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FOREWORD

This document is the final report prepared by Bell Aerosystems Company for the Air Force
Flight Test Center, Edwards Air Force Base, under Contract AF33(616)-6689. The program is the
study of storable, liquid-propellant systems. The period with which this report is concerned is

6 July 1959 through 30 September 1960.
The nomenclature of aluminum alloys which is used in this report is that which has been

accepted as standard by the Aluminum Association. That which is used for stainless stecl has been
established by the American Iron and Steel Institute (AISI).




ABSTRACT

The storable liquid propellants studied under this contract were nitrogen tetroxide (N204), un-
symmetrical dimethylhydrazine (UDMH), and hydrazine (N2H4). The prime effort was expended on
the first two propellants. Experimental data as well as data obtained from a literature survey are
included in this report.

Pertinent physical property data is presen.ed for cach propellant. Data concerning propellant
deco.nposition caused by such contaminants as aluminum and stainless steel chips, lint, constituents
of air and hot pressurizing gases is also presented. High temperature, low temperature, and cycling
temperature tests were conducted with each propellant in tanks made of type 347 stainless steel,
6061-T6 aluminum, PH 15-7 Mo stainless steel and C 120 AV titanium. Three explosions were en-
countered with NoH4 in stainless steel tanks (347 stainless steel and PH 15-7 Mo stainless steel) at
temperatures above 290°F. Other than slight decomposition, no problems were encountered with
UDMH stored at temperatures up to 300°F, 1f N2O4 is maintained in the anhydrous state and high
vapor pressure can be tolerated, no problems will be expected with NoO4 stored in type 347 stainless
steel, PH 15 7 Mo stainless steclL and 6061-T6 aluminum tanks up to 270°F. Neither tank corrosion
nor propellant decomposition was detected when the propellants were stored for three to six months
in 10-gallon 6061-T6 aluminum and PH 15-7 Mo stainless steel tanks at outdoor temperatures and
temperatures near the propellant boiling points. Materials compatibility data is presented for each
of the propellants.

Flow and exposure tests were conducted with Rascal type hardware ¢onverted to operate with
N204 and UDMH. Anti-fricition bearings such as ball or roller bearings made from standard SAE
52100 scries bearing steel or 440 C stainless steel were satisfactorily run and lubricated in liquid
N204 in a seal test rig. In addition, several seal configurations were evaluated with NoO4 and
showed excellent wear qualities when run against 316 stainless steel and flame-plated chromium
carbide mating rings. Pump tests were conducted with the WS 117L (Bell Agena) pump hardware to
determine the pump cavitation characteristics with UDMH and N204.
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I. INTRODUCTION

This is the final report under Contract No. AF33(616)-6689 conducted by Bell Aerosystems
Company under the sponsorship of the Directorate of Rocket Propulsion, Air Force Flight Test
Center, Edwards Air Force Base, California. Mr. C. F. Emde was the Project Officer.

This work covers the period 6 July 1959 through 30 September 1960. During the first three
months of this period, an extensive literature investigation was conducted to accumulate information
pertinent to the test program. The major portion of the effort under this program was utilized in
experimentation and testing with storable propellants (N204. UDMH. and N2H4) to resolve such
problems as propellant temperature limits, materials compatibility, propellant decomposition,
sealing. pumping. and flowing propellants through a typical missile propellant system.
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II. DISCUSSION

Phase I, a literature survey, was conducted during the first three months of this contract.
Detailed results of this investigation were reported in the first quarterly progress report (Reference
1 in the Bibliography). Highlights of this survey are included in a detailed description of the basic
laboratory investigations (Phase II) and system and component analysis (Phase III) which are dis-
cussed in the following subsections.

Al PHASE Il — BASIC LABORATORY INVESTIGA'I‘IONS
1. Propellant Properties

During the {irst three months of this contract, information and data on the physical
properties of N2O4, UDMH, and N2H4 were compiled from existing literature. Additional informa-
tion and data were obtained during the succeeding months from continuing literature survey. and
tests were undertaken at Bell Aerosystems to bridge gaps in the existing literature.

Tests conducted at Bell Aerosystems during this period were:

(1) The viscosity of NoO4 was measured using an Ostwald-Cannon-Fenske viscosimeter
in the temperature range from -4.4 to 50 'F.

(2) The density of NaH4 in the temperature range from 122 to 230°F was measured
using a Westphal Balance, a Pyrex test tube, and a temperature controlled oil bath.

(3) The flash and fire points of N2H4 were determined using a Cleveland Open Cup
Apparatus modified to eliminate catalyvtic effects by using a glass cup.

(4) The flash and iire points of UDMH were determined by the Cleveland Open Cup and
the Pensky-Martens Closed Cup apparatuses,

The propellant physcial properties of primary interest to rocket engine manufacturers
are summarized in Table 1. The corresponding references are also noted in this table.

Table 2 and Figure 1 contain density values of N20O4 as a function of temperature. Vapor
pressure data for NgoO4 are tabulated in Table 3. and are plotted in Figure 2 as a function of tempera-
ture. The viscosity of NoO4 in the liquid phase from 40 to 280°F is tabulated in Table 4. The effect
of temperature and pressure on viscosity in the liquid phase of nitrogen tetroxide can be found in
Figures 3 and 4. The viscosity of N204 at temperatures below 50°F is tabulated in Table 5. Figure
5 shows a comparison of results obtained at Bell versus those obtained by Richter and Sage for N204
viscosity. Table 6 and Figure 6 contain heat capacity values of N2O4 as a function of temperature.
The dissociation of N204 as a function of temperature and pressure can be seen in Table 7.

Tables and plots of the density, vapor pressure, viscosity, and heat capacity as functions
of temperature were prepared for UDMH. Table 8 and Figure 7 illustrate density values, and Table
9 and Figure 8 show vapor pressure data. Viscosity values may be found in Table 10 and Figure 9,
and the heat capacity values may be found in Table 11 and Figure 10. :
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Also, tables and plots of the densitv, vapor pressure, viscosity, and heat capacity as
functions of temperature were prepared for Nolg. Tables 12 and 13,along with Figures 11 and 12,
illustrate density and specific gravity data. Table 14 and Figure 13 show vapor pressure data.
Viscosity values may be found in Table 15 and Figure 14, and the heat capacity data may be found in
Table 16 and Figure 15,

Finally, curves of the density versus temperature over theliquid range, for N2O4, UDMH,
and N2H4. along with their melting points and boiling points, were plotted as Figure 16. From these
curves, the coefficient of thermal expansion of the three propellants can be obtained.

2. Propellant Decomposition

Data pertinent to the effect of propellant decomposition, due to contact with air. manufac-
turing dirt, and pressurizing gases, are given in this section. That found in a literature survey is
listed in the succeeding paragraphs.

Slow decomposition was noted in most cases, duc to a reaction between oxygen and N2Hg4
at ambient temperature. At higher fuel temperatures, a faster decomposition rate was noted.

UDMH is resistant to air oxidation, but the vapor reacts slowly at ambient temperature to
form traces of several products. Carbon dioxide reacts with UDMH to form a salt*, and extended
exposure of UDMH to air or other gases containing carbon dioxide could lead to eventual precipitation
of the material (Reference 12). W. A, Riehl (Reference 20) bubbled a volume of air equal to 12,000
times the original liquid volume of UDMH and found the quality of the UDMH had changed drastically.
The UDMH had turned orange-red, the concentration dropped from 97.8 to 39.3(. and the specific
gravity increased from 0.795 to 0.989,

Although pressurized nitrogen is used for transferring UDMH and NaHg4 (References 3, 6,
and 12), and dry compressed air for transferring N204 (Reference 9), very little experimental data
was found concerning the effects of propellant decomposition caused by hot pressurized nitrogen gas.
Rocketdyne (Reference 22) advised caution when pressurizing hot (200 F) N2H4 with hot nitrogen
(1000 F) becuase explusions have been experienced under similar conditions. Carbon dioxide was
found to be unsatisfactory as a pressurizing gas for NoO4 because of its solubility in the oxidizer
(Reference 18).

A. G. Thatcher of Reaction Motors Division (Reference 19) reported smooth runs when
expelling N2H4 at ambient temperature (70 F) and at 200 F with OGK solid-grain gas products**
cooled by a diluent. No vapor phase NoHy4 detonation was detected, presumably because of the rapid
dilution of the NaoH4 vapor with grain gases.

In general. the personnel at each facility visited advised caution when exy 1ling hot NgHg
with hot nitrogen.

Rocketdyne, Jet Propulsion Laboratory. and Aerojet-General predict no problem when
pressurizing N204 and UDMH with hot nitrogen., Allied Chemical Corporation (Reference 32)
indicates no problem will be encountered when pressurizing N204 with hot nitrogen. Westvaco
Chlor-Alkali Division of FMC (Reference 33) recommends caution when pressurizing UDMH with
nitrogen at 1000°F because the decomposition temperature of UDMH is 1200-1400°F.

* (CH3)2 N2HCOOH
** (Hg, CO. CO2. H20. N2. NHj)
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Manufacturing dirt refers to matter such as stainless steel and aluminum chips, weld
scale, lint, greases, shreds of plastic material, and lubricants which may be found in a missile pro-
pellant system. As originally interpreted, manufacturing dirt was thought to refer to contaminants
found in the propellants as received from the vendors. Accordingly, this information was sought
from the propellant vendors. -

Nitrosyl chloride and water were indicated by the vendor (References 9 and 32) to be
the most likely contaminants in N204. Water, when combined with N204. forms 60-70'( solution of
HNOj3. Other contaminants might be iron, in the order of parts per million: Nordcoseal 234S
(lubricant used by vendor) resulting from excessive use: and the compression oil resulting from the
use of dry compressed air during N204 transfer operations,

Dimethylamine. water, and an cir oxidation product, methylene dimethylhydrazine, were
indicated by one vendor to be the most likely contaminants of UDMH (Reference 33).

Aniline, chlorides, metal ions, and water were reported to be the most likely contaminants
of NogH4 (Reference 42).

As this interpretation of manufacturing dirt was not the intended one, most of these pro-
pellant contaminants were not included as part of the basic laboratory tests. However, the fore-
going data has been included for information purposes.

The following paragraphs give details of tests which were undertaken to supplement the
data accumulated in the above paragraphs and round out the data on propellant decomposition.

A series of tests were conducted which involved bubbling Og, COg, and CO through the
propuilants at a constant flow rate at ambient temperature and temperatures near the propellant
boiling points, to determine the effects of contact with air on propellant decomposition. Since the
information obtained in the literature survey previously described indicated that CO2 reacts with
UDMH and is soluble in N204. CO2 tests with these propellants were not carried out. As no reaction
between N204 and oxygen was likely, this test also was not made. Table 17 shows the results of the
tests actually conducted.

These results indicate that CO does not decompose UDMH, NoHg4. or N204 at ambient or
at temperatures near the propellant boiling points. Tests conducted at ambient temperature, by
bubbling O2 through UDMH and NgHg4. definitely indicated decomposition so further tests at higher
temperatures were not considered necessary. Tests with N2H4 and CO2 were terminated shortly
after starting because of the formation of a heavy white precipitate of carbazic acid (N H2N HCOOH)
(Reference 4). In view of the rapidity of this reaction at room temperature, no further tests of
CO2 and N2H4 were deemed necessary.

Another series of tests were conducted to determine the effects of manufacturing dirt
on propellant decomposition.

In the first test, three different amounts of three contaminants were added to eight ounce
ground glass stoppered flasks containing approximately three ounces of UDMH. The contaminants
were type 6061-T6 aluminum chips, type 347 stainless steel chips, and lint. Test duration was 24
days at ambient temperature. As can be seen in Table 18, analysis obtained on the 17th day, and at
the end of test, indicate that no decomposition occurred.

A second series of tests with UDMH was conducted at 160°F. In this case, only the
highest concentration of the three contaminants was added to eight ounce flasks fitted with reflux
cnndensers and placed in a constant temperature bath.
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This test proceeded for a period of seven days at 160°F. Analytical results obtained
before and after test can be seen in Table 19, These results indicate that the contaminants tested
have no effect on the UDMH at clevated temiperatures.,

The next series of tests conducted was the same as the first series except that hydrazine
was used in place of UDMH. Analytical results and concentrations used are shown in Table 18,
These results also indicate that these contaminants have no effect on the NgHg at ambient temperature.

The fourth series of tests conducted was the same as the second series except that NogHg
was used in place of UDMH. Analytical results as shown in Table 19 give no evidence of propellant
decomposition at 160 F.

The fifth and sixth series of tests were conducted with N20y4, first at temperatures
approximately 40°F and then at 70°F. The flasks used were similar to those mentioned in the above
tests but in place of condensers, vapors were retained in the elevated temperature tests by enclosing
the flasks in a container made of aluminum and holding flask stoppers down by compressing the lid
of the box. The container had port holes so that visual observations could be made from time to time.
Tables 20 and 21 show the test details and results. No propellant decomposition was apparent.

3. Purging and Pressurization

The tests for determining the effects of high temperature nitrogen on liquid propellant
decomposition were conducted using the test apparatus as shown in Figure 17, Preliminary tests
using water as the expelled liquid were conducted to calibrate the equipment and to provide data as
a reference for indications of reactions. A time history curve of represcentative data accumulated
during these tests is shown in Figure 18, Test conditions prior to the expulsion of the water included
preheating the nitrogen in the nitrogen tank to approximately 1000 F. The water was preheated in a
separate bath to approximately 200 F. Reference .o the schematic (Figure 17) will show the approxi-
mate locations of this equipment. The temperature of the pressurizing gas is controlled by an elec-
trically heated sand bath. A similar arrangement, although not shown on the schematic, was
employed to control the liquid bulk temperature. The nitrogen tank was pressurized prior to heating
to a predetermined value Pp by the equation: p T1P2

T2

When the nitrogen temperature and pressure, and the liquid temperature were stabilized
to run condition, the recorders were turned on the nitrogen pressure was increased by increasing
the system pressure with the Grove loader  (A) nntil the shear dise (B) ruptured at approximately
1050 psig. Pressure switch (C), located in the propellant discharge line, initiated propellant flow at
a tank pressure of 1000 psig. Thermocouples and pressure transducers were located as shown in
Figure 17.

T1 measures inlet gas temperature of propellant tank

Ty measures gas temperature of ullage of propellant tank
T3 = measures liquid temperature in the propellant tank

T4 = pressurizing gas tank temperature

Py upstream of check valve

Pg = downstream of check valve

P3 - pressurizing gas tank pressure (top)

P4 - propellant tank gas pressure (top)

Ps propellant tank liquid pressure (bottom)
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a. NpOy4 Tests

System preparation prior to tests with N2O4 included a pickling process with a solu-
tion of nitric acid. hydrofluoric acid, and water at 140°F. Approximately 1.5 quarts of N20O4 were
loaded in a two-quart 347 stainless steel propellant tank.  The NgOg4 tests were conducted at an
ambient temperature of approximately 70 'F. The nitrogen temperature was increased to 1120°F,
With reference to Figure 19, T1 (propellant tank inlet temperature) is initailly affected by the vapor
temperature of the liquid. This temperature shows an increase during the course of the run to a
temperature of 475 F. The temperature in the ullage space, however, increased at a relatively slow
rate until at propellant exhaustion the maximum temperature increased to 190 F,

b. UDMH Tests

System preparation prior to tests with UDMH included a system flush procedure
with methylene chloride. methanol, methylene chloride, and hot (160°F) Ng purge. The system was
then loaded with a 20’ -by-weight solution of N2H4 and heated to 160 F for a two hour period.
Results of these tests with UDMH are shown in Figure 20. It will be noted that although the UDMH
was preheated to 140° F, the temperature traces are similar to the NoO4 tests.

C. NoH4 Tests

Additional system preparation, other than an N2H4 flush, was not considered
necessary following the UDMH tests. N2Hyg tests were conducted at two propellant temperatures,
170 and 223 F (Figures 21 and 22). The tempeuerature traces for each run compare with those of
N204 and UDMH. An additional run was attempted to substantiate this finding at 225 F. During
pre-run temperature conditioning, with the propellant temperature at 143" F and an ullage tempera-
ture (T2) of 290 'F. a tank rupture occurred. The design burst pressure of the tank used was 2500
psig. No apparent reason is known for this sudden violent reaction since this system was used for
UDMH and N2H4 on the preceding tests,

It is recommended that additional tests be conducted to substantiave these findings with
larger quantities of propellants, increased surface-to-volume relationship. higher temperatures,
and at various pressurizing rates.

Based on the experiences of other activities and those at Bell Acrosystems Compansy,
it is apparent that by pressurizing both N2O4 and UDMH within the temperature range covered by
these tests, no propellant decomposition is expected. To determine the safe operating limitations
with NoH4., more tests should be conducted as mentioned above,

4, Temperature Limits

Complete information concerning the effect of temperature, time, and container material
on propellant storage properties was not found during the literature survey. The information, which
was found, concerning different phases of this work. follows.

Arthur J. Grant, Jr. (Reference 55) reported, at an ARDC Industrial Symposium, that
some NgH4 decomposition occurs at all normal temperatures and that the rate of decomposition
depends on the material with which it is in contact. With most 18-8 stainless steels, and aluminum,
the rate of decomposition is negligible up to a temperature as high as 300 F. At 160 F, decomposi-
tion is barely detectable. At 500 F. explosive conditions are reached.
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Shock sensitivity tests with UDMH and No2H4 have been determined using a modified
Burecau of Mines standurd cavd gap test, These tosts were made at approximately 18°F below
boiling points and the results indicate that both UDMH and No2Hg were relatively insensitive
(Reference 15 and Table 22).

Table 23, compiled originally by A. G. Thatcher (Reference 19 summarized some of the
recent results from a laboratory bomb type detonation test program for NgHg and UDMH blends. The
results indicate the marked detonation suppression qualities of reasonably small additions of UDMH.
Detiils of these tests were not desceribed in the report,

Acrojet-General Corporation has conducted vapor phasce thermal stability tests of NoHg
and N2H4 mixtures. A laboratory apparatus, made of tvpes 347 and 17-7 PH stainless steel and
designed to determine the relative thermal stability of vaporized fuels, was used. The rate of
pressure incercease during decomposition induced by thermal shock trom a tantalum wire was
measured as the indication ol relative thermal stability. UDMH and ammonia, as additives, reduced
the rate of vapor phase thermal decomposition of the NoHyg. (Reference 56).

The catalvtic activities of motal surfaces (Reference 57) were studied by inserting
strips of metal into pyvrex ampoules betore tilling with NoHg, and raising the combination to tempera-
tures above the boiling point of NoHy. I veneral, this caused a large increase in rate of decomposi-
tion over that obtained in pyrex alone. Type A nickel, aluminum, and stainless steel 302 were studied,
and the least active of the untreated (unpassivated) specimens was aluminum, At the temperature at
which the runs were made, the resulting decomposition wes attributed almost completely to the
presence of the metal,

According to Acerojet-General (Reterence 213, NOTS Report NAVORD 6469 contains
curves of pressure versus time for the three propellants under consideration at 300 and 250 'F.
These curves indicate that UDMH and N204 would nresent no problem at 300 F. Nalg would de-
compose with tiime. However, the time mentioned in this report was relatively short in comparison
to the three-month period required in this program,

Since the information reterenced above did not give all the data required, the following
series of tests were conducted.

The firsttests inthis series were conducted with small airborne type tanks of types 347
and PH 15-7 Mo stainless steel, 6061-T6 aluminum, and C 120 AV titanium, to determine the effect of
high temperature (300 :10 F for UDMH and N2H4. and 270 - 10 F for N204). time., and material on
the stability of the threce propellants.

The second set of tests in the series was designed to determine the effect of low tempera -
ture (-65 :10 F for UDMH and N2Hg4. and -20 - 10 F for N204). timc. and material on the stability of
the three propeliants.

The third set of tests in the serics was designed to give a combinatio» of the other two.
This test involved cyeling from -40 to 300 F ior UDMH, -20 to 300 F for NgH4. aid -20 to 270 F
for N204 using the same ullage and tanks specified for the first tests.

a. Elevated Temperature Tests

The first tests with UDMH and N2Hg4 at 300 - 10 F were run with type 347 stainless
steel and 6061-T6 aluminum tanks. Tanks of PH 15-7 Mo stainless steel and titanium had not been
received from the vendor, at this point, and could not be included in these early tests. Tank size,
material of construction, propellant loaded, and ullage used are given in Table 24. (The term "ullage’”
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in this report means the vapor space above the liquid.) The tanks were hydrostatically tested accord-
ing to a standard military specification (Reference 88). The stainless steel tanks were pickled with “
a nitric acid/hydrofluoric acid/water mixture (Reference 60), and the aluminum tanks were pickled
with a sodium dichromate/sulfuric acid solution (Reference 61). These tanks were mounted on a
cross bracket and placed in an oven as shown in Figures 23 and 24. Note, in Figure 24, that the

four tanks mounted on the back side of the cross bar were loaded with NoHg and designated 1 through
4 from left to right, and the four tanks mounted on the front side of the cross bar were loaded with
UDMH and are designated 5 through 8 from lelt to right, Each of the tanks was equipped with a
visual pressure gauge, vent valve, temperature probe, and a 600-psi designed burst pressure shear
disc. These dises were connected via a common discharge line to a water pot located outside of the
cell used. Tanks were then filled with propellants at ambient temperaturce to the ullage designated

| in Table 24. The ullages used were selected on the basis of the thermal expansion of each propellant,
and to compare data for two different ullages. The sealed system was examined for leaks before

and after loading propellants. After the system was found to be free from leaks, the test was
started. Pressure rise-rate, for the first five-hour heating to the desired temperature, for the
NoH4. averaged 15 psig/hour, and for the UDMH. approximately 11 psig/hour. After the tempera-
ture stabilized at 300 :10 F. tanks 2, 3, and 4, containing N2H4. continued to show a pressure rise-
rate of approximately 26 psig/hour while tank 1 tapered off to approximately 1 psig/hour (Figure 25).
Tanks 5 through 8. containing UDMH, after the first five hours tapered off to approximately 0.7
psig/hour (Figure 26). The pressure rises in the NgHg tanks indicated that the burst pressure of

the shear discs on tanks 2, 3, and 4 would be reached in approximately 23 and 24 hours. The rate of
pressure rise of tank 1, indicated that the burst pressure would not be reached for a considerable
length of time. This indication was also true for tanks 5 through 8, containing UDMH. After 16
hours of continued heating at 290 F. an explosion occurred demolishing the oven and purt of the
building (Figures 27 and 28). Subsequent investigation pointed o decomposition of NgH4 in stainless
steel tank 2 which shattered, sending shrapnel at the other scven tanks, causing tanks 1 and 4 to
rupture. Damage to the tanks is shown in Figures 29 and 30. The pressure rise was beyond the
normal vapor pressure of NogH4 at 290 F. This indicated that catalytic decomposition was occurring. '
However, the rate was constant, giving no indication of a possible explosion. Laver, tank 3 was cut
open and found to contain brown iron oxide deposits on the weld surfaces. From this it was judged
that the explosion was probably caused by the catalytic decomposition of the N2H4 due to these
deposits. This conclusion wias substantiated during two attempts which were made subsequently to
duplicate conditions which caused the explosion.

In the first repeat test. a stainless steel type 347 tank was processed as in the
orginal test and loaded with N2H4 at the same ullage as tank 2. A visual inspection of the inside
surface of the tank, prior to loading, indicited a small amount of brownish residue on the weld
surface. This residue was not removed. in order that the test condition would be the same as for
the original test. The tank was immersed in a sand bath, contained in a mild steel drum which was
located outdoors (Figure 31). This minimized the possibility of damage due to an explosion. The
bath was heated with Calrod immersion heaters and the temperature was thermostatically controlled.
During the 24 hours of the first repeat test, the maximum pressure obtained was 14 psig: however,
this was due to inadvertent attainment of a temperature of 377 F. The average pressare and iem-
perature, excluding the 141 psig at 377 F. was 108 psig at 305 F (Figure 32). The second repeat
test was made with the same equipment but fresh propellant. Test duration was approximately 50
hours with shutdowns at the end of the second shift (approximately 12-14 hours at temperature).
The maximum pressure was 91 psig (Figure 33).

These tests indicate that the tank became conditioned because it was exposed to
300°F, and above, with concentrated NgH4. resulting in only a gradual rise in pressute as compared
to the original test. These tests also indicate that the decomposition rate of NgHg4 is such that long
term tests at constant temperatuse in tanks which have been properly cleaned and conditioned seem
permissible. Analysis of the NgH4, before and after test, showed only slight decomposition (97.57
at the start and 97.14'( after test). (
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" It was then decided to conduct separate tests using the above mentioned system
with PH 15-7 Mo stainless steel, 6061-T6 aluminum, and C 120 AV titanium alloy tanks. These
tanks were conditioned and tested for a 24-hour period.

At this point, further temperature limits testing was transferred to an area wnere
better provisions could be made to cope with potential hazards involved.

During the time required to set up operations at the new site, the two-quart PH
15-7 Mo stainless steel and C 120 AV titanium tanks arrived from Benson Manufacturing Company.
Using these tanks and two-quart 6061-T6 aluminum and type 347 stainless steel tanks, three series
of tests were started with UDMH and N204.

In each case, operations commenced with determining tank volume by calibration
with water. This was followed by pickling in accordance with Reference 61. As an added precaution,
tanks intended for fuel tests were filled with dilute (357 by volume) UDMH and held at 190 : "0°F for
one hour, after which they were drained, blown dry with nitrogen, and capped. After the propellant
to be used for a given series of tests was analyzed, the tanks were loaded with enough liquid to give
a predetermined ullage at loading temperature. Loading was accomplished by thefollowing procedures.

The fuel tanks were evacuated, then filled with nitrogen to provide an inert
atmosphere. The UDMH drun was pressurized to force fuel into a graduated dropping funnel via
stainless steel and Tygon tubing. The correct volume of fuel was then allowed to flow into each
tank, displacing nitrogen during the process.

The oxidizer tanks were fitted with a fill line connected to an N20O4 cylinder, and a
vent line to carry away NO2 fumes. The assen Hly was put on a scale and the cylinder valve opened.
Due to the low ambient temperiture, the liquid, driven by its own vapor pressure, flowed from one
tank to the other.

Each tank was then mounted in an appropriate bath and after burst discs, thermo-
couples, and pressure gages were satisfactorily installed, temperature control was started. There-
after, pressure and termperature readings were taken at regular intervals., Detailed information
about each series of tests follows,

Three elevated temperature (300 : 10 F) tests were performed with NgH4 in
6061-T6 aluminum, C 120AV titanium, and PH 15-7 Mo stainless steel tanks, loaded to a 4077
ullage after conditioning, and placed in a command sand bath. Within three hours after the start
of heating to 300" F, an explosion occurred shattering the PH 15-7 Mo tank and slightly damaging
the other two. One minvic prior to the explosion, a pressure of 50 psig and a temperature of 2908°F
were recorded for the PH 15-7 Mo tank, see Table 25. The damage was confined to the test
apparatus which was set up outaoors behind a bunker, see Figure 34. Examination of the tank
fragment disclosed no evidence of corrosive attack. Fragments of shattered tank are shown in
Figure 35. These observations indicate that the explosion was caused by spontaneocus catalytic
decomposition. As a direct result of this explosion, further NoHg4 tests at 300°F were confined to
6061-T6 aluminum and C 120 AV titanium.

The remaining two tanks (6061-T6 aluminum and C 120 AV titanium), after being
rechecked hydrostatically, cleaned, and conditioned, were placed back in test. These tanks were
loaded to 40" ullage with NgH4 and held at 300" F for a period of 24 hours. Decomposition was noted
for both tanks as indicated by pressure versus temperature curves (Figures 36 and 37). Chemical
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analysis, as shown in Table 26, confirms this. This test showed that the order of preference of tank
material tested at high temperature (300°F) with N2H4. is as follows:

(1) 6061-T6 Aluminum (3) Type 347 Stainless Steel
(2) C 120 AV Titanium (4) Type PH 15-7 Mo Stainless Stecl

Eight clevated temperature (300 : 107 F) tests, with UDMH, were conducted for a
three-month period. These involved one tank of each material previously mentioned filled to an
ullage of 25'(. and another to an ullage of 45(. Figure 38 shows the tanks installed in an oven.
Figure 39 shows the pressure gages mounted on a wall outside the building housing the oven. The
burst disc assemblies are just visible above the gage panel. A cross section of the temperature and
pressure data gathered is given in Table 27.

As can be seen by insepction of this table, the tests were interrupted on the fifth day
because of leaks at the Teflon vapor seals. Subsequently, oversized Teflon seals were installed and
the tests proceeded without incident to the twentieth day when leaks again were detected. At this
point, it was decided to switch to butyl rubber seals. During this installation change, the propellant
was analyzed and judged acceptable for continuation of the tests. Analytical results before test, and
at that point, are given in Table 28. By the 32nd day, the new seals were installed and high-
temperature testing resumed.

No further leakage was detected throughout the test period. The tesy. was shut down.
however, from the 64th to the 72nd day. to allow disassembly of UDMH cycle (-40 to 300 'F) tests
which were complete at this point. The elcvated temperature test was again interrupted from the
88th to the 89th day. so that a cold box could be installed in the cell for low temperature (-65°F)
tests.,

Other than the unexpected difficulty of sealing UDMH tanks at elevated temperatures,
no basic problems were encountered. Pressure readings up to the 75th day of test were consistently
equal to or lower than the vapor pressure of the UDMH, indicating no decomposition. However, after
the 75th day, a slight increase in vapor pressure was noted in both of the PH 15-7 Mo stainless steel
tanks,. indicating some decomposition. Analysis at the end of test (Table 29) confirmed this. The
initial and 10/ boiling point ranges. as well as density, were below minimum specification. Food
Machinery and Chemical Corporation consultants indicated that this was caused by the decomposition
products, dimethylamine and ammonia. In the remaining six tanks, which were made of 6061-T6
aluminum, C 120 AV titanium, and type 347 stainless steel, analysis of the UDMH disclosed no de-
composition in the aluminum and titanium tanks, ard only a slight amount in the type 347 stainless
steel tank.

Under the conditions tested, UDMH proved stable in 6061-T6 aluminum - | in
C 120 AV titanium, and fairly stable in types 347 and PH 15-7 Mo stainless steel.

Four elevated temperature (270 + 10°F) tests with N20O4 were begun on 1
February 1960. One tank of each material specified above was filled to an ullage of 30 mounted
in an oven. The ovens and associated lines, gages, and valves, are shown in Figure 40 i ea
building in an attitude such that temperature and pressure readings can be made from o de. A
cross section of the data obtained is shown in Table 30.

Inspection of this table shows a lack of data for the titanium tank. Thi: ecause
the tank was removed from test before test conditions stabilized. Removal, in turn, was t. . ¢ e
fact that shortly after the propellant reached temperature, NO2 fumes were seen and subsequently *
traced to the titanium tank. The propellant was removed and submitted for analysis. The tank was
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ev r-ired visually and showed no corrosion products. Two pin-hole leaks were discovered at the
welas, . cror, when the tank was hydrostatically tested. The tank was returned to the vendor for
repair. A lysis of the propellant at this point and at the beginning of test, as shown in Table 31,
indicated no appreciable change in composition during test. While waiting for repairs, information
was found in the literatuic (References 62, 63, and 64), which mitigated against restart of this par-
ticular test. It was reported that titanium tends to react with oxidizers, such as RFNA and fluorine,
to form deposits which decompose with great violence under slight provocation, Consequently, only
the test with the N204 stored in the titanium tank at a temperature ranging from 90 to 150°F was
conducted, and this with provision to detonate any unstable deposits by remote control. This test
will be discussed later in this section.

Taken as a whole, test data with the remaining tanks indicate that all of them are
satisfactory for high-temperature storage of N204. Pressures observed v re consistent with NoOg
vapor pressure data and were proportional to temperature.

The analvsis of the N204. as shown in Table 31, was unchanged except for a trace
of nitric acid, found by spectral means, and an indication of the entry of water. Visual examination
disclosed salt deposits and indicated definite attack. Salts, which were found in the types 347 and
PH 15-7 Mo stainless steel tanks, consisted primarily of hydrated iron nitrate, and in the 6061-T6
aluminum tank. consisted primarily of hydrated aluminum nitrate with a trace of bydrated iron
nitrate. The hvdrated iron nitrate in the aluminum tank probably came primarily from the stainless
steel thermocouple probes used. The observations and analyvsis seem to indicate that at 270 °'F, some
of the water which had been in the system, or was picked up during the test, reacted with N20O4 to
form HNO3. This in turn reacted with the iron and aluminum to form iron and aluminum nitrate
which absorbed water to form the hydrates of both nitrates. Consequently when the N204 was
aamilyzed there was little incerease in water content, The salts formed were evidently insoluble in
N204. thereby showing no increase in total solids when an analysis was made,

b. Low Temperature Tests

Eight low temperature (-65 F) tests, four with UDMH and four with N2R4. com-
pleted one-month storage. One tank of cach material (types 347 and PH 15-7 Mo stainless steel,
6061-T6 aluminum. and C 120 AV titanium) was loaded to an ullave of 25 . with UDMH, and to 20,
with N2H4. The tanks were mounted in an insulated box which was cooled by means of a refrigerant.
No pressures were recorded throughout the test period, Table 32, and analytical results, as shown
in Table 33, indicate no decomposition occurred. Visual inspection of the interior o each tank
disclosed no evidence of attack. Accordingly. ne preference can be stated for one tank material
over another at low temperatures.,

Three low temperature (<20 F) tests with N204 were conducted over a one-month
period. These tests involved only the 347, PH 15-7 Mo stainless steel, and 6061-T6S aluminum tanks.
No pressures were observed during the test period. and analytical results, as shown in Table 34, as
well as visual inpsection of the interior of the tanks. indicated no decomposition or attack.

C. Temperature Cvele Tests

Six temperature cycling (-80 to 300 F) tests with NgH4 were completed with six
weeks storage, These involved two tanks each of three materials, 347 stainless steel, 6061-T6
aluminum, and C 120 AV titanium. One tank of each set filled to 20' and the other to 40'( ullage.
The tanks were mounted with fittings equivalent to those used for the UDMH temperature cycling
tests, and temperature cycling was effected in much the same manner.
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Decomposition pressures observed during the test period reached as high as 50
psia. It is assumed that the decomposition was relatively low because of the nature of the test.
Where temperature was kept at 300°F for long period of time, much higher pressures were ex-
perienced.

A cross section of the temperature and pressure data for the entire test period
is given in Table 35. Analytical results, as seen in Table 36, substantiate the claim that only a
small mount of decomposition occurred. Further confirmation was obtained upon visual examination
of the interior of each tank which showed no signs of corrosion.

Under these test conditions, no preference can be made for any of the container
materials tested.

Eight temperature c¢yeling (-40 to 300 F) tests with UDMH were terminated after
two months. These ton, involved one tank of each material (PH 15-7 Mo, 347 stainless steel,
6061-T6 aluminum, and C 120 AV titanium) filled to 257 and another to 45°¢ ullage. Tanks were
mounted, withfittings equivalent to those used at 300 F, in an insulated box and temperature cycling
was effected as follows.

Heaters in a second box are turned on and hot air is passed into the box containing
the tanks until the temperature reaches 300 F. This takes approximately eight hours. The heaters
are then turned off and the propellant cools to ambient temperature in about 12 hours. Dry ice is
added to the second box and cold air is passed over the tanks until the propellant reaches -40°F.
This also takes about eight hours. The cold air flow is then stopped. and the propellant allowed to
rise to room temperature. This takes about 12 hours and completes one cyele. A cross section of
the temperature and pressure data for the entire test period is given in Table 37, As with the
300°F test, the sequence was interrupted on the 5th and 20th day for seal replacement. Analytical
results, as shown in Table 38, justified continuation of the tests.

No decomposition pressures were observed during the test period. Analytical
results at the end of the test (Table 39) disclosed only minor deviations from specification. Visual
examination of the interior of each tank showed no corrosion. Under conditions of test, the UDMH
was stable in all materials used.

Three temperature cycling (-20 to 270 F) tests with N204 were completed with
six weeks storage. They involved one tank cach of three materials, PH 15-7 Mo stainless steel,
347 stainless steel and 6061-T6 aluminum. filled to an ullage of 30'.. The tanks were mounted in an
insulated box which was cooled by means of a refrigerant, and heated using resistance heaters.

Pressures, recorded for the three tanks, were equal to, or less than, vapor
pressures until the last day of test. On the last day of test, with the temperature at -36 F. a
pressure of 30 psig was noted for the 347 stainless steel tank. It was suspected that moisture
laden air seeped in via a Teflon O ring. which probably developed a slow leak from cold flowing
during the cycling and allowed corrosion to set in. This was confirmed when iron nitrate salts
were found in this tank, while the remaining tanks, when examined internally. showed no signs of
corrosion. A cross section of the temperatures and pressures recorded throughout the tests can be
seen in Table 40.

As in the elevated temperature tests, the salts which were formed %ere quite
insoluble in the N204. Thus. there was shown no increasc in dissolved solids. Complete analvtical
data gathered for the N204 samples are shown in Table 41,
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Under the condition of tests, it can be concluded that the N204 is stable in all three
alloy materials, provided no excessive moisture enters the system,

d. Supplementary Tests

Additional temperature limits tests were made at temperatures above 300°F.
Detailed information about eacn follows.

In each case. propellant was loaded, to an ullage of approximately 90'¢. into a tank
which had been previously cleaned and conditioned. Temperature and pressure pick-ups were added.
Next, the tank was mounted ina bath (Figure 41), which was later filled with sand. Pressures and
temperatures were recorded. Each tank was also provided with a burst disc rated slightly below its
working pressure. This was done so that tanks could be salvaged if pressure rise was not destructive.
The tank material selected was considered. from previous tests, to be the most inert in reference to
the particular propeilant being tested. An NoH4 test in 6061-T4 aluminum was terminated after the
temperature leveled off at 380 F. A higher temperature was intended but the heating system proved
inadequate for this. The test was not repeated, however, since the maximum pressure recorded
(480 psiu) was considerably higher than the vapor pressure (380 F). indicating propellant decomposi-
tion. Figure 42 shows that the rate of decomposition increased sharply above 300 F, and indicates
that the pressure would have continued to rise due to propellant decomposition.

A UDMH test in 347 stainless steel rose to a maximum temperature of 567 F and
a pressure of 804 psig. Two minutes later. the 1500-pound burst disc ruptured. (See Figure 43.)
Vapor pressure data at the corresponding temperature show pressure in excess of 1580 pounds. No
UDMH remained in the tank after test, to allow for analysis.

An N204 test in FH 15-7 Mo stainless steel was terminated after leakage was
apparent at a lemperature of 406 F. The maximum pressure recorded was 1290 psig. (See Figure
44.) The burst disc was still intact, and it was later found to be the cause of leakage. Analysis of
the N204. indicated no change in composition had occurred.

o, Miscellaneous Tests

In order to determine if N20Og would form shock sensitive salts when stored in
titanium. a C 120 AV titanium alloy tank was loaded with oxidizer to a 50, ullage and mounted in a
bath similar to the one shown in Figure 41. The tank. in this case. had a harness shaped fixture
mounted on top of it to prevent physical damage to the tank. while at the same time, allowing the
tank to absorb the shock of a 50-pound weight dropped from a height of two feet. This was to be
done after test, to determine the shock sensitivity of any deposits formed inside the tank during
test, Temperature and pressure were monitored throughout the one-month test period (Table 42).
Tempr rature fluctuated hetween 90 and 150 F, and pressures were consistent with the vapor
pressure of N204 at the prevailing temperatures. The aforementioned weight was dropped on
schedule without incident. Analysis of N2O4. after test (Table 43). showed no deviation from
specification. and examination of the interior of the tank showed no signs of attack or deposit
formation. However, a positive result, at a higher impact, was observed in metal coupon tests,
as reported in the Materials Compatibility section of this report.

5. Materials Compatibility
In order to accomplish this program with maximum efficiency and economy, an extensive

literature search was first made to determine the arcas in which materials data was lacking or
sketchy. Following the literature survey, a test program was carried out.
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a. Literature Survey

Tables 44. 45, and 46 are tabulations of literature data on the compatiblity of
various metals, plastics, elastomers, and lubricants with N204. Tables 47, 48, and 49 arc¢ similar
tabulations for UDMH. and Tables 50, 51, and 52 for N2H4.

The following general comments, pertinent to this subject, were also obtained from
the literature survey.

(1) Nitrogen Tetroxide (N204)

' Generally, N204 - NO (nitric oxide) mixtures and N204 whern dry (0.17)

| moisture, maximum), are not corrosive to mild steel, and numerous other metals, at ordinary tem-
peatures and pressures. Wet N204 is as corrosive as 60°¢ nitric acid, so that only materials
resistant to 60'( nitric acid can be considered useful in wet N2O4.

Where metals have been so tested, there is no significant difference in the
corrosion of the plain metal versus stressed versus welded specimens. The metals that have been
tested in the three different conditions include 8630 steel, 304 stainless steel, and 2024 and 5052
aluminum (References 23 and 25).

Nitrogen tetroxide is very reactive with most organic compounds: therefore,
the number of non-metallic materials with which it is compatible is extremely limited (References
25, 26, and 27).

In the case of halogenated plastics, such as Kel F and Teflon, tests indicate
that N204 is absorbed. It is theorized that N2Ogq is absorbed into the spaces between the polymor
chains. forcing apart the chains with resulting swelling and loss of strength (References 26 and 27).
Because of this. these plastics should not be used in N9O4 and then used in fuel.

As with plastics and elastomers. there is a very limited number of lubricants
and sealants that are satisfactory for N204 scrvice. Becuase of the reactivity of N2O4 with organic
compounds. hydrocarbon vils and lubricants cannot be used.

One material, generally reported as satistactory as a sealant and lubricant,
is a mixture of graphite with disodium silicate (water glass) or sodium stearate (References 9, 23,
28, 29, and 65).

(2) Unsymmetrical Dimethyl Hydrazine (UDMH)

A considerable amount of work has been done on the comgatiblity of UDMH
with both metallic and nonmetallic compeunds. However, many details of these numerous tests were
not readily available, e.g., such details as the effects of the material on the UDMH. and the initial
concentration of the UDMH used in the tests, were not given,

It should be noted that UDMH is generally more stable than NgHg, and is com-
patible with many more metals. Trace quantities of impurities are less likely to catalyze its
decomposition, and its reactions with materials are much less violent than in the case of N2H4.

In most cases, the presence of moisture adversely affects the corrosion
resistance of metals. Figure 45 is a plot showing corrosion rate of several metals versus the UDMH
concentration.
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(3) Hydrazine (N2HY)

There have been several compilations of data on N2H4 compatibility with
various materials of construction. A numbcer of these are listed as references. Most of these
articles, however, fail to give all the details of the test conditions regarding the compatibility of the
material with the hydrazine. For example. in many instances (Table 50), the data on the effect of the
material on NgHg4 was not available.

In general, high copper and nickel bearing alloys, as well as magnesium,
cadmium, bronze, brass, mild steel, lead. tin, and zince, should be avoided. Regarding molybdenum,
Jet Propulsion Laboratory has found polished molybdenum satisfactory when exposed to NgH4 up to
400 F in 347 stainless steel bombs (Reference 66).

In view of the hmited amount of information concerning the compatibility of
N2H4 with allovs containing molybdenum, it is recommended that prior to using a4 molybdenum bear-
ing alloy an evaluation be made emploving the conditions expected to be encountered (Reference 70).
Most recently at a meeting held at AFBMD, molyvbdenum bearing alloys were judged satisfuctorily
for use with a 50/50. (by weight) blend of UDMH-N2H4 up to 160 F (Reference 71),

Of the many plastics and clastomers investigated for service with N2H4. only
a few were found satisfactory for service, and only a very few were satisfactory for general usce.

b. Test Program

Following the literature survey, a test program was prepared. Table 53 is a
tabulation of the materials tested and conditions of the test,

Metal and nonmetal tests with each propellant will be discussed in the following
sections.

(1) Nitrogen Tetroxide (N204)
() Metals

Table 54 is a summary of the data obtained from tests of various
metals with N204 at 60 : 5 F for stated periods of time ranging from 30 to 63 days. These tests
were conducted in 250 ml Erlenmever flasks fitted with inverted drying tubes filied with silica gel as
shown in Figure 46. The ends of the drying tubes were sealed with polvethylene. Except where
noted. three specimens of each metal placed in the flasks, in a manner providing minimum contact
between specimens. were half submerged in approximately 100 ml of N204.

The specimens. most of which were approximately 1/2 x 3 x 1/16 inch,
were degreased in fresh methylene ehloride prior to initial weighing and immersion. Upon removal
from the N204 at the end of the exposure period. only a few seconds of air agitation in the hood
sufficed to allow any N2C4 to evaporate from the surface. The specimens were then hand scrubbed
with a rubber stopper and in running water to remove any surface corrosion products prior to dry-
ing in a stream of dry nitrogen, and final weighing. Figures 47 and 48 are photographs of the metal
specimens, taken after final weighing,

Of the 63-day exposure tests, only three alloys, 2014 aluminum, 5456
alununum, and Haynes Stellite 6K, were exposed continuously throughout this period. The other five
were exposed for an initial period of 30 days (see Table 54), rubber stopper scrubbed. dried,
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weighed, and then re-immersed for an additional 33 davs. It is probable that this double exposure,
double scrubbing technique results in a higher percent weight change and corrosion rate experience
than with a steady state 63 day exposure.

No corrosion rate is shown for AM 100A magnc um (30 days) or for
Inconel (30 days) because the specimens increased in weight, with exposure to N2O4. This is
probably due to difficulty in removing the corrosion products employving the rubber stopper scrubbing
technique.

The titanium alloy. A110 AT, was removed from test after one week for
safety reasons. References 62, 63, and 64 list incidents wherc titanium alloys and steong oxidizers
have detonated under certain conditions with resultant loss of personnel and property. In order to
investipate the reported pyrophoric tenaency, a piece of A110 AT titanium, approximately
1 x 1/2 x 1716 inch, was partially immersed in about 14 ml of NgO4g in a pyrex glass tube and scaled
while frozen and under vacuum. The glass tube and specimen were positioned under an inmpact
tester, and impact tested at 170 tt-1b after 29 davs. Neither detonation nor gross reaction was
evidenced. but microscopic examination of the specimen showed indications of a slight burning
reaction. This was evidenced by o deep fan-shaped. blue discoloration and molten metal appearing
on the face of the coupon. Figure 49 is a photomicrograph of the aftected area. A control sample
of 2024 aluminum also was impact tested with 170 ft-1b under identicai conditions. As a second
control. samples of titanium A110 AT was subjected to the same impact in air. Neither detonation
nor ovidence of burning was detected with both control samples. Figure 50 is a photograph of the
three samples for comparison.

The importance of the sensitivity of titanium exposed to strong oxidizers
is recognized by people in the missile industry. As a consequence, Wright Air Development Division
(WADD) has contracted Allied Chemical Corporation. Nitrogen Division, to determine the impact
sensitivitvy of commercially pure titanium. titanium alloy C 120 AV. and one other metal when exposed
to liquid N204 and to determine the mechanism of the ignition, should this take place. In Reference
72. a summary of the first quarter, Allied Chemical stated that preliminary tests, conducted with
pure titanium exposed to liquid N204 up to 336 hours. vielded no detonation nor violent reaction in
the absence of foreign matter when the titanium was impact tested with 100 £t-1b force. In the
presence of foreign matter such as impurce sand, evidence of reaction was obtained when the
titanium specimen was struck with a flat end pin with 100 11-1b force, For further data, it 1s recom-
mended that future Allied Chemical Corporation quarterly reports be reviewed.

The N204 used to conduct these tests was analyvzed and met the purchase
specifications. Only slight changes in analyses were found atter testing. Specifically. water. the
most important contaminant, increased trom 0,11 (by weight) before test to 0,14 (maximum  fter
test.

(b) Elastomers, Plastics, Asbestos-Filled Gasket Material, Graphite
Materials, and Lubricants

Tablce 55 is a compilation of the data obtained in tests of various non-
metallic materials in N2O4 at 60 -5 F for stated periods of time ranging from 45 minutes to 63 days.
The short-term tests were performed for the purpose of determining a satisfactory seal for short-
term exposure during the seals and bearing tests (Phase 1IN, The apparatus used was the same as
for the metals (see Figure 46). Except where noted in the table, only one specimen of cach nuterial
was tested fully immersed in about 100 ml of N204.

No pretreatment or cleaning was performed on specimens prior to
initial weighing and immersion except for mechanical wiping with Kim-wipes. Most ot the materals
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exhibited absorption of the N204 to virvin:e degrees, and upon removal from the N20Og at termination
of exposure, all were Cout gassed” in the hood for at least 20 hours before final weighing and

measurement,

Except tor the silicone rubber O-ring covored with unplasticized
Kel-F, all of the materials listed in Table 55 under elastomers exhibited gross swelling while
immersed in the N2O4 and. in most cases, were measured immediately upon removal from the
oxidizer. These measurements were used to caleulite the "percent volume change before out

vassing’ vitlues shown in the table. Similarly, the "after out gassing’ values were calculated using
the final velume measurements after out gassing.

All of the plastics tested showed dimensional stability both during and
after immersion in the NoO4 and, with the exception of Raythene-N which was exposed twice as long
as any of tne others, apparently underwent no gross changes in physical properties or appearance,
The Genetron samples, tested as possible material for lip scals, had been pretreated by compress-
ing between platens heated between 450 and 500 F. The clear samples were amorphous in structurc.
having been quickly water-quenched whereas the eloudy samples were erystalline, having been allowed
to cool down very slowly between the platens.

The lubricants were tested by smearing a small quantity of the grease
on a weighed glass microscope slide, reweighing for the grease weight by difference, and position-
ing the slide at about a 45 degree angle in the 250 ml Erlenmever flask. The slide was half immersed
in the N204. positioning the greasce partly in the liquid and partly in the vapor. Upon removal after
exposure and after 20 hours out gassmg, the slide and crease were reweiched to determine the
percent change in weight, These ficures are not strictiv comparable, however, because of varyving
degrees of purely mechanical loss of erease in handlinge,

It should be noted thiat none of these areases appear to be completely
suitable for N204 service: all were grossly damaged by the N204.

(2) UDMH and NaH4g
() Metals

Table 56 is a summary of the data obtiined from test of various
metals in UDMH at 140 F for one month, Tables 57 and 58 are similar summarices for tests of
metals for one month in N2H4 at 140 and 200 F respectively, All of thse tests were conducted in
250 ml Erlenmeyer flasks fitted with condensers and placed in 4 constant temperature bath.
Figure 51 is a photograph of the test set up,

Three specimens, approximately 3 x 1/2 x 1716 inch, of each metal
were degreased with methylene chloride and placed in a flask in 2 manner providing minimum con-
tact between specimens. Fuel in the amount of 100 ml permitted half submersion of the specimeus.
In the first group of tests, the open end of the condensers was covered loosely with a piece of alu-
minum foil and the ground glass joint was left dry. It was not anticipated that a serious breathing
problem would result with this sct up: however, as noted in Tables 56 and 57, the first group of
tests showed considerable decomposition of the fuels.

The loss of strength of UDMH was probably caused by air oxidation
characterized by the extensive discoloration which occurred. In the case of NogH4. however,
moisture was probably the cause of the decreasing strength of the NogHg and the forming of a
hydrate with a somewhat higher specific gravity than anhydrous NoHg.. This decomposition
problem was investigated to some extent in the propellant decomposition section of this report.

~
[
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It was believed that the condition of the fuels that existed at the end of c
the tests would present a more corrosive medium to the metals than with specification grade fuels.
Based on this theory, it was concluded that metals not affected by the fuels in these tests would not
be affected by the specification grade fuels. Work done at Food Machinery and Chemical
Corporation. (Reference 69) with UDMH, showed negligible corrosion of most of these metals
after seven days at 146 F. In their tests, there was little or no change in the UDMH assay.
(It should be noted that there was little or no color change in the UDMH during the first six or
seven davs of the tests listed in Table 56.)

As further confirmation of the above theory, several tests were
repeated with a modified test set up. These repeat tests are marked with a double asterisk in
Tables 56 and 57.

In the new test set up, the open end of the condenser was sealed with
a double layer of 3-mil thick polyethylene film and the ground glass joint between the condenser and
the falsk was sealed with UDMH lubricant. The balance of the tests under this program were run
with this sealed avparatus.

Several metals, as noted in Tables 56 and 57, were exposed to the fuels
for an additional 94 days at 115 F. There was no further significant change in the specimens except
for 6061 aluminum alloy which showed a slight discoloration of the metal exposed to the liquid N2H4.

Metal specimens were washed by hand in cold water, dried, and
weighed at the end of the tests. Figures 52, 53, 54. and 55 are photographs of the various metal
specimens after test.

{b) Plastics. Elastomers, and Gaskets ‘

Table 59 is a summary of the data obtained from tests of various
plastics and elastomers in UDMH for one month at 140 F. Table 60 is a similar summary for NoH4.

Except for the butyl rubber, only one specimen of each material was
exposed to the fuel,

Most of the materials exhibited absorption of fuels to varying degrees.
At completion of the tests, specimens were rinsed in cold water and dried at a slightiy elevated tem-
perature (90-100 F) for several minutes. They were weighed within approximately one hour after
removal from the fuel. Several specimens had absorbed UDMH to the extent that a weighing, even
after one hour. was difficult. These, as indicated in Table 59, were reweighed after 48 hours. This
situation was not so serious with NoHg.

A Gehman Stiffness Tester was used to determine the Apparent
Modulus of Rigidity of several elastomers (Tables 59 and 60). The test procedure followed is ex-
plained in ASTM D1053-58T. ""Mecasuring Lo Temperature Stiffening of Rubber and Rubber-Like
Materials by Means of a Torsi mal Wire Apparatus’. It is estimated that the accuracy of the
Modulus of Rigidity is :10'. .

Although many of these materials exhibited absorption of fucl and
swelling, it should be noted that in many applications the arca of material exposced to ¢he fuel wall
only be a fraction of that area exposed during these tests,
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(c) Lubricants

A number of lubricants were tested statically by smearing a small
quantity of the lubricant onto a glass rod and half submerging it into the fuel. This test served orly
to eliminate those lubricants that dissolved in the fuel in a few hours. The bulk of the lubricant
tests were performed on a dynamic lube tester designed at Bell Aerosystems (Figure 56).

The dynamic lubricant tester consisted of a cylinder approximately
2 x 2 inches with a piston. The piston shaft extended out cither end of the cylinder and was moved
through a two inch total travel by a motor and cam at the rate of three cycles per minute. The
O-ring on the piston and the O-rings through which the shafts moved were covered with the lubricant
in question. The cylinder was filled with fuel by means of a reservoir and bypass line. The linkage
between the motor and tester was fitted with a strain gage feeding a signal to a Speed-O-Max recorder.
The calibrated gage permits a recording of the force in pounds required to move the piston. An elec-
tronic timer was included to permit recording data for one minute every eight minutes. Each test ran
approximately six hours, for a total! of 1100 cycles.

Interpretation of the data obtained with the lube tester is dependent upon
the following conditions:

(1) The force required to cycle the piston in the cylinder 1100 times
(The 1100-cycle value is based upon experience gained by Bell
Aerosystems Company).

(2) The condition of the piston and shaft O-rings at the end of a test.

(3) The force required to free the piston from the cylinder wall after
having set idle for several hours.

Figure 57 is a graph showing the data for these tests with UDMH and
N2H4. Smocth curves were drawn through the data from the Speed-O-Max recorder chart. Table 61
is a list of the lubricants showing the condition of the O-rings at the conclusion of the tests, as well
as the restart forces. These various lubricants tested can be compared to the UDMH lubricant cur-
rently being used on the Bell Acrosystems rocket engines which employ UDMH as a fuel.

Two other items to be determined before a lubricant can be definitely
recommended for use with UDMH, or as a matter of fact any other fuel, are:

(1) Its compatibility with the flush liquid
(2) A functional test on a component

Two of the lubricants, S-#58-M and Lox-Safe. were successfully tested
in methanol which is the flush liquid currently used at Bell. The UDMH lubricant has been found
satisfactory with methanol.

Preliminary functional tests on a gas generator propellant valve indi-
cated satisfactory timing sequences, and although O-ring rolling occurred with the two test
lubricants, no leakage was detected. Part of the rolling precblem may have been caused by a long
time delay between the start and finish of one of the tests.
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It should be noted at this point that of the many lubricants tested at Bell “
Acrosystems and at other installitions none his been found to be perfectly satisfactory with UDMH.
The usual problem is excessive solubility, The lubricants reported, herein, rejpresent most of the
better lubricants tested. It should itlso be noted that in the case of N2H4. which has a much lower
solvent action than UDMH, there are a number of suitable lubricants. Consequently the lubrication
problem with NoH4 is much less serious than with UDMH.

(d) Miscellancous Tests

There were several additional tests performed during the past year
that are belived worthy of inclusion in this report. Most of them were for the purpose of solving an
immediate problem, and as a result, the tests were not as extensive as those tabulated elsewhere in
this report.

Genctron H L plastics (made by General Chemical Company) was
tested in UDMH for two weceks at ambient temperature (70-75 F). A small piece of very thin sheet
stock was immersed in UDMH., No change in the material was noted at the end of this period,

Epon 815, an epoxy plastic made by Shell Chemical Corporation, was
tested in UDMH for ten days at ambient temperature,  After one day there was a slight loss in weight.
Within ten days. the specimen was completely dissolved.,

Revthene-N, an irradiated blend of polvethylene and other polyolefins,
was immersed in UDMH for approximately two montias at 110-115 F. No apparent change in the
specimen was noted at this time. Durings the first two weeks, the UDMH extracted some dye from
the specimen, This was apparently some excess dye because there was no significant visual change
in the black color of the sample, ‘

Two samples of Genetron, G.C.X.-3B, one crystalline in structure and
one amorphous (see processing details under scection on NoO4 above), were tested in UDMH for 20
days at 140°'F. At the end of this time the uminants on the amorphous sample started to separate
and the crystalline sample became brittle. Both samples were dark brown in color, as was the

UDMH.

Tables 62, 63, and 64 are summarices of the compatibility data, ob-
tained under this contract, for materials of construction with UDMH, N2H4. and N204. all in an
anhydrous state. Table 62 lists the materials found satisfactory for use with the propellants under
the test conditions described. Table 63 lists the materials that are satisfactory for short-term
s2rvice with the propeilants, and Table 64 lists the materials that are unsatisfactory for service with
the propellants.

The latest material compatibility data, obtained irom the literature and
appearing in Tables 44, 47, and 50 show conflicting test data, For example, A-nickel in N204 at
60 -5 F for 63 davs tested at Bell yielded a corrvosion rate of 0.013 mil per year, whereas Rocketdyne
(Reference 68) lists nickel as incompatible with N204 at ambient temperature. Other conflicting data
are cvident with 17-7 PH stainless steel in N2O4. 316 stainless steel in UDMH and N2H4, Monel in
UDMH. type 1100 aluminum, Inconel, and 304 stainless steel in N2H4.
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B. PHASE Il — SYSTEM AND COMPONENT ANALYSIS

1. Fluid Flow Data
After a preliminary analysis of the flow chambers of the valves that were selected for the
system fiuw tests (this included investigating existing Rascal® test data), it was determined to subject
these valves to individual calibration tests to establish flow characteristics.

This was accomplished in the storable propellant flow system (Figure 58) by using substi-
tute test fluids, methanol for UDMH, and methylene chloride tor N9O4. Flow versus pressure drop
values were established to cover the expected operating range of the flow system. The results of
these flow tests are stated in Tables 65 through 75 under room temperature acceptance tests.

Data recorded included supply tank pressure, flow rates, and pressure drops at a flow
rate ranging from rated to <30 of rated. An average of five points was recorded and plotted. Using
recorded flow dati. curves were plotted for an equivalent flow of water to simplify the conversion of
the flows to any other liquid propellant (Figures 59 through 68).

Following rated flow acceptance tests, the system was drained of test fluids and purged
with nitrogen and refilled with the actual propellants.

Sce Systems Analysis Section for propellant flow duta.
2. Solubility of Pressurizing Gas

The literature survey id not reveal experimental irformation on solubility of pressuriza-
tion gases und composition change  of the propellants during expulsion. However, experience at
Rocketdyne (Reference 22) and Acerojet-General (Reference 21 show that pressurizing propellants
with nitrogen gas have no effect on the propellant quality. Jet Propulsion Laboratory (Reference 30)
has pressurized N20O4 and NoHg with both nitrogen and helium and have experienced no effect on the
propellant burning qualities. The vendors (References 32, 33, and 42) also transfer the propellants
with nitrogen gas and have not encocuntered changes 1in the propellant quality attributable to the
nitrogen.

Solubility experiments were determned by loading @ given volume of propellant into one
of two ceylinders sepiarated by a valve and fitted with a pressure gage, and charging the other to a
given pressure with gas. With ¢as and propellant at constant temperature, the connecting valve is
opened allowing the gas to pressurize the propellant. By shaking the apparatus periodically. good
contact is insured and the gas 1s given an opportunity to dissolve in the liquid. From a record of
pressure changes with time, the solubility of the gas in the propellant is calculated for the tempera-
ture under which the test was made.  The apparatus s then subjected to another temperature and a
second set of readings is taken. More specific details are afforded by describing a particular exper-
iment with reference to Figure 69.

The propellant cvlinder io fitted with a cross containing a 150-psig burst disc assembly,
a 100-psig pr.ossure gage, and a hand valve. The gas evlinder 1s fitted with a crouss containing 100-
psig pressure gage, a hand valve, and a line to the other hand valve. Both cylinders are then con-
nected throagh this valve. A cvlinder of the gas to be investigated is connected to the other hand

*The components used in this test program are from the LR67-BA-9 rocket engine, developed by
Bell Aerosystems Company for the Rascal missile project under Air Force contract. Specific
components are identified herein by drawing numbers.
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Where:

to be B l(: .
measured solubility.

valve, and the system pressure checked. After all leaks are eliminated at 100 psig, the valve
between the cylinders is closed. Then, the gage of the propellant cylinder is removed and the
cylinder half filled with a known weight of propellant. The gage is replaced, the common hand valve
opened, and pressure readings taken as previously described for at least four hours. The apparatus
is then subjected to a different temperature and another series of readings taken with due allowance
for attainment of thermal equilibrium. To be significant in terms of the accuracy of the gages em-
ployed, pressure differences must be greater than 0.5 psig. The accuracy of the gages is considered

This total pressure difference corresponds to the accuracy shown in Table 76 for each

Gas solubility is calculated according to the equations

s - .A w 100 N
Weight of Propellant
Aw = wy - wy
w . PVM
RT
P gas pressure in atmospheres, absolute
vV = gas volume in liters
M molecular weight of pressurizing gas
R = gas constant (0.082)
T = absolute mean temperature (
wy = weight of gas in system at start of test
wo = weight of gas in system at end of test
S solubility of gas in liquid in weight 7

Example of calculations taken from Run No. 3

Total gas weight in system at start of test is determined as follows:

w1 weight of gas in gas cylinder - weight of gas above propellant
14
wy o - _Pﬁ\TM (initial pressure, volume and temperature)
(7.60) (0.671) (4) ,
= (0.082) (208) 0.8348 gm He
0.8348
0.0389  weight of gas above propellant
0.8737 gm total weight of He
Total gas weight undissolved in system at the end of test is deter: 4 as follows:
Wy = I;VTM (final pressure, volume and temperature)
~ (5.39) (0.968) (4) , = ]
(0.082) (298) 0.8540 g£m undissolved He ‘
22
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Gas solubility is calculated as follows:

Aw =wy - wy
A~ =0.8737-0.8540

Aw =0.0197
T Aw 100
~ Weight of propellant
s _0.0197 x 100
- 296.5
S = 0.007% +0.005%
Accuracy

Vary the final pressure 5.39 atmospheres by :0.1
Then wg becomes 0.8700 and 0.8390
And S varies +0.005%

The data in Table 76 indicates that nitrogen and helium show a slight increase in solubility
with increase in temperature over the range studied for the three propellants under consideration.
Actually, the solubilities of the gases in UDMH and NgH4 are very low.

In general, the gases are more soluble in NyO4 with nitrogen again being more soluble
than helium.

3. Propellant Handling

Propellant handling information for N9O4, UDMH, and NgH4 was incorporated in the Bell
Aerosystems Company, ""Space Flight Division Safety Rules and Regulations’, revised 30 March 1959,
The following section contains this information us well as information obtained during the performance
of testing under this contract. In addition, references are made to the literature which contain per-
tinent propellant handling data.

a. Nitrogen Tetroxide

Nitrogen tetroxide is an equilibrium mixture of nitrogen tetroxide and nitrogen
dioxide (N204 ®=%2NO2). The physical properties of this oxidizer are reported in Table 1.

In the solid state, pure N2Qg4 is colorless. In the liquid state, the equilibrium mix-
ture is yellow to red-brown, and in the gaseous state, red-brown. The fumes exhibit a characteristic
pungent and irritating odor.

N204 is hypergolic with such fuels as UDMH, N2Hg4, aniline, and others and reacts
with water forming nitric and ritrous acid. The nitrous acid undergoes decomposition immediately
forming additional nitric acid and evolving nitric oxide (NO)X (Reference 13). N204 is soluble and
compatible with methylene chloride which was used for flushing N9Oy4 systems.

(1) Health Hazards

Liquid N204 spillage on the skin or splashing in the eyes causes burns similar
to that caused by 65% nitric acid. Brief contact of the liquid with the skin or other tissues results in
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yellow staining: if the contact is more than momentary, a severe chemical burn results. If splashed
in the eyes, NoO4 may cause blindness. If it is swallowed, the internal burn may be sudden and severe,
resulting in death (Reference 58).

N204 vapors are very toxic. Inhalation of these vapors is normally the
most serious hazard in the handling of N20O4.

The maximum allowable concentration (MAC)* of this vapor is expressed
as five parts of NO2 per million parts of air (2.5 ppm as N204) (Reference 74). Dr. Leslie Silverman
(Reference 76) of the Harvard Medical Schooul of Public Health has suggested that the MAC value for
a ten minute period can safely be exceeded by a factor of 5. Also, Dr. E.C. Wortz (Reference 78) of
the Martin Company. Denver has compiled data for short term expcsures to N204 and concludes that
for a ten minute period. the MAC value for N20Og4 also may be exceeded by a factor of 5. The Nitro-
gen Division of Allied Chemical (Reference 75) reports that an individual exposed himself to 158 ppm
of NOg for ten minutes without showing adverse after effects. This value exceeds the MAC by a
factor of 30. [t would indicate that Dr. Silverman’s and Dr. Wortz's data are safe values for short
term exposures.

The main danger of acute poisoning with NO2 is the development of pulmonary
edema, the filling of the lungs with fluid, with resultant reduction of the ability of the lungs to trans-
port oxygen. This condition normally develops considerably later than the exposure to the fumes.
The initial symptoms, irritation of the eyes and throat, cough, tightness of the chest, and nausea, are
slight and may not be noticed. Later, severe symptoms begin; their onset may be sudden and pre-
cipitated by exertion. Cough, feeling of constriction in the chest, and difficult breathing occur.
Cyanosis (a blue tinge to the mucous membranes of the mouth and eyelids, and lips and fingernail
beds) may follow. Persons with such symptoms are in great danger. Milder cases may show signs
of bronchitis with cyanosis; others, nausea, abdominal pain, and vomiting (Reference 13).

(2) First Aid

If NgOy4 liquid or vapor comes in contact with the skin, immediately wash with
copious quantities of water. If splashed into the eves, they should be flushed with water continuously
for 15 minutes with a fellow employee assisting the injured by holding the eye open, if necessary.
Medical assistance should be summoned immediately. Administration of anything else such as
neutralizing agents should be done only at the direction of a physician.

Persons exposed to N204 fumes should be removed from contaminated area
immediately. Patient should be carried and not allowed to walk since exertion increases the effects
of pulmonary edema. Administration of oxygen by properly trained persons is usually desirable.
Those known to have been seriously exposed should be removed to a hospital.

Swallowing of NpOy4 should be promptly treated by drinking large amounts of
water (or milk if it is readily available) and medical attention sought at once.

(3) Fire and Explosion Hazards
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