quasi-binary system hydrazine hydrate (hydrazine nitrate-l-hydrazinate).
Figures 3 and 4 show the liquidous lines for the HN-water and HN~-hydra-
zine binary systems drawn from the results shown in figure 2. Figure 4
indicates the formation of the compound hydrazine nitrate-l-hydrazine
(N, HgNOg Ny H, ) which melts at 37.4°F and the eutectic composed of 47.%
weight percent HN which melts at -50.8°F. The data used to prepare
these curves can be found in the author's original papers. It is inter-
esting to note (figure 3) that HN does not form a hydrate, although
several authors reported that HN exhibits hydroscopic characteristics.
It is also interesting that, although water solvates with hydrazine
(figure 1) and hydrazine hydrates with HN (figure 4), water does not
hydrate with HN.



Another binary system of interest in this investigation was
HN and ammonium nitrate, materials that were reported by various inves-
tigators to be products of the reaction between hydrazine and nitrogen
tetroxide7)8f9/. Barlot and Marsauleig/ examined the phase relaticnship
for this system; their results are shown in figure 5. The figure shows
the liquig7us line as a function of the percent ammonium nitrate.
Kissinger?/ also studied this system and found that the solidification
temperature of this mixture appeared to decrease approximately linearly
at a rate of LL4°F per weight percent of ammonium nitrate at the freezing
point of HN. This appears to be a lower rate than Barlot and Marsaule's
results (figure 4) indicate; they find a value closer to 35°F per weight
percent. Kissinger reports that the eutectic occurs at 67 weight percent
hydrazine nitrate and freezes at 116°F; this appears to agree with the
results of Barlot and Marsaule.

The density of HN-hydrazine and HN-water solutions has also
been reported. Vango and Krasinskyii/ measured the density of hydrazine
solutions of HN containing a fractional percent of aniline. Their meas-
urements were made using a 1.5k in3 (25 cm®) volume pycnometer with a
calibrated stem for observing the change in the liquid volume with tem-
perature. These authors used two solution concentrations, 82.04 and
69.74 weight percent HN. Figure 6 shows a replot of these results; for
comparison, the temperature dependeance of pure hydrazine, taken from
the work of Walden and Hilgerté@/, and of water, taken from lLange's
Handbook of Chemistry, are also shown in the figure. Except for water,
which shows a nonlinear behavior, these solution densities exhibit a
linear dependence on the temperature. The dependency of these solution
densities on the HN concentration at 75°F is shown in figure 7. Again,
it appears that a linear relationship between the density and the HN
concentration satisfactorily represent the data. Theoretically, the
solution density of nonicnic materials should be a linear function of the
concentration (molality), whereas for strongly ionic 1:1 salts, the den-
sity is a more complex function of the salt concentration containing two
terms; one term is linear in concentration, and the other a three halves
power of the concentrationii/. That our results appear to be a linear
function of the concentration is in accord with the fact that HN is a
salt of a weak base and a strong acid, and therefore, it exhibits more
nonionic character than ionic.

Since viscosities for the HN-hydrazine solutions had already
been determined by Vango and Krasinsk _E/, the Bureau confined its inves-
tigation of viscosity to HN-water solutions. Vango and Krasinsky used a
Cannon-Zhukov viscosimeter, modified slightly to prevent evaporation or
moisture pick-up. The Bureau's experiments with HN-water solutions were
conducted with a Cannon-Fenske viscometer. The kinematic viscosity of
these solutions are shown in figure 8, where the log to the base 10 of
the kinematic viscosity is plotted as a function of the reciprocal of the
absolute temperature. The figure shows that the data for the HN-water
solutions seems to fit a linear relation, with respect to the reciprocal of




the absolute temperature. Theoretically there is ng reason for this to
be true, except possibly in very dilute solutionsid/ . As in the case of
solution densities, this inconsistency is also due to the fact that HN
is a weak electrolyte and therefore its properties in solution approach
that of a nonelectrolyte.

The Bureau's initial surface tension measurements on HN-water
solutions used a DuNuoy tensiometer. However, these experiments were
more difficult than had been anticipated since it was found that the
surface tension of freshly prepared HN solutions changes gradually with
time, and even after standing several days in covered containers, the
phenomenon does not subside. Apparently the act of measurement disturbed
the surface state of the solution and as a result, the surface tension
was lowered by each succeeding measurement. By careful preparation and
filtration of these solutions, it was possible to obtain fairly consist-
ent results. The values obtained by this method at a temperature of
75°F are given in figure 9. The figure shows a fairly linear dependence
of the surface tension on the HN concentration.

In view of the difficulties encountered with this technique, it
was decided to use another technique for measuring the temperature de-
pendence of the surface tension. The bubble techniqu 1h was selected
since a fresh surface is formed with each bubble. Hopefully this would
eliminate the drift problem. In principle this method consists of measuring
the pressure required to form a small bubble under the surface of the solu-
tion. The bubble pressure 1s proportional to the sum of the hydrostatic
pressure and the ratio of the surface tension to the bhubble radius. A
complete description of this technique can be found in reference 14. The
apparatus was calibrated with liquids having known surface tension. A
silicone o0il bath was used to obtain temperatures up to LOO°F. The surface
tensions of molten HN, water, and hydrazine were measured and the results
are shown in figure 10. It is assumed that the surface tension of the
various HN-water and HN-hydrazine solutions are intermediate between these
curves. Above 260°F the molten HN begins to decompose noticeably as evi-
denced by the continuous formation of bubbles on the walls of the vessel.
At 350°F the decomposition increased to the extent that the liquid had
the appearance of freshly poured carbonated water. The rising bubbles were
so numerous that the liquid was almost opaque. As a result of the decom-
position above 260°F, the surface tension measurements became noticeably
erratic. The results for hydrazine (figure 10) show an abnormally large
rate of decrease in the surface tension with increasing temperature although
the reason for such a rapid drop is not immediately apparent.

The remaining study of the physical properties of these solutions
concerned their rate of vaporization. From the literature it is apparent
that the rate of vaporization of condensed phase substance is currently
a controversial subject. Investigators cannot agree as to whether or not
the accommodation coefficient is an artifact. A number of investigators
believe that contaminated liquids or improper experimental conditions
account for the use of accommodation coefficients. They maintain that all



liquids have accommodation coefficients of unity. If one assumes this

to be the case and neglects bubble formation, then the calculation of
evaporation rates is a matter of measuring the vapor pressure of pure
liquids. DNo work appears to have been conducted on measuring the vapcri-
zation rates of solutions. The lack of such work may be attributed to
the added complication of the concentration gradient at the liquid sur-
face resulting from the loss of the more volatile constituent. This com-
plication, in conjunction with thermal gradient due to the latent heat
of vaporization, makes the vaporization process for solutions highly
transient. Thus it appears thay any experimental study becomes a major
undertaking. Figure 11 shows the temperature dependence of the vapor
pressure of various hydrazine-HN solutions obtained by Vango and Krasin-
sky.

Combustion Characteristics

HN has been of considerable interest in explosives research
for many years, primarily because having no carbon content, it represents
a truly smokeless explosive, its ultimate explosion products being only
nitrogen and water. Many attempts have been made to use HN as an
artillery projectile propellant. As a result, a considerable amount of
information pertaining to its explosive characteristics has accumulated.
Unfortunately all the investigations conducted to date, including those
in this report, have been confined to its B crystalline form. As a
result, no information is available concerning the o form. However like
lead azide, which also has two crystalline forms, the two forms of HN
probably have different explosive characteristics.

One of the more interesting combustion char% teristics of HN
is its relatively low combustion temperature; M350°F%_7. Its thermal
stability has been studied by numerous investigators including the Bureau
and there seems to be general agreement that the pure terial decomposes
explosively at about 570°F. Shidlovoskii and Semishi 2/ found that glass
tubes containing molten HN were unable to support stable burning; appar-
ently the combustion transited to a detonation. Moran, Burnett, and
Smith conducted tests on HN-hydrazine mixtures. They found that, only
after the liquid portions of the samples had either mostly burned or
vaporized off and the vessel temperature rose to about 570°F, did an
explosive reaction occur.

One of the first detonation characteristics of HN studied was
its gap-sensitivity. In this test, a gap consisting of various thick-
nesses of an inert shock attenuation material is placed between an explo-
sive booster of fixed (standard) size and the candidate material. The
maximm gap through which the fixed charge can initiate the candidate
material 50 percent of the time is its gap or card value. Originally
the standard charge used in these measurements on HN was 100 grams of
tetryl and the cards consisted of Acrawax B cast to thi_gfsired thick-
nesses. In their experiments Eyster, Smith, and Walto 4, using pressed
HN (density 100 1b/ft3) found a gap value of 2.5l inches (of wax). This




can be compared with corresponding values of 1.68 inches for TNT and
2.01 inches for tetryl, both considered to be "safe explosives" for

handling purposes. In later work, Medard found the drop weight sen-
sitivity of HN to be 14 to 18 foot-pound.

The detonation velocity of HN has been measured by Medardg/
and Price, Liddiard, and Drosdigy. Medard, using 6.7 inch diameter by
21.18 inch long pressed charges of hydrazine nitrate, found that its
detonation velocity exhibited a maximum at a density of 81.2 1b/ft3.
However, Price, Liddiard, and Drosd established that such maxima are
likely to occur for explosives for which the critical diameter increases
with density. The critical diameter is the minimum charge diameter at
which propagation of a stable detonation is possible. The results of
both these investigations are shown in figure 12. From these results
the authors concluded that HN exhibits a critical diameter which in-
creases with increasing packing density. Price, Liddiard, and Drosd
found that the infinite charge diameter detonation velocity for HN can
be expressed as V = 283.2 w -328 ft/sec, where w is the explosive den-
sity in 1b/f%®. Michel, Harms, Koepche, Mueller, Jacobson, Syolund, and
Christians calculated a Chapman-Jouguet detonation velocity of 19,150
ft/sec for an explosive density of 62 1b/ft3 (1 gm/cc), whereas the
above relation would predict a value of 17,350 ft/sec, 10 percent lower
than the theoretical value.

Although the work of previous investigators has established
values for the sensitivity and detonation velocities of bulk HN, it
remained to determine if this material will support a detonation in the
form of a thin film as found in these engines. In view of this, the
Bureau condédyed experiments to determine the thin film detonation char-
acteristics of HN'and its water and hydrazine solutions. These
experiments were performed at a temperature of 75°F (above the melting
point of HN) in the apparatus shown in figure 13. The apparatus devel-
oped at the Bureau consists of an open plastic tray inclined at a slight
angle so that the contained candidate liquid forms a wedge whos hick-
ness varies from one quarter inch to zero. A collapsible prob , ex-
tending the length of the wedge, was used to record the rate of propa-
gation of the detonation front. This probe consists of a thin metal
tube through which is extended a bare resistance wire separated from the
tube by a spiral of insulating thread. As a detonation propagates along
the tube, it collapses and shorts the resistance wire and the resulting
change in the rgj}stance is recorded on an oscilloscope. A resistive
pressure gauge, located on one tray wall opposite the initiating ex-
plosive, provides a qualitative indication of the presence of a detona-
tion. The explosive initiating charge consists of a 50-gram tetryl pel-
let formed from two, 1 X 5/8-inch diameter by l/2—inch thick tetryl pel-
lets. The charge was separated from the tray wall by a plastic spacer
which provides for the transmission of an attenuated shock into the
liquid wedge. These experiments were conducted on HN, HN-water and HN-
hydrazine solutions. Figure 1L shows two oscilloscope records of the




changing resistance of the collapsible probe (lower trace) and the re-
sistor transducer (upper trace) for a positive and negative result. The
top oscillogram in figure 1k is typical of a positive result showing two
detonation regions, a high velocity and a low velocity. The high velo-
city detonation, conceived first, transits to a low velocity detonation
when the film thickness reaches a critical value. The low velocity
detonation then continues to its point of extinction at its critical
film thickness. The upper trace in figure lha is the output of the
resistive transducer showing & strong shock striking it at the same time
the low order detonation reaciies the far end of the tray. Figure 1lhdp
shows the probe signal for a negative result (noc propagation) for the

65 percent HN-water solution. In this experiment the explosive shock
was initially sufficiently intense in the liquid wedge nearest the charge
to collapse the probe; however as the trace shows, this shock decayed
rapidly. Table 4 summerizes the results of the complement of thin film
experiments. Using the velocity data, shown in the table, it can be seen
that if a film of HN-hydrazine covering the walls of these RCS engines
detonates, it requires approximately 4 microseconds to travel the length
of the combustion chamber. The thin film detonation velocity for pure
hydrazine nitrate shows reasonable agreement with the results of other
investigators as indicated in figure 12.

Furthermore, from the table it can be seen that HN-water solu-
tions, having 65 or less weight percent HN, do not support a stable
detonation in thin films, whereas HN-hydrazine solutions having as little
as 40 weight percent HN still detonate. The table also shows that mol-
ten HN, HN-water solutions having HN concentrations greater than 80
weight percent, and HN-hydrazine solutions having HN concentrations
greater than 80 weight percent, exhibit stable detonation in films thin-
ner than 0.0l inch.

REMARKS AND CONCLUSIONG

The experiments discussed in the previous sections complete
the suggested studies originally agreed to by the Bureau and MSC, (table
1). Using the results of the physical characteristics study of hydra-
zine nitrate solutions, one can estimate such items as the thickness
and flow of the residue films in these engines during the various periods
of engine operation, the maximum amount of residue that accumulates in
these engines during any pulse sequence, and when the residues have the
proper hydrazine nitrate content to constitute a detonable mixture. The
density, viscosity, surface tension, and vapor pressure dependence of
these solutions on the temperature and hydrazine nitrate concentration
is sufficiently reliable to permit their extrapolation to temperatures
or HN concentrations beyond the region of investigation.

Hydrazine nitrate, pressed to near its crystalline density
(104 1b/ft®) has a shock sensitivity greater than that of TNT or tetryl.
As with all solid explosives, its infinite diameter detonation velocity
increases linearly with packing density. Thin film detonation studies
of molten HN and HN-water and HN-hydrazine solutions have shown that the
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TABLE 4. - Detonation velocities and critical film thicknesses
(cft) for both low velocity and high velocity deto-
nations for HN-water and HN-hydrazine solutions.

Liguid Solution Detonation Velocity
High Order Low Order
Composition HN Concentration Velocity cft Velocity cft
Weight Percent ft[sec in ft/sec in
1/

HN 100 27,900 0.05 4,600 <0.01
HN/H,0 85 2k, 900 0.12 7,900 <0.01
75 NOT OBSERVED 6,900 0.13

65 NO PROPAGATION
HN/NéH; 80 28,200 0.03 5,900 <0.01
60 26,900 0.03 NOT OBSERVED
Lo 25,600 0.10 7,200 0.03

20 NO PROPAGATION

l/ 0.0l inch represents the limit of resolution of the apparatus.

11



molten HN, and either solutions having an HN concentration greater than
80 weight percent, are capable of supporting a stable low velocity deton-
ation in films at least as thin as 0.0l inch. Furthermore, HN-water and
HN-hydrazine solutions containing less than 65 and 20 weight percent HN
respectively do not support stable detonationc in films thinner than 0.25
inch. From these results it appears that neither of the two liquid resi-
due samples (No. 12 and 24) taken from MSC engines, (table 2) contained
sufficient hydrazine nitrate at the time of analysis to constitute a det-
onable mixture. However, these samples were removed from engines that
did not spike--a fact which may attest to its nondetonable nature.
Although the solid residue samples, shown in table 2, contained more

than 90 weight percent HN, certainly detonable material, one cannot be
sure that this material existed in the solid state at the time of engine
restart. Furthermore, to do any structural damage to these engines, it
is necessary to accumulate at least 1 gram of this material in the cham-
ber--a much larger quanity than has been removed from the M3C engines to
date.

In conclusion it can be sald that there is sufficient evidence
to indicate that hydrazine nitrate is a major constituent of these engine
residues and that its combustion characteristics classify it as a poten-
tial contributor to the ignition spike phenomena.

12
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POUNDS OF HYDRAZINE NITRATE, POUNDS
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Figure 1: Weight of moisture absorbed by HN over

various Regnault mixtures as a function
of time at 60°F. The quantities in paren-
thesis are equivalent relative humidities
in percent.
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Three component liguidous isotherms for the ternary system HN-
hydrazine-water., The concentration triangular grid, used to con-
struct this figure, although not shown, is linear in the weight
percent of each coustituent. The temperatures shown in the figure
are in degrees centigrade.




De MINLYIAIWNAL

00T

c1o1eM-NH weqsAs AIBUTq 2Y3 JI0J SUTT SnOpInbT]

queoaad 3yBTom NOILVHINAONOD ATVYLIN INIZVHIAH

06 0g oL 09 0§ ot 0t oc

:€ oan3Td

0T

0

otT-

g

of

| 6!."|I.l0l0|u-l|0||".l.lll00~_vl.|9|lf ——t =0 |

CONSHE PITOS + PINDIT

m\ PINbTT

0 J_w PTTOS

+ pIbTT

GS+

ogt

G601

0£T

G4t

Jd, FTHNLVIEdNAL



TEMPERATURE, °F

+160

+140

+120

+100

+ 80

- 4o

Liquid

Liguid +
Solid N, HgNO,

30

70 80

HYDRAZINE NITRATE CONCENTRATION, welght percent

|— Liquid +
Solid N H,
| |
0 10 20
Figure 4:

Liquidous line for the binary system HN-hydrazine.

+80

+70

+60

+40

+30

+20

+10

-10

-20

-20

TEMPERATURE °C



°F

TEMPERATURE,

+350

+300

+200

[
+150

+100

+ 50

Liquid

/

) i

1 | 1

Liquid +
Solid N, HgNO,

l

[+

0 20

JiTe]

60

80

AMMONIUM NITRATE CONCENTRATION, Weight percent

Figure 5:

nitrate.

100

Liquidous line for the binary system HN-ammonium

+180

+160

+140

+1.20

+100

+ 80

+ 60

+ 40

+ 20

o
o

TEMPERATURE,



DENSITY, lbs/cu ft

Th

T2

T0

68

66

6k

62

60

69.74% N, H, _
29.97% N HgNO,
0.29% ANILINE

O~

82.04% N, 11,
17.62% N, 1z NO,
0.34% ANILINE

1.15

1.10

1.05

1.00

N, Hy
'0\ 2 -
(o
i 0
: ) f o B
L — §
O\\
0 0\0\
L l 1 | | | I |
500 520 540 560 580 600
TEMPERATURE, °R
Figure 6: Density of hydrazine nitrate-hydrazine solutions, for two

concentrations of HN, plotted as a linear function of the
absolute temperature.
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Figure 8: Kinematic viscosity of various HN-hydrazine and HN-water

solutions as a function of the reciprocal of the absolute
temperautre.

o

KINEMATIC VISCOSITY, centistokes



SURFACE TENSION, X1072 1lts/ft

6.0

U
\n

5.0

,/””/’ saturated solution

0 20 40 60 80 100

HYDRAZINE NITRATE CONCENTRATION, weight percent

Figure 9: Surface tension of HN-water solution at 75°F as a
function of the HN concentration.

90

85

80

5

70

SURFACE TENSION, dynes/cm



wo /soukp ‘NOTSNAL TOVINAS

0

of

09

08

00T

-anbTuyosey aTqang 2uil £q paJansesu

se aanjeradwsl JO UOTROUNT B S®B J93BM DUB ‘2UIZBAPAY ‘NH JO UOISUSq 20BIING 0T oanSTd
¥, ‘MINLYIIINAL
000T 006 008 00L 009 006G
1 _ | _ [ _ | | |
T ——
ho: s\ ~0
0 /
B ~ \\\umn\mvlllll o///o: i
o (o) —_
—_— e z /O‘
ON ®H N o _
O/
_— o -
] | | | ! | L | i

1 /1T eOTX ‘NOT



k.00

T T T T 7 17 7]
20.0 | —] 1000
s 800
-1 600
10.0 }— / -
= H,0
8.00 = —  LOU
- [+]
6-00 f— -
4.00 | ° —{ 200
N, H,
= [+)
2.00 |— — 100
s N =
A - g
Y — 60 5
é. 1.00 p— - f
@ o0.80 [ bo @
2 L &
. 60 o
w O - 4 o
: b ;
<
> 0.40 |— — 20 =
N 69.74% N H,
29.97% N, H;NO,
0.29% ANILINE
0.20 — 10
1 8
82.04% N, H, — 6
0.10 b 17‘65% NEH‘BNOS =1
F 0 0. ANILINE
0.08 ——‘/ 3% — L
0.06 }— ¢ -
- /o
0.0h =7 -
0.02 I 1 I | I . 1

500 550 600 650 700

TEMPERATURE °R

Figure 11: Vapor pressure for water, hydrazine, and two HN-hydrazine
solutions as a function of the reciprocal of the abrolute
temperature.




DETONATION VELCCITY, ft/sec

30,000 T

Charge diameter (inches)

0.6k
2.50
1.62
1.00

(ref.
(ref.
(ref.
(ref.

0.50 (ref.
1.18 (ref.
Bureau thin film value

d4+<D0oX

25,000 |-

20,000 }-

Cardboard
Sheathed

15,000

Detonation
Limit

i | | 1 | i i

10, 000

_——’—D

——"‘—D._

30 40 50 60 70 80 90

PACKING DENSITY, lbs/ft3

Figure 12: Detonation velocity of pressed HN as a function of

density for various charge diameters.

100

the packing



FIGURE 13. - Apparatus used in determining critical film thicknesses for stable
detonation
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