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NOTICLS

When U.S. Government drawings, speatications, or other duta are used for any purpose other
than a definitely related government procurement operation, the Government thereby incurs no
responsibility nor any obligation whatsoever, and the fact that the Government may have formulated,
furnished, or in any way supplicd the said drawings, specifications or other data, is not to be regarded
by implementation or otherwise, as in any manner licensing the holder or any other person or corpora-
tion, or cosiveying any rights or permission to manufacture, use or sell any patented invention that
niay in any way be related thereto.
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nical direction and administrative functions for AFRPL.

The work was carried out by Bell Aerospace Textron in the Chemistry Department of the

Engineering Laboratories. Mr. Henry Ph. Heubusch performed the duties of Program Manager and
Technical Director.
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Two techniques were employed tc determine the density of Modified HDA (High Density
Acid), a blend of nitric acid and nitrogen dioxide, containing phosphorous pentafinoride as a cosro-
sion inhibitor. Reliable data were obtained by use of pycnometers. Errors found by use of hydro-
meters were of a magnitude sufficient to affect subsequent rocket’ engine performance calculatlons
A two-cube factorial experiment was performed to determine which component(s) of Modified HDA
control vapor pressure. Nitrogen dioxide was found to be the principal controlling variable. The
experiment also provided accurate data for total (equilibrium) pressure as a function of temperature,
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and demonstrated s decrease in total pressure with an increase in ullage. Such data are applicable to
propellant tank and pump designs. ‘The solubility of corrosion products in Modified HDA was studied
using acids from previous corrosion tests. Solubility was found to be relatively independent of
temperature and initial nitrogen dioxide or water content, but highly dependent on the specific
species present in the acids, from competing corrosion reactions. Metal couples typical of those in
propellant containment devices were exposed to relatively smal! volumes of Modified HDA to obtain
further corrosion product solubility data, and to test for passivation of the metals with time. No
passivation was noted within one month. Corrosion took place at a relatively constant rate. A limited
number of solubility tests was performed with Standard HDA, a blend of nitric acid and nitrogen
dioxide, containing hydrogen fluoride as a corrosior. inhibitcr. Trends were similar to those found

for the less corrosive Modified HDA. __
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SUMMARY

Previous studies have proven that HDA (High Density Acid), a blena of nitric acid and nitro-
gen dioxide, is less corrosive to metals in Agena propulsion systems when phosphorous pentaflucride
is substituted for hydrofluoric acid as the corrosion inhibitor. The blend containing hydrofluoric
acid is referred to as Standard HDA. The blend containing phosphorous pentafluoride is referred to
as Modified HDA. The tests described in this report were performed to better characterize Modified
HDA in terms of select physical properties and the formation and solubility of corrosion products.
The physical properties measured were density, specific gravity and vapor pressure. Solubility tests
included not only Modified HDA but also Standard HDA.

The density of Mcdi...d HDA was measured, using a pycnometer constructed of compatible
maternials, and calculated from speafic gravity readings. obtained by use of a hydrometer. Nine blends
of Modificd HDA, representing systematic variations in nitrogen dioxide and water content, were
subjectad to pycnometric measurements as a function of temperature. A portion of each blend was
then subjected to a specific gravity measurement at a common te,nperature of 60°F (15.6°C). A
regular increase in density was found pycnometrically for each bler d wiin a decrease in temperature.
The values for density calculated from specific gravity were higher for the blends than were the
values measured with a pycnometer. Relatively small, uniform changes in density at a constant
temperature and water content were found pycnometrically depending on the nitrogen dioxide
content of a given blend, Density was highest for blends c¢r ataining 44 weight percent nitrogen
dioxide Density at constant temperature and constant nitrogen dioxide content increased drastically
with decreasing water content. Variations in specific gravity readings were random. These variations
are referred to as “buoyancy effects’” associatad with hydrometers. These effects can introduce
errors of 0.3% in density readings. Errors of this magnitudc would bias rocket engine performance
caiculations based on weight flows calculated from hydrometer readings. For this reason, the use of
hydrometers is discouraged. The curves for density of the blends studied as a function of temperature
proved to be linear, and parallel, with a slope of -0.0020 grams/cubic centimeter/degree Celsius.
Density determined pycnometrically at 4 convenient temperature can be extrapolated to another
temperature over the range studied, from the slope of the curves. This procedure is recommended
for routine measurements employing a pycnometer developed for the purpose. Close agreement
exists between the slope of the curves for Modified HDA and data in the literature for Standard
HDA and unmodified HDA. Additional pycnometric measurements should be performed to obtain
accurate data concerning changes in the density of Standard'HDA as functions of temperature and
composition.

A two cube factorial experiment was conducted to determine which of the constituents of
Modificd HDA control vapor pressure. The experiment involved measurements with eight blends \
of acid with carefully adjusted concentrations of nitrogen dioxide, water and phosphorous penta-
fluoride. Each blend was subjected to measurements of pressure and temperature at constant volume.
An increase in temperature for any given blend was accorapanied by an increase in pressure. Increas-
ing the phosphorous pentafluoride concentration had a negligible effect on pressure at a given tem-
perature. A larger effect was associated with an increase in water content. Nitrogen dioxide, how-
ever, proved to be an unmistakeable controlling variable. An increase in nitroge:: dioxide content
by as little as one percent by weight caused a measureable increase in pressure.

The vapor pressurc experiment was further designed to test the effect of increasing ullage.
For a given blend, an increase in ullage resulted in a decrease in pressurc. This decrease was related
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to a decomposition pressure component, as well as a vapor pressure component, for the total pressure
measured, when the system was at equilibrium under a given get of conditions. The vapor pressure
component was proven to be due principally to nitrogen dioxide in'the vapor phase, The decom-
position pressure component was related to the presence of a relatively small amount of oxygea.
Calculations based on the experimental data indicated that decomposition pressure accou ited for
approximately 3% cf the equilibrium pressure measured. This increment should be deducted from
reported, total pressures, to arrive at more accurate inlet conditions for turbine pump design. Pro-
pellant tank designs must consider the total equilibrium pressure.

Data in the literature suggest similar trends to those above concerning the vapor pressure of
Standard HDA. Measurements of the type performed during this p1ogram are needed to define the
system more preciszly. An improvement in the method for determining nitrogen dioxide content
of the acid being studied would be advantageous.

Systematic measurements of the sclubility of corrosien products in Modified HDA were per-
formed to allow more precise prediction of the service life of a given propellant blend, at z given
temperature, before plugging of propuision system filters is likely to occur. The studies involved
filtration of a given blend, at a given temperature, and pre and post test analyses of the acid for con-
centrations of specific metals. The corrosion products had formed through reactions between
Modified HDA and aluminum alloys and stainless steels. The tests were repeated with portions of
the acids fortified by addition of more nitrogen dioxides or water. Finally, each blend was filtered
at a reduced temperature. Limited comparisons were made with Standard HDA. The effects of
changing nitrogen dioxide and water contents and decreasing vemperature were negligible.

The solubility tests proved that prior treatment of the metal being corroded, the amount of
ullage, and the corrosion inhibitor are critical factors. HDA tends to dissolve and become contami-
nated with pre-existent films. High ullage promotes formation of relatively insoluble oxides. Metal
salts formed by cnombinations with corrosion inhibitor anions tend to be less soluble than the
corresponding, and more prevalent, nitrates. Common ion effects reduce the solubility of any given
species. These effects are morc pronounced with respect to the anion than the cation. Particles
precipitate when the solubility product of a given species is e>.ceeded. The highly colored nature of
the solvent makes visual detection difficult, but visual inspectiops, combined with chemical analyses,
proved that the solubility of corrosion products is ‘irtually the same in Modified and Standard HDA.
Further tests with more highly contaminated solutions, and solubility tests with select, pure solutes,
are needed for more precise differentiation.

Since Standard HDA is more corrosive than Modified HDA, it was postulated and proven that
particles are observed more quickly when Standuzd HDA is exposed to a given metal, than when ex-
posure is to Modified HDA. Stainless stee] and aluminum ccrrosion products formed during attempts
to passivate metal combinsgtio..s of the types in the Agena oxi:tizer tank sump, on short term ex-
posure of test specimens to Modified HDA. Maximum test duration was 28 days. Corrosion began
after a well marked induction period, and continued at 2 relatively constant rate, with no evidence
of passivation. The solubility of none of the corrosion producis was exceeded. In contrast, the
solubility of stainless steel corrosion products in Standard HDA, was exceeded within one week.

The acid appeared clear, and there were no deposits visible on the teat specimens. Corrosion continued
at a relatively constant rate for the duration of the test. By the end of the test, particles were visible

in the acid, but the test specimens were clean. There was no evidence of anodic protection of
components of couples of stainless steel and aluminum alicy included in the test matrices.
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The behavior of metal/propellant combinations, noted during the passivation tests with
Modified HDA, argues against a theory that corrosion 1s controlled by saturation of the acid with a
given species of corrosion products. The facts observed are more consistent with a theory of protective
film formation. Data from other tests with Modified HDA are presented in support of the latter
theory Additional tests of the same type are needed to extend the film protection theory with equal
conviction to Standard HDA Review of fata from pertinent tests being conducted at the University
of Nottingham may effect this obyective
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I. INTRODUCTION

The Agena piopulsion system has been in operation since 1957, To date, several engine
modifications and propellant changes have been made to increase performance. Notable among the
latter was a change from Inhibited Red Fuming Nitric Acid to Standard High Density Acid. Hydro-
gen fluoride is added to both of these oxidizers as a corrosion inhibitor. Expenence proved hydro-
gen fluoride to be less effective in Hhgh Density Acid (HDA), and a search was instituted for a corrosion
inhibitor which would extend the useful life of the oxidizer.

Under Contract FO461 1-72-C-0026 Bell Aetospace Textron developed a superior corrosion
nhibitor, phosphorous pentafluoride which promised long term storability and extended mission
life. The new oxidizer was named Modified HDA. Extended storage tests compieted under
Contract F4611-73-C-00069 showed that the new oxidizer could be stored for two years in aluminum
and stainless steel tanks with insignificant corrosion.

Under Contract FO4611-76-C-0054 the corrosiveness of Standard HDA and Modified HDA
toward a variety of materials in Agena and ISPS (Integrated Secondary Propulsion System) engines
was compared. Modified HDA was found to be significantly less corrosive than Standard HDA. Ad-
ditional data were obtained concerning the analysis and some of the properties of the two acids.
There was no significant effect on substitution of one corrosion inhibitor for the other.

The principal objective of the work described in this report was the precise determination of
the density and vapor pressure of Mc dified HDA s functions of temperature and compositionof the
acid Additional data were obtained concerning the solubility of corrosion products in a given acid,
and the tendency of metals exposed to the acids to become passive with time. Results of the work
performed are included in the body of the report.

A list of frequently used abbreviations and symbols is provided at the end of the repo-t.
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II. TECHNICAL DETAILS

1.0 TASK 1 — CHARACTERIZATION OF MODIFIED HDA
1.1 Density

A set of experiments was conducted with the object of measuring the density of Modified
HDA as functions of temperature and composition 1n incrt equipment designed to provide data in
basic units (mass and volume). This was accomplished by constructing two pycnometers, each with
an alumunum bottle and an indexed, synthetic sapphire captllary. The pycnometers were filled with
a given acid and held in a constant bath until therinal cyuilibrium was established, as indicated by no
further rise of acid into the capillary.

The design of the pycriometers is illustrated in Figure 1. In addition to a bottle and a cap-
illary, cach unit included a protective sheath with engraved marks to serve as indices for the enclosed
capillary, a ball valve for loading and containing the acid sample, fittings for attaching the sheath to
the bottle at one end and the valve at the other, and Teflon glands inside the fittings to prevent leak-
age around the capillary. The bottle and valve of one assembly were marked A/A and the other B/B,
so that parts would not be interchanged after calibration.

The pycnometers were calibrated with distilled water, using a large capacity balance to mea-
surc mass and a cathetometer to read the clevation of liquid in the capillary. The total volume of
each pycnometer was determined from weighings after evacuation and when the pycnometer was
full of water at constant temperature. The volume to the lower index mark was determined by
monitoring the rise of liquid with increasing temperature aftcr each pycnometer was partially filled
with water under vacuum. Different amounts of waser were added in separate trials to allow calcu-
lations of the changes in volume of the bottles with temperature. Data at higher temperatures were
used to calculate the volumes of the capillaries per unit length. The results of the calibration steps
are summarized in Table 1.

Nine batches of Modified HDA containing three levels of nitrogen dioxide content and three
levels of water content were prepared and analyzed by standard procedures (Refercnce,la), The
composition of the acids is given in Table 2. No water was deliberately added to the first three blends.
The variations in water content reflect minor differences in the starting materials. Calculated amounts
of water were added prior to nitrogen dioxide addition during preparation of the other blends. Large
enough batches were prepared in each case so that density and specific gravity measurements could be
made on portions of the same stock solution.

Measurement of the density of each stock solution as a function of temperature began by
filling the pycnometer bottle to overflowing with chilled acid, attaching the superstructure
(capillary, sheath, etc.) with the valve open, closing the valve, cleaning off excess acid, and weighing
the assembly after the acid reached room temperature. The assembly was then suspended, by a
clamp around the top of the valve, in a clear, constant temperature water bath. The rise of acid into
the capillary was monitored with a cathetometer, using techniques described in Reference 1. When
thermal equilibrium was reached, as judged by no further movement of the acid, the height of the
meniscus above the lower capillary index was measured. The temperature of the bath was then

%Reference 1, *Agena/ISPS Component Compatibility Study,” H. Ph, Heubusch, Bell Aerospace Textron,
AFRPL-TR-78-10, March 1978.
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Figure 1. Pycnometers




TABLE 1. PYCNOMETER CALIBRATION DATA

Item Pycnometer A/A Pycnometer B/B
Weight, gm 128.6015 138.7908
Weight, Evacuated, gm 128.4616 138.7142
Tota! Volume @ 20°C (68°F), cm3 30,7592 37.9544
Volume to Lower Index Mark, cm

@ 20.1°C (68.1°F) 29.9580 36.6588
@ 26.7°C (80.0°F) 29.9840 36.6844

Acm3fc 0.00379 0.00388

Volume of Capillary, cm3/cm 0.01900 0.01900

TABLE 2 STOCK SOLUTIONS
DENSITY, SPECIFIC GRAVITY AND BUOYANCY DETERMINATIONS

YT T T = v - - TwwwyS ey, T T T Tkt e e T

wt % ppm (w/w)
Stock Physicat
No. Appearance | HNO3 | NO; | H,0 | PFg | Fe0; | M,0, Cr Ni Al
77-16 Clear Bal. 42.1 0.1 06 0.0002 0.0007 <10 <10 <10
7707 Clear Bal. 44.2 0.2 0.5 0.0001 0.0002 <10 <10 <10
77.08 Clear Bal. 46.0 0.1 0.5 0.0002 0.0002 <10 <10 <10
77-09 Clear Bal. 424 0.5 0.6 0.0003 0.0005 <10 1.0 <10
77-10 Clear Bal. 44.3 0.5 0.5 0.0003 0.00056 <1.0 1.0 <10
7711 Clear Bal. 46.1 0.6 0.5 0.0005 0.0006 <10 10 <10
7712 Clear Bal. 42.1 1.0 0.5 0.0003 0.0006 <1.0 1.0 <10
77-13 Clear Bal. 44.2 1.0 0.5 0.0002 0.0003 <1.0 10 <10
77-14 Clear Bal. 46.2 1.0 0.5 0.0003 0.0008 <10 1.0 <10

changed and the process repeated. The density of the acid at each temperature was determined
from the weight of the acid and its volume, as calculated from cathetometer readings and calibra-
tion factors. A sample calculation is given in Figure 2. After the test, the assembly was removed
from the constant temperature bath, dried and reweighed. The superstructure was removed and
samples of acid were drawn and 1nalyzed.

In addition to the standard procedure just descriued, three variations were employed. In the
simplest case, the same stock solution was examined separatcly, by the standard srocedure, in cach
pycnometer. A second variation consisted of underfilling the bottle so that data sould be obtained
at relatively high temperatures before the meniscus of the acid rosc out of the fie'd of view, The
third variation consisted of loading the same stock solution in each pycnometer, then chilling the
acid and evacuating the capillary, before immersing the pycnometers in the constant temperature
bath. Since the pycnometer bottles were of different size, the resulting data could be used to calcu-
late the orthobaric density of the liquid as well as the density of the acid’s vapors. The complete
test matrix is shown in Table 3. It will be noted that Run No. 2 with acid Stock No. 77-12 was
aborted. This was done because too little acid had been loaded to g've data in the standard tempera-
ture range,

Table 4 contains the results of density calculations for each experimental point taken. Data
are arranged by nominal composition of the stock solutions, not in the order in which the solutions
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Stock No. 77-15 (42 wt% NO3) in Pycnometer A/A
™ = 15.28°C (69.5°F)

gm = 177.8113 gm Pycnometer + Modified HDA
-128.4165 gm Pycnometsr

49.3048 gm Modified HDA

h = 83.710- 82,645 = 1,086 cm
= height of acid in capillary above lower refersnce

mark on shesth
v20.1° = volume of pycnometer to lower
reference mark at 20,1°C = 29.9580 cm3
vi5.3° = (0.00379) (16.3- 20.1) = -0,0182 cm3

= temperature correction (cmS/°C) for
contraction of bottie on cooling

Cap. = 0.0i9x 1.085 = 00202 em3
= volume of acid in capillary above
lower reference mark on sheath
vol = total volume of acid st T° 29,9610 ¢m3
49,3840 gm

p15;23°- m = 1.6486 gm/cm3 at 16.28°C

Figure 2. Sample Density Calculation

were studied. For each stock solution, however, data are presented in the order in which the Runs were
made, and include the identification of the pycnometer used and the type of test performed. For

each Run, density data are presented in the order of increasing tem:perature. When data at a given
temperature were derived in different ways, the point is made in a column of comments. Some of

the comments are self-explanatory. Some will be considered in Part I, Technical Discussion. Those
comments related to test procedures will now be explained.

The lubricant, Krytox, was applied lightly to the lower fitting of pycnometer A/A before
Run No. 2 with stock solution 77-13, after the packing gland cracked during the first Run, and had
to be replaced. The lubricant was left in place for Run No. 2 with stock solution 77-13 and Run No.
1 with stock solution 77-15. After the last named Run, the filled assembly was reweighed to confirm
that no weight change had occurred during test. The pycnometer was subsequently emptied and re-
weighed after the Krytox had been removed. The differences in density calculated for cach case were
negligibly small, but the practice of using Krytox was discontinued as a precautionary measure.

On the average, the data for Run No. 2 with stock solution 77-7 were acceptable, but the
deviation between experimental points was relatively large. Similar deviations were noted for Run
No. 1 with stock solution 77-12 and Run No. 2 with stock solution 77-14. In the former case an
attempt was made to use an air bath rather than a constant temperature water bath. In each case,
cathetometer readings were taken before thermal equilibrium had been established.

12
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TABLE 3. TEST MATRIX FOR MODIFIED HDA DENSITY DETERMINATIONS

Acid
Composition
Temperature Range ‘
Stock | wt% | wt% Type Run
No. NO, | H;0 [Moasurement| No. | Pycnometer °c °F Comments
77-1% 42 0.1 Standard 1 AJA 15.28- 17.00 69.5 - 62.6
777 44 0.2 Standard 1 B/8 12.06 - 14.61 63.7 - 58.3
2 8/8 16.11-17.00 61.0 - 62.6
77-8 46 0.1 Standard i 8/8 12.78 - 16.39 §6.0 - 69.7
77-9 42 0.5 Standard 1 8/3 12.78- 15.56 55.0 - 60.0
77-10 44 0.5 Standard 1 A/A 15.83 - 19.60 60.5 - 67.1
2 AJA 13.94 - 15,56 57.1 - 60.0
3 8/8 15.00 - 16.06 69.0 - 60.9
High 1 A/A 22.67 - 30.89 728 -87.6
Temperature 2 8/8 28.11-30.89 82.6 - 87.6
Orthobaric 1 A/A, B/B 20.39-21.33 68.7-70.4
77-11 46 0.5 Standard 1 8/8 13.33-16.00 66.0 - 60.8
7712 42 1.0 Standard 1 8/8 22.89 - 28.11 73.2-82.8
2 8/8 - - Aborted.
3 8/8 17.22-19.78 63.0-67.6
7713 44 1.0 Standard 1 A/A 13.89 - 16.61 67.0 - 60.1
2 AlA 12.78 - 14.61 56.0 - 58.3
3 A/A 16.17 - 16.22 61.1-61.2
77-14 46 1.0 Standard 1 A/A - -
2 8/8 14.72 - 15.61 58.5 - 60.1
3 AlA 17.22-18.11 63.0-64.6

Sodium dichromate was added to the constant temperature water bath to inhibit corrosion
ot the aluminum pycnometer bottles. On occasion, as for example after Run No. 1 with stock
solution 77-8, stains were noted on the bottle when it was removed from the water bath. On such
occasions, the pycnometer was reweighed before and after removing the stains with a solution of
nitric and hydrofluoric acids. The operation had a negligible effect on results.

As indicated above, a Teflon gland on the pycnometer used for Run No. 1 with stock solu-
tion 10 cracked during the Run. A leak developed and invalidated subsequent test points. After the
third Run with this acid, the assembly was returned to the water bath and allowed to stand for approx-
imately three days. When reweighed, no measurable change was detected. The same was found true
for the other pycnometer in a similar experiment conducted after Run No. 3 with stock solution
77-13. These experiments were performed in preparation for long duration, high temperature and
orthobaric density measurements.

Stock solution 77-10 was used for the long duration tests. In all cases, bubbles appeared in
the capillaries during the tests. After the tests, significant changes were noted in the weights of the
assciublics. Taken together, these facts make the experimental data unreliable, It appears that air
was trapped in the bottles during filling and leaks developed during the tests.
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As previously indicated, Run No. 2 with stock solution 77-12 was aborted when it was dis-
covered that too little acid had beer loaded to bring the liquid into view in the desired temperature
range. Run No. | with stock solution 77-14 was aborted for the same reason.

Table 5 contains the results frcm chemical analysis made in support of density and subse-
quent specific gravity determinations. Continuity with Tables 2-4 is provided by acid Stock Number
and pertinent comments. The first entry for each Run 1s the analysis for the stoch solution completed
the day the pycnometer was loaded  The next entry 1s a partial analysis made on acid remeved from
the pycnometer after the test. The appearance of the aud and its aluminum content were deter-
mined as checks on corrosion of metal pycnometer parts. Nitrogen dioxide and water contents were
determined as checks for leaks. Subsequent entries in the table are for successive Runs with the same
stock solution and/or analyses made in support of the specific gravity measurements. In the the latty:r case,
no analyses for metals were warranted. Two sets of post test analyses are shown for the orthobaric
density test with stock solution 77-10, because two pycnometers were used for this test. Water con-
tents determined in support of orthobarie and high temperature tests are shown to the hundredth
percent in Table 5 to emphasize the point that leaks developed during these tests. Satisfactory results
of post test analyses for a density determination were the normal signal to make a specific gravity de-
termination. In one case, Run No. 1 with stock solution 77-13, an error in pycnometer weights was
found after the specific gravity determination had been made on the basis of satisfuctory post-density
chemical analyses, In two cases, Run No. | with stock solution 77-12 and Run No. 1 with stock solution
No. 14, post test analyses were not completed because the runs had been aborted.

Plots of the density of each stock solution, as a function of temperature, over the range
covered by the standard test technique, are shown in Figure 3. Points were taken from the most
reliable data in Table 4. The curves have been numbered in the order of their appearance from left
to right. The nominal percentage of nitrogen dioxide in each case is shown with the curve number.
Nitrogen dioxide content is also distinguished by the symbols used for the data points. The symbols,
the nominal composition of each blend and the acid Stock No. are given in the Legend of the graph.

It 15 immediately evident that the curves have the same slope, allowing extrapolation from
one temperature to another within the limits of the graph. Interpolation between curves is less re-
liable The curves fall in three families with three different water contents. Density at a given tem-
perature, for a given nitrogen dioxide content, increases with a decrease in water content, Maximum
density, at a given temperature and water content, is associated with blends containing 44 wt % (weight
percent) nitrogen dioxide. Further generalizations are given in Part 111, Technical Discussion.

1.2 Specific Gravity and Buoyancy Effects

A set of tests was conducted with the object of measuring the specific gravity of several
samples of modified HDA for which precise density data were available. Specific gravity readings
were determined at constant temperature, using @ hydrometsr. Density had been measured previously,
as a function of temperature, with a pycnometer. Density was also calculated from the specific gravity
readings. The differences in the density of the acids as determined by the two techniques are de-
fined as the “buoyancy effect” associated with the hydrometer.

The experimental objective was achicved by use of part of the stock solutions employed for
dernsity determinations as Cescribed in Section 1.1. Before ac-ual density measurements began,
several hydrometers were calibrated for sequential measurements of specific gravity, Calibration of the
hydroieters involved measurements of the specific gravity of a pseudo Modified HDA whose density
had becr: determined precisely with a conventional glass pycnometer. A blend of phosphoric acid
and water, similar in density, at the calibration temperature of 15.56°C (60°F), to Modified HDA,
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but containing no corrosion inhibitor which would attack the pycnometer, was employed. The con-
stant temperature bath used for density measurements was also used for hydrometer calibrations and
specific gravity determinations. Five instruments were compared in search of the hydrometer yielding
the closest match to the expected value for the calibration fluid. Hydrometer No. 1219Fh, requiring
a correction of -0.0001 units, was selected. This was judged sufficiently accurate for the tests planned.
The calibration procedure was repeated after the hydrometer had been used to measure the specific
gravity of cach stock solution. The correction factor was found to have changed to +0.000! units,
due to etching of the hydrometer by the corrosion mhibitor in Modified HDA. Such a change was
anticipated, and proved to be relatively small.

The procedure employed to measure the specific gravity of a given stock solution began with
o partial analysis of the stock solution for which satisfactory density data had recently been obtained.
The stock solutions were refrigerated between tests and proved to be remarkably stable, based on
checks of physical appearance, nitrogen dioxide and water contents. Part of the stock solution,
warmed to approximately 14°C (57°F), was poured into a hydrometer jar conditioned to 15.56°C
(60°F) in the constant temperature bath. An aluminum cover was installed to minimize loss of
nitrogen dioxide dunng subsequent rise in temperature of the acid, as measured with a stainless steel
dial thermometer. When the temperature reached 15.3 £ (59.5°F), the aluminum cover was removed
and the hydrometer was lowered into the acid. At 15.56°C (60°F), the specific gravity of the acid
was read The hydrometer was immediately removed and rinsed clean with distilled water. Samples
of acid were drawn for inspection and final determinations of nitrogen dioxide and water contents.
Une spot check was made for pick-up of iron by contact of the acid with the dial thermometer.
Refer to Table 5 for the results of all supporting chemical analyses.

The entire process for measuring specific gravity, from insertion to removal of the hydro-
meter, spanned approximately five msinutes. No change in water content was detected between pre
1 and post analyses. Losses of nitrogen dioxide were less than one percent and would affect specific
gravity data by less than 0.0005 units. A negligible increase in iron content, less than one part per
million (< | ppm), was assoriated with the use of the stainless steel dial thermometer.

The specific gravity for cach of the stock solutions examined is shown in Table 6.

TABLE 6. MODIFIED HDA SPECIFIC GRAVITY AND BUOYANCY EFFECTS

SpG Density Density
wi% 60/60°F 6n°F 60°F Buoysncy
Stock Corvected | Cacssamt | Pecynometer |  Etfect
No. NO, | H,0 | gm/om® | gm/em® gm/ecm® | gm/em? Comments
77-15 42 0.1 1.65626 1.8610 1.6482 40.0028 Hydrometer Readings High.
77-17 A4 0.2 1.6491 1.6476 1.6423 +0.0062
778 46 0.1 1.8621 1.6505 1.8451 +0.0064
779 42 0.5 1.8436 1.6419 1.6377 +0.0042
77-10 44 0.5 1.64256 1.6400 1.6386 +0.0023
; 77-11 46 0.6 1.6410 1.6394 1.8348 +0.0046
. 77-12 42 1.0 1.6364 1.6348 1.6324 +0.0024
‘l, 77-13 44 1.0 1.8365 1.8340 1.6336 +0.0013  Similar to 77-12,
. 7713 44 1.0 1.6367 1.6361 1.6336  +0.0016  Rerun.
! 77-14 48 1.0 1.8369 1.6363 1.6330  40.0023

Ten sets of data appear because the specific gravity for stock solution 77-13 was found to be so
close to that of stock solution 77-12 that a repeat test was made with stock solution 77-13. Similar
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results were obtained for the original and repeat tests. The same trend had been noted for the two
acids during the more accurate density determinations. All of the specific gravity data in Table 6
are labeled “corrected” to indicate compensation for changes in hydrometer calibration because of
etching during exposure to Modified HDA. The manner in which the reported values were obtained
and the maximum effect of etching are shown in the sample calculation, Figure 4. The maximum
correction, 0.0002 specific gravity units, is considered to be reasonably small.

Specific Gravity Acid No. 77-16
Hydrometer No. 1219Fh

1.6526  Measured Specific Gravity at €0/60°F
-0.0001 Original Calibration Correction

1.6624  Specific Gravity Uncorrected For Etching

1.6626  Measured Specific Gravity at 60/60°F
+0.0001  Post-Test Calibration

1.6626  Final Specific Gravity Reading

1.6626  Final Specific Gravity Reading

-1.6624  Preliminary Specific Gravity Reading

0.0002  Maximum Correction

Figure 4. Sample Specific Gravity Calculation

Table 6 also contains density data derived from corrected specific gravity readings. Density
was obtained by multiplying specific gravity, as measured at 15.56°C (60°F), by the density of
water at the same temperature. For the example cited in Figure 4, the result was 1.6510 gm/cm?.

In order to determine “buoyancy effect,” the curve for the density of each acid shown in
Figure 3 was extrapolated, as required to 15.56°C (60°F). In only one case was extrapolation beyond
0.5°C required. The linearity of the curves justified such extrapolation. The results are shown in
Table 6 in the column of “density values by pycnometer”. The differences between the two columns
of values for density are tabulated as “buoyancy effect.” In all cases, positive errors were observed
for hydrometer readings. Depending on the composition of the acid, the error could cause a signifi-
cant difference in calculating rocket engine performance based on specific gravity data.

1.3 Vapor Pressure

A two-cube factorial experiment was designed to test for the variables controlling the equili-
brium pressure of Modified HDA. For this type of test, eight solutions containing high and low con-
centrations of nitrogen dioxide, water and phosphorous pentafluoride were required.

In addition, the experiment was designed to determine the effect of temperature on equili-
brium pressure. This was accomplished by use of an oven which was held at constant temperature
until a stable reading of pressure was obtained. Additional readings were taken with the oven at
higher temperatures.

Finally, the experiment was designed to separate the decomposition pressure component of
equilibrium pressure from the vapor pressure’component, at a fixed temperature. The former com-
ponent arises {rom the generation of oxygen gas by decomposition of nitric acid, and the relatively
low solubility of oxygen in Modified HDA. This objective was achieved by expanding the vapors
above the sample into a second vessel. The pressure, due to decomposition, was evident as a reduction .
in equilibrium pressure. Further expansion into a third vessel confirmed the effect. i
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The cight stock solutions required for the two-cube factorial equilibrium pressure experiment
were prepared and analyzed according to standard procedures. The composition of each stock solu-
tion is presented with PVT (Pressure Volume Temperature) data for that solution. The general form
of the test mairix in terms of the concentration of the three components studied is shown in Table 7.
The concentrations shown under comments are nominal, low and high values selected to represent
the range in composition over which Modified HDA might be used in rocket engines. Further
description of the nominal'values is given on page 37, with reference to Table 12.

TABLE7 VAPOR PRESSURE TEST MATRIX

Stock Relative Concentration
Solution NO, | H,0 PFq Comments

1 Low Low Llow 4twt%NO,, 04wt%H,0,05wt%PFg
2 Low Low High
3 Low High Low
4 Low High High
5 High Low Low
(<] High  Low High
7 High High Low
8 High  High  High 45wt % NO,, 1.0wt % H;0, 0.7 wt % PF4

Figure 5 is a photograph of the assembly used for measuring the vapor pressure of each
Modified HDA blend. The assembly consisted of three aluminum vessels /V) lined with Teflon, to
present an inert environment to the acid. Each vesscl was equipped with a thermistor (T), for mea-
suring test temperature, and a pressure transducer (P). Test Vessel V, included a capped port (C, ),
for loading and unloading acid. A second, capped port (C; ), on the line leading to the pressure trans-
ducer (P, ), was included as a vent. A valve (X, ), in the line between vessels V, and V,, allowed iso-
lation 01 one vessel from the other. A similar valve (X, ) allowed isolation of test vessel V, from test
vessel V3. Valve X, on test vessel V, was used for pressurizing, evacuating or venting the assembly.

A separate vessel of known volume (V) was attached to the vapor pressure assembly to
effect calibration of the latter. Several arrangements werz used, but all involved expanding nitrogen
gas at constant temperature from a pressurized vessel(s) to an evacuated vessel(s), and measuring
pressure before and after expansion. The known volume was a stainless steel tank with a valve on
cach side, and a vent cap opposite one of the valves. (See Figure 6.)

The known volume was cleaned and calibrated before use. The first calibration step consisted
of evacuation. After the vessel reached room temperature (24.9°C (75.2°F)), the vessel was weighed.
Next, the vessel was filled with distilled water at 24.9°C (75.2°F). Water remaining in the outlet of
the fill valve was carefully removed. The full vessel was then reweighed. ‘The volume of the vessel
was calculated from the weight of water and its known density at the test temperature. The volume
equaled 436.3 cm3 (cubic centimeters).

Next, the vapor pressure assembly was tested for leaks. This was accomplished by attaching
Vi to V, by the fitting under C;. A nitrogen source was attached to X5 on the known volume, and
all valves but X3 were opened. Nitrogen pressure was applied until a valuc of 90" Hg (inches of
mercury) (3 atm(atmospheres) was indicated from the output of the preseure transducers on each test
vessel. The output was rcad from a multipoint recorder and electronic accessories provided for this
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Figure 5. Vapor Pressure Test Vessels
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purpose The electronic accessonies consisted of 4 DC power supply with a Zenner dioxide regulator
to provide 9.5 volts to a series of Wheatstone bridges  There were four bridges for measuring temper-
ature and three bridges for measuring pressure One temperature bridge was connected to a decade
resistor st at 984 ohms, equivalent to a temperature of 45°C (113°F). This bridge was used as a
baseline for the other bridges, connected, one cach to thermistors in V|, V,, and V5. Each bridge
had a sensitivity of 21 1-48 9°C (70-120%F). and coarse md fine adjustments for precise balance at a
given temperature  Balance was mdicated on a4 seale on the recorder The scale was calibrated from
21 148 9°C (70-120°F)  Signals to the recorder were reinforced with a DC amplifier. Also recorded
war the output from the decade res tor as g refoience Ina similar manner, signals fron: the bridges
including the pressure transducers weee recorded on a scale calibrated to 0 100" Hg (0-3.3 atm).
Al recorded for the leak test was the temperature in cach test vessel Valves X, X, and X, were
dosed, and the assembly was allowed to stand at constant temperature Temperature and pressure
were monitored for 24 hours With no leakage indicated for V,, V, or V,, X4, on the known
volume was opened and Vy + V were ol served for a change in pressure No change was recorded
Lhis certifizd the equipment as leak-free

The leak test was repeated after moving Vi froim V, to V5. C; was replaced. Vi was attached
to x, as shown in Figure 6

Cabibration ot the test vessels, Vy, Vo Vy | continued as follows, With valves X, _4 open,
mtrogen pressure was applied through X until a value of 90" Hg (3 atm) was indicated by the
readout of pressure from the three transducers. In a similar manner, the temperature of the mitrogen
i the test vessels was indicated by recorded data from the three thernustors in the test vessels. Valve
Xy was closed and the mtrogen source was removed from Xg. The known volume was bled to one
atmosphere and then evacuated. Valve X, was closed, as were X, and X,. Valve Xy was opened,
lowing gas to expand from V, into the known volume. A slight drop in temperature occurred dunng
expansion, but equilibrium conditions were soon re-established  The new pressure, corresponding to
the volume of test vessel V, plus the known volume, was noted. Valve X, was opened next and the
reduced pressure, corresponding to the total volume of the two test vessels and the known volume,
was recorded. Finally, X, was opened and the reduced pressure tn the entire system was recorded
trom the natput of the three transducers. The volume of each test vessel was calculated by use of
the gas laws from the changes in pressure, foHowing the steps descrnibed.

Ustng the same regulator setting which had provided the .mtial pressure for the itial calibra-
tton Jeps, a second set of data were obtained by a variation of the calibration procedure. The entire
sxsembly was evacuated through valve X, Temperature and pressure data were recorded. Valves
X, X were closed  The nitrogen source was attached to X and the known volume was pressunized

to 90" Hg (3 atm). The gasin Vi was expanded stepwise into the three test vessels. The pressure
changes noted at each step were used for a second set of calculations of the test vessel volumes.

The known volume was then repositioned to test vessel V, . Attachment was made to the
fitting under C,  After a satisfactory leak check, the known volume was evacuated, but the test vessels
were pressunzed to 90" Hg (3 atin) Vi was pressurized in steps by opening the valves between the
test vessels  The volumes of the latter were calculated from the accompanying drops in pressure.

A finial set of walibiation sicps invoived sicpwise expansion of nitrogen from Vi at 90" iig
(3 atm) into the evacuated test vessels, and calcalation of the volume of the latter from measured

changes 1 pressure at constant temperature  During the entire calibration procedure, tempecature
was maintained at 24 2 1 0.3°C (75 5 £ 0.5°F).
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Figure 6. Calibzration and Vapor Pressure Test Vessels
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Close agreement was found for the volume of cach test vessel calculated from data by the four
vaniations cited in the calibration procedure The average volume of each vessel is shown in Table 8.

TABLE 8. VAPOR PRESSURLE CALIBRATION DATA

Vassel Volume, cm”
v, 436.3
v, 2372
V, 239.5
V; 236.2
.. -

Fhiesc vilues were employed in subsequent vapor pres.ure measurements,

Vapor pressure measurements began witl a set of steps carried out with the test assembly
i a beneh top hood  The test vessels were filled with nitrogen gas, then isolated from one another
by therr respective valves, A weighed amount of cold, stock solution was added to V, through a
funnel temporanly atlached to the fitting under C;  Some nitrogen was displaced through the
temporarily exposed fitting under C,. Samples of acid were withdrawn from V, inspected arnd
analyzed for nitrogen dioxide and water contents. The caps were replaced, and the assembly was
placed 1n an oven, n a walk-in hood, for the next set of steps. The oven had been calibrated pre-
viously to provide constant temperature over the range 25-47°C (77-117°F).

Thermistors and pressure transducers were connected to leads: from a multipoint recorder and
assoctated clectronics on a cart next to the oven. A linc was attached ‘rom valve X, to a liquid
nitrogen trap, and this in turn was attached to a vacuum pump. See Figure 7 for the relative location
of equipment used for the vapor pressure measurements. Note that the oven was installed in the
walk-in hood as a safety precaution. The refrigerator for chilling and storing stock solutions was
situated in another part of the hood

With the oven at room temperature, any nitrogen iemaining in 'V, was removed by evacuating
V, and Vy, then expanding the vapors in V, to the other vessels. The process was repeated three
times  Valve X, was closed after each step to isolate test vessel V, and its contents for subsequent
measurements at elevated temperatures.

The oven was set to a preselected temperature, T°, , and readings were taken until thermal
eiqquihibrium was established in test vessel V, as indicated by no further rise in pressure. The process
was repeated at two higher temperatures, T3 and T5.

Alter equilibrium was established at Ty, vacuum was applied, as required, to reduce the pressurc
in test vessel V, to zero  The valve between test vessels V, and V, was opened, and pressure in V, and
V, were monitored until thermal equilibrium wes re-established. Temperature returned to Ty, but
the new pressure was less than the pressure measured before expansion. The process was repeated
with test vessel V, . A further drop in pressure was observed, completing the test.

After the test, the assembly was moved to the other hood, for resampling and reloading. One
set of samples was drawn from test vessel V|, after the acid had cooled to room temperature.
Another set of samples was taken from a Kel-F bottle into which the rest of the acid was transferred
from test vessel V, with nitrogen pressure Physical appearance was noted and nitrogen dioxide and
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water contents were measured, for both samples of acid. Phorphorous pentafluoride content was also
determined for the sample in the bottle. This acid was refrigerated before analysis.

The entire procedure was repeated, beginning with addition of part of another stock solu-
tion to test vessel V, .

The foregoing procedure was developed through five experiments designed to optimize test
time and determine changes in composition to the acid being tested during evacuation, expansion,
and resampling. Attainment of thermal equilibrium after test temperature had been changed was
a slow precess, with the net result that a single vapor pressure run took approximately three days.
The only significant change noted in acid composition was a loss 1n nitrogen dioxide. The magni-
tude of this loss is indicated in Table 9, which contains the results of acid analyses made in support
of cach experiment, and PVT data collected in the course of the experiments.

In the first experiment, a postion of Modified HDA (stock solution P), with relatively low
mtrogen dioxide and water contents and relatively high water content was subjected to test. This
simulated the third solution n the test matrix. Acid analyses were made in support of the test, and are
reported on the first page of Table 9. These analyses revealed that a higher concentration of nitro-
gen dioxide would be required initially to provide the level desired during test. The designation OK
for physical appearance signifies that the acid contained a few particles of foreign material. The
differcnce in weight between the amount of acid loaded and the residual acid represents the weight
of acid lost through transfers, sampling, evacuation and purges. PVT data in Table 9 include pres-
sure readings, accurate to + 0.5 ""Hg, and temperature readings. accurate to £ 2.0°F. Volume V,
represents the difference between the total volume of test vessel V, and the volume of acid loaded
into the vessel The latter was derived from the weight of acid loaded, its temperature, and its
density at that temperature. Density data were taken from Figure 3. Pressure readings below 2 "Hg
for V; and V, reflect evacuation of these test vessels to minimize absorption of acid vapor
from previous tests, and to provide a baseline before expansion of acid vapor into these vessels
during the current test. Pressure readings for V, at the three temperatures studied, TS, T3 and T3,
were converted to psia (pounds per square inch absolute), and plotted as a function of temperature.
The pressure versus temperature plot is shown in Figure 8. Also shown are data subsequently ob-
tained for stock solution 3, which contained an additional percent of nitrogen dioxide. The curves
are labeled equilibrium pressure because they represent the sum of vapor pressure and decompo-
sition pressure. This is evident from the pressure readings before and after expansions at T5. Were
vapor pressure alone involved, there would have been no drop in pressure with increasing vapor
volume  Were decomposition pressure alone involved, lower pressures would have been observed
than were actually measured. Calculation of decomposition pressure is covered in Part I11, Technical
Discussion. The magnitude of the effect of expansion is evident from the data in Table 10. Ex-
perimentally determined pressures have been converted from ''Hg to atm.

The second experiment was performed to determine the loss in nitrogen dioxide associated
with the evacuation and resampling steps of the standard procedure {or measuring vapor pressure.
A portion of Modified HDA (stock solution JB) with relatively low concentrations of nitrogen
dioxide, water and phosphorous pentafluoride was selected for this experiment, because the nitro-
gen dioxide content was similar to that used for the first experiment. The experiment was termi-
nated after T{ had been reached. No losses on expansion were introduced. Data from supporting
chemical analyses and PVT data are shown in Table 9, page 2. Analysis of residual acid was waived
and PVT data were not recorded after the initial evacuation step. Required analyses, however, were
made and showed a loss in nitrogen dioxide content of 0.8 wt% during the evacuation and re-
sampling steps. PVT data taken matched the pattern established during the first experiment.
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TABLE 10. DECOMPOSITION PRESSURE - EXPERIMENT 1

Step Pressure, atm
Temperature, T3 1.54
After First Expansion 1.48
After Second Expansion 1.40

The third experiment was conducted with the object of determining how much of the 0.8
wt% loss of nitrogen dioxide found through the previous experiment was attributable to evacuation
of the acid at the start of the standard procedure for measuring vapor pressure. This was accom-
plished by loading another portion of stock solution JB into test vessel V, and raising temperature
to T}, without performing the standard evacuation steps. Data collected in support of this experi-
ment are given in Table 9, page 3. The slight differences in water contents measured during the test
are another reflection of the accuracy of the method. The differences in nitrogen dioxide content
also fall within the limits of the method. Replicate analyses, however, established the likely loss of
nitrogen dioxide during resampling as 0.2 wt %. Therefore, of the total loss of 0.8 wt % nitrogen
dioxide during evacuation and resampling, 0.6 wt % was due to the evacuation steps. Analysis of
residual acid was waived. The PVT data showed higher pressures in this experiment than* 1 one
before due to the pressure, in the present case, of nitrogen as well as acid vapors in the ullag: s). «ce
of test vesse] V,.

Loss of nitrogen dioxide due to expansion of acid vapors was determined in a fourth experi-
ment, with another portion of stock solution JB. The experimental objective was achieved by elimi-
nating evacuation steps and measurements at temperatures T and T3. In other respects, the stand-
ard vapor pressure measurement procedure was followed. The chemical analyses and PVT data
collected during this experiment are shown in Table 9, page 4. Chemical analyses showed a net de-
crease of 0.5 wt % nitrogen dioxide, during the expansion steps, PVT data at temperature Ty again
indicated the presence of nitrogen in test vessel V,, because of deliberate elimination of the stand-
ard evacuation steps. Test vessels V, and V; were evacuated after the second expansion step had
been completed. The small pressures noted fo- *h2ge vessels the following day represent outgassing
of the Teflon liners in the vessels. The liners ha. ‘bed some acid vapors while thermal equilibrium
was being established.

The fifth experiment was similar to the second one except that Modified HDA with a rela-
tively high nitrogen dioxide content (stock solution 5) was used. This was done to determine the
effect of an initial, high nitrogen dioxide content on loss during the evacuation steps of the standard
vapor pressure measurement procedure. Chemical analyses and PVT data collected are given in
Table 9, page 5. Analytical results revealed a much larger loss (2.3 wt %) of nitrogen dioxide due
to the evacuation and resampling steps. This was confirmed by analysis of the residual acid taken
from test vessel V, after test and chilled before analysis. Analysis of the same sample showed vir-
tually no change in the concentrations of water or phosphorous pentafluoride. The point is empha-
sized by statement of results in hundredths rather than rounding off to tenths, as is normally done
in keeping with the accuracy of the method. The PVT data prove further that an increase in nitro-
gen dioxide content will cause an increase in pressure at a given temperature.

The results of the five experiments in terms of nitrogen dioxide losses at critical steps in the
experimental procedure are summarized in Table 11.

The eight stock solutions required for vapor pressure measurements were prepared on the
basis of the first experiment to contain initially an additional percent of nitrogen dioxide above that
ir the originally planned test matrix. The results of the other experiments disclosed that losses in-

+ ed were higher than provided for, with the net effect that the nitrogen dioxide levels tested were
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TABLE 11. NITROGEN DIOXIDE LGSSES

Step wt % Comment
Evacuation 2.1 HDA with High NO, Content,
Evacuation 06 HDA with Low NO, Content,
Expansion 0.5
Resampling 0.2

mstead one percent less than onginally planned. 3ince the difference in levels was maintained at

4 wt7 mitrogen dioxide, these .omewhat lower luvels of nitrogen dioxide did not affect the design
of the two-cube factorial evaluation of variables. The test matrix in terms of the stock solutions as
tested 1s as shown in Table 12, Asstaied on page 23, and indicated in the caption below, nominal
concentrations for NO, , Hy O and PE are tubulated  These values were rounded off to the num-
ber of signiticant tigures consistent with the accuracy of the analyses, the results of preliminary
vapor pressure experiments, and the results of the vapor pressure runs.

TABLE 12. NOMINAL CONCENTRATIONS OF VAPOR PRESSURE STOCK SOLUTIONS

wt%
Stock
Solution NO, H,0 PFq Comments
1 41 0.4 0.5 Low - Low - Low
2 41 0.4 0.7 Low - Low - High
3 41 1.0 0.5 Low - High - Low
4 42 i0 0.7 Low - High - High
5 45 0.4 0.5 High - Low - Low
6 45 0.4 0.7 High - Low - High
7 45 1.0 0.5 High - High - Low
8 45 1.0 0.7 High High - High

The intermediate nitrogen dioxide content of stock solution 4 was unintended, but the results from
the experiment with this solhition strengthened the overail conclusions drawn.

Each stock solution was subjected to the standard procedure for measuring vapor pressure.
Data from supporting chemical analyses and PVT data are given in Table 13. The arrangement of
the table is the same as the arrangement used to present data from the vapor pressure experiments.
The pages of Table 13 are arranged by stock solution number rather than by the order in which the
vapor pressure runs were made. The run numbers are, however, included in the table for reference.

With reference to supporting chemical analyses, it will be noted that the NO, (nitrogen dioxide)

contents reported are as measured by a procedure with an accuracy of 0.5 wt % NO;. The de-
creases in nitrogen dioxide content at check points during the test are consistent with the resuits of
the experiments previously described. Higher values were generally obtained for nitrogen dioxide
content from the larger, chilled sample of residual acid emptied from the test vessel, than for the
sample drawn directly from the relatively warm vessel post test. During the courses of the runs, the
calibration curve for water content was confirmed. Values are reported to the nearest tenth percent,
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in keeping with the accuracy of the method. The ranges of concentration of phosphorous penta-
fluoride at the two levels tested were 0.52-0.57 wt %, at the low level, and 0.70-0.74 wt %, at the high
level. The values shown in the test matrix were rounded off to 0.5 and 0.7 wt %, respectively. Iron
contert of the acid increased a few parts per million during the test because of attack on the probes,
in test veusel V,, for measuring temperature and pressure. The magnitude of attack would

not effect VT data. Each stock solution was analyzed completely before the test. Complete
analyses were usually performed post test as well. Nitrogen dioxide, water and phosphorous penta-
fluoride contents were always determined, and were found unchanged. In some cases, post test analyses
for metal oxides and aluminum were waived, because constant levels were predictable.

With reference to PVT data, it will be noted that relatively large differences were recorded
between the temperatures of the test vessel containing acid and the two vessels under vacuum. The
acid was relatively cold, »Hut the residual gas in the other two vessels was near room temperature.
The differences were accentuated during the evacuation steps performed to rid test vessel V, of
residual nitrogen before cominencing measurements of pressure at elevated temperatures. The acid
cooled down during evacuatiun, as expacted. It took severz. hours, from the time heat was applied,
for the acid to reach a given test temperature. During this time, the differences in temperature
readings between the probes decreas=d. Such variations as were recorded fall within the accuracy of
the measurement. Highest reliance is placed in readings from the probe immersed in the liquid.
There was an increase in pressure for test vessel V, with each increase in temperature. Except on
occasions when readings were taken before thermal equilibrium was fully established, the increases
in pressure with temperature were highly regular. When acid vapors were expanded into test vessels
V, and V, , an immediate drop in pressure and temperatures were noted for test vessel V,. Tempera-
ture gradually rose to its original value, and at this point, pressure and temperature readings were
taken for each test vessel, Close agreement was noted for the pressure readings for all test vessels in-
volved in the expansion steps. The test vessels were allowed to cool to room temperature after stable
readings were obtained following the second evacuation. The process required several hours. To re-
duce subsequent outgassing effects, acid vapors in test vessels V, and Vy were re-evacuated. A
slight rise in pressure, evident by the time the experiment was terminated, testified to the value of
this step. Normally, the temperature and pressure for test vessel V, were recorded to provide
another, low temperature data point.

As had been done for Experiment 2, pressure readings for test vessel V, at temperatures T},
T3 and T; were converted to psia and plotted as equilibrium pressure as a function of temperature.
Pressure readings at 80, 90 and 100°F (26.7, 32.2 and 37.8°C) were read from the curves and tabu-
lated in the two-cube factorial test matrix. Pressure readings at Ty were converted to atmospheres,
and similarly tabulated. These tables will be considered presently. The following are specific com-
ments for each of the eight vapor pressure runs.

Data for the vapor pressure run with stock solution 1 are shown on page 1 of Table 13, Re-
sults from chemical analyses and PVT data were normal in every respect. A plot of pressure as a
function of temperature appears in Figure 9. The legend indicates that the stock solution contained
low concentrations of nitrogen dioxide, water and phosphoruus pentafluoride. This curve serves as
a basis for evaluating data for the rest of the stock solutions in the test matrix. The pressure re-
corded on test termination was approximately one psia below the curve. This corresponds to a loss
of some nitrogen dioxide from the liquid during the expansion steps. The decrease in pressure
readings for test vessel V, at T; during the expansion steps, reveals the presence of a vapor pressure
and a decomposition component for equilibrium pressure, as measured prior to the expansion steps.
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Data for the vapor pressure run with stock solution 2 are shown on page 2 of Table 13.
Chronologically, this was the seventh run made. On the basis of the low value for iron content of
the acid sariole post test, and the results from analyses in support of preceding runs, analyses for
the metal oxides and aluminum content of the residual acid removed from test vessel V, after the
run were waived. A plot of temperature versus pressure for this run is shown in Figure 10. The
chemical analyses, PVT data, znd the vapor pressure curve all appear normal.

Data for the vapor pressure run with stock solution 3 are given in Table 13, page 3. All
data appear normal. A plot of temperature versus pressure appeared in Figure 8 and is also shown
in Figure 11. The former figure showed the increase in pressure at a given temperature with an
initially higher concentration of nitrogen dioxide. The latter is the curve for stock sclution 3 alone.
The pressure reading obtained at the end of the run with stock solution 3 falls below the curves in
both figures, due to loss of nitrogen dioxide during the expansion steps.

Data for the vapor pressure run with stock solution 4 are given in Table 13, page 4, and
Figure 12. Although the data are reliable, they do not fit directly into the test matrix. As shown
by the supporting analyses, stock solution 4 contained approximately one percent more nitrogen
dioxide than the other three stock solutions with relatively low nitrogen dioxide content. The
presence of excess nitrogen dioxide is also evident from the position of the curve in Figure 12. It
lies approximately one psia higher than the rest of this family of curves represented by Figures 9-12.

Data for the vapor pressure run with stock solution S are given in Table 13, page 5, and
Figure 13. For reasons pr~iously described, analyses of residual acid for metal oxides and aluminum
contents were waived. All of the data reported appear normal.

Data for the vapor pressure run with stock solution 6 are given in Table 13, page 6, and
Figure 14. All of the data appear normal. Only the analysis of residual acid for metal oxides con-
tent was waived. Aluminum content was determined as a precautionary measure.

Data for the vapor pressure run with stock solution 7 are given in Table 13, page 7, and
%igure 15. Results of chemical analyses in support of the run are considered reliable. PVT data
obtained likewise appear acceptable. A thermistor lead was broken during post test manipulations
and readings at the end of the run were waived to expedite repairs. A relatively large loss in
nitrogen dioxide resulted because the post test sampling and analysis steps were performed at a
relatively high temperature.

Data for the vapor pressure run with stock solution 8 are given in Table 13, page 8, and
Figure 16. The chemical analyses and PVT data reported are reliable, but three points deserve
mention. A relatively large loss of nitrogen dioxide was indicated by post test analyses. Most of
this loss is attributed to post test sampling and analysis steps. Sincc analytical results appeared
normal in other respects, analyses of the residual acid for metal oxides and aluminum content
were waived. PVT data are incomplete in that the acid temperature fell below the limit of the
recorder during evacuation steps performed to remove residual nitrogen from test vessel V, at
the beginning of the run, For this reason, temperature is reported as lsys than 70°F at one point
in Table 13.

Upon completion of the vapor pressure measurements, data were taxen frem Figures 9-16
to construct Table 14. Specifically, values were read from the graphs at 80, 90 and 100°F (26.7,
32.2 and 37.8°C), corresponding to the pressure (P, ) in test vessel V,, at each of these temperatures,
for each of the stock solutions. The composition of exch stock solution is given in relative terms,
¢.g., concentration of nitrogen dioxide ([NO, ]), low. Taken together, these relative data display
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TABLE 14. MODIFIED HDA PRESSURE VERSUS TEMPERATURE AT CONSTANT VOLUME

Test Matrix P, T° P T° P, T
Stock
Solution | [NO,] | [H,0] | [PFs] | psia °F poia °F | psie °F Comments
1 Low Low Low 12.0 80 16.7 90 20.5 100 Run No. 4
2 Low Low High 120 80 15.7 90 205 100 Run No. 7
3 Low High Low 12.3 80 16.1 90 21.0 100 Run No. 1
4 Low High High 12.9 80 171 90 22.5 100 Run No. 3
5 High Low Low 14.3 80 1856 90 23.8 100 Run No. 6
6 High Low High 14.3 80 18.6 90 23.9 100 Run No. 8
7 High High Low 145 80 188 90 243 100 Run No. 2
8 High High High 14.6 80 18.8 90 24.2 100 Run No. 8

the 2-cube factorial test matrix. The sequence in whizh the vapor pressure runs were made is noted
under comments. Inspection of the table reveals at a slance that nitrogen dioxide is a controlling
variable for vapor pressure. Further analysis of the data will be found in Part III, Technical
Discussion.

Table 15 was constructed from pressure readings (P,) for test vessel V, in Table 13,
before and after the expansions carried out at the highest test temperature (T3 ) to which each
stock solution was exposed. Representation of the 2-cube factorial test matrix is the same as in
Table 14. Pressures and changes in pressure (AP, ) for test vessel V,; are expressed in atmospheres,
as are the sums of the pressure drops (¥ A P,) for the two expansions, for each stock solution.

It is immediately evident that a decrease in pressure followed each expansion with each stock
solution. This proves that a decomposition pressure component is part of the equilibrium pressures
measured as a function of temperature. Calculation of the magnitude of the decomposition pres-
sure is considered in Part 111, Technical Discussion. Data from the run with stock solution 3 were
not used in the calculation, because pressure readings after the first expansion were taken before
thermal equilibrium was established. Variations in AP for the other stock solutions reflect the
accuracy of temperature and pressure measurements. The relative constancy (0.14 £0.03 atm) for
total pressure drop is explained by the similar compositions of the stock solutions.

TABLE 15. MODIFIED HDA PRESSURE VERSUS VOLUME AT CONSTANT TEMPERATURE

Test Matrix T P, First Expansion Second Expension

Stock
Solution [NO;] [H,Ol [PF,] oF ‘I Atm ToF Pl Atm AP| TOF Pl Atm AP, ZAP,

Ltow Low Low 1087 1.74 1080 164 0.10 108.1 160 004 0.14
low Low High 17116 186 1112 177 009 1110 173 004 0.3
low High Low 1086 1,77 1089 1.76 0.01 1084 167 008 0.09

sae A - ne ama s « na ~n an ann n o nn AR ~ o

Low High High ii1.0 i.87 i09.4 .04 0.13  1056.2 .20 .04 .17
High Low  Low 1088 2,03 1088 1864 008 1085 187 007 0.6
High Low  High 108.1 203 1084 1.91 0.12 107.7 187 004 Q.16
High  High  Low mse 221 111868 21 010 1116 208 003 0.13
High  High  High 1066 1.88 106.6 1.81 007 1068 .77 004 OMN

W N O WN -
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2.0  TASK 2-SOLUBILITY TESTS
2.1 Corrosion Product Solubility Tests

High Density Acid containing particles of corrosion products would overtax the capacity of
on-board {ilters and affect propulsion system performance. Quantitative data for the solubility of
corrosion products as functions of temperature and propellant composition are needed to set limits
for successful propulsion system operation  For a variety of reasons, solubility data previously
reported are open to question. Fxperiments were undertaken to provide more reliable data.

The fint expeniments were performed to perfect the experimental procedure to be used for
quantitative studies of Modified HDA and Standard HDA solutions contaminated, through contact
with aluminum and stainiess steel alloys, ~ith naturally lormed vorrosion products. The final pro-
cedure consisted of filtering a given, turtud solution at a preselected temperature, through a set
of iert membranes. with different pore sizes “The clear filtrates obtained were analyzed by stan-
dard procedures to determine the concentration of mctals present. A decrease in the concentration
of the metals after filtration was related to corrosion product solubility.

The type of filtration equipment developed to perform solubility tests is depicted in Figure 17.

On the left side of the figure are shown the parts of a commercially available pressure filter and a set
of Teflon membranes. The assembled filter, installed in a simulated polyethylene flask containing

a Teflon receiver, is shown on the right side of the figure. A pressure filter was chosen because it
provided a seal which prevented particles from bypassing the membranes and interfering with analysis
of the filtrate by atomic absorption spectroscopy Sufficient nitrogen pressure was applied to cause

a reasonably rapid flow rate, but the pressure drop was never more than would be experienced during
conventional filtration under vacuum. The metal parts of the filter were reportedly made of 304
stainless steel, and were certified as such by spectroscopic analysis of the reservoir.

Between tests with contaminated acids, a number of filtrations were made with pure acid, in
order to determine the degree of attack on the filter, and the corresponding contamination of the
filtrates. Filtration parameters were the same for the pure and contaminated acids. The results from
these tests are given in Table 16. It lists the type of contaminated acid used before a series of tests
with a given type of pure HDA. The composition of the pure acids is included in Table 17, which
includes the analyses for all the pure stock solutions prepared for use in solubility tests. Prepa-
ration and analysis were by standardized procedures The comment in Table 16, Series Tests, indicates
that the same type of contaminated HDA had been used previously, as the type of pure HDA currently
being studied. A difference between the types of contaminated and pure acids studied is indicated
by the comment, Parallel Tests. The attack on the filter is shown in terms of the difference in the
iron content of the acid tested, before and after filtration. The effect of switching from one type
of acid to another is selatively large, as can be seen from the average change in iron content for a
given series of tests.

The results from the filtration tests with pure HDA were used to correct measured values
for iron concentration in a given filtrate. Redu~tians of one or two ppm were made, depending
on the type i IIDA filtered, and the type of HDA previously filtered.

The final step in procedure development consisted of filtening aliquots of Standard HDA
through Teflon membranes of different pore size, and in different combinations of pore size. The
object was to certify the plan to use a set of four membranes with pore sizes of: 5.0, 3.0, 1.0 and
0.2u (micron) The membrane with the largest pore size was to be on top of the pack, toward in-
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TABLE 16. PRELIMINARY SOLUBILITY TESTS - FILTER COMPATIBILITY

Test Type HDA Type HDA increase in Fe | Avg. AFe
No. Series Tested Usew ‘reviously ppm (w/w) ppm {w/w) Comments
1 A v Moditied Modified 0.5 .- Series Tests -
2 A Modified Modtied 0.0 .. Acid No. 77-17.
3 A Modified Modified 0.8
4 A Modified Mod:fied 0.8
A Modified Modified 05
5 B Modified Standard 0.5 Parallel Tests -
6 B Modified Standard 15 Acid No. 77-18
7 B Modified Standard 12
B Modified Standard 11
8 C Standard Standard 12 Series Tests -
9 C Standard Standary 19 Acid No. 77-18.
C Standard Standard .- 11
10 D Standard Modified 2.1 - Parallel Tests -
1 0] Standard Moditied 12 . Acid No. 77-17.
D Standard Modified .- 17

TABLE 17. PURE STOCK SOLUTIONS FOR SOLUBILITY TESTS

wt % ppm (w/w)
Stock Physical
No. | Appesrance |HNO, | NO, | H, 0| CI | M,0, | Fe Cr Ni Al Comments
77-17 Claar Bal. 434 0.5 0.7 0.0003 <1 <1 <1 <1 Standard HDA.
7718 Clear Bal. 434 05 0.6 00004 <1 <1 <1 <1 Modified HDA.
7719 Clear Bal. 43.2 0.3 0.6 0.0008 <1 <1 <1 <1 Modified HDA,

coming acid The results of these experiments are shown in Table 18. The table is arranged to show
the type of HDA tested, the filter membranes employed, pre and post test temperatures, to the near-
est degree, acid composition before and after filtration, filtration pressure, acid flow rate, the weight
of particulate matter collected on each membrane, and pertinent comments. In each case, a 50 cm3
aliquot of Standard HDA which had detericrated in quality during extended exposure to a stainless
stee] tank and an aluminum alloy drum was filtered at room temperature. The designation OK
signifies that before test the acid contained a few small, visible particles. These were removed
during filtration. No flow was noted for membranes as received until the pore size of the membrane
being tested was 2 iu (cqual or greater than one micron). However, flow could be induced through
smaller pores if the membranes were conditioned with CHy Cly (methylene chloride). Test No. 8
included prefiltration with 50 cm3 of this solvent Subsequent tests involved merely wetting the
membranes immediateiy before exposing them to HDA.

Since Test No. 8 appeared normal in all respects, analyses of the filtrate and determination
of particuiate matter were carried out  Chemical analyses proved that an acceptably small amount
of mitrogen dioxide was lost during filtration. Therefore, solubility data can be reviewed in terms
of the composition ofthe acid at the start of the fiitration There was no change in water content,
proving that all transfers had been carried out satisfactorily. Atomic absorption analyses showed a
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defimte decrease in the 1ron and aluminum contents of the acid upon filtration. Therefore, the
values for the filtrate appear to be the solubility limits for iron and aluminum containing corrosion
products in this particular acid at the temperature of the test. The fact that filtration caused no
reduction in chromium or ntckel content of the acid is interpreted to mean that the acid was not
saturated with respect to salts of these elements. The clarity of the filtrate and the amounts of par-
ticulate matter 1solated, substantiates the chemical analyses and reflects removal of particles of
corrosion products. While it follows that the acid was saturated with metal salts of these particles,
1t does not follow that all of the salts of the same element had also reached their solubility Jlimit

For example, the presence of particles of aluminum oxide, formed in the vapor phase, would prove
that the solubility of aluminum oxide had been exceeded. The aud could also contain aluminum
fluunde, 4t a level below 1ts solubility product. The value of the latter would, of course, be reduced
by the common use effect. These qualifications will be considered in more detail in Part 11, Tech-
nical Discussion. The membranes were weighed separately before use, and post test, after drying
overmight 1n a desiceator, at room temperature. The weght of particulate matter was doubled for
reporting data in the conventional units of gm/100 .m~ (grams/ 100 cubic centimeters). Most of the
particulate matter was retained on the top membrane, further certifying satisfactory filtration.

Tests 9 and 10 were made under the same conditions as Test 8, with another aliquot of acid
from the same source  Similar trends were noted, but the variation in the aluminum contents of
the filtrates strongly suggests that the acid contained different species, with different solubility
limits. The results for chromium and nickel analyses were within the accuracy of the method. The
wide vanations in particulate matter weakened any argument for using this parameter as a simple
measure of acid quality.

Tests 11 and 12 were performed with four filter membranes, arranged in the order of in-
creasing pore size. As would be expected, the largest amount of particulate matter was found on
the membrane, which had the smallest pore size. A negative value for the weight of particulate
matter on any underlying membrane indicated that more material was leached from the membrane
than was deposited theron. This is to be expected because the membranes, though made of Teflon,
have a hydrocarbon re-enforcement, and the weight changes for the membranes within the stack
are small, approximately one milligram (~ | mg), approaching the accuracy of the method. In other
cases, single bracketed values represent the combined weights of particulate matter of membranes
held firmly together by the gelatinous nature of the material hetween them. The results from atomic
absorption analyses of the filtrates fell within the range of the previous tests.

Tests 13 and 14 were performed with the membranes in the intended order, i.e., with the
largest pore size on top. A relatively large loss in nitrogen oxide during filtration for Test 13 coin-
cided with a low flow rate. This may be attributed to improper pretreatment with methylene
chlonde. Test 14 was normal in all respects. Post test analyses and determination of particulate
..atter gave equivalent results for both tests, indicating the insensitivity of the solubility of typical
corroston products to minor changes in nitrogen dioxide content or flow rate.

From these tests it was concluded that at least some of the particles removed from acid
during filtration are gelatinous, and most of the particles are removed by the first membrane en-
countered The arrangement of the membranes by pore size is not eritical. The planned arrange-
ment was used for subsequent tests because it was logical to place the membranes in the order of
decreasing pore size.

It was also apparent from these tests that the application of nitrogen pressure should be dis-
continued as soon as possible, to avoid purging nitrogen dioxide from the filter. Pressurization was
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stopped during the foregoing room temperature tests when flow of liquid was no longer observed.
Direct, visual observation was not possible for low temperature tests because the equipment was
placed inside a cold box. Attachment of a length of tubing between the vent of the flask in the
cold box and a bubbler outside allowed discontinuation of pressurization before nitrogen dioxide
was swept from the filtrate,

The acids for the Modified HDA tests first undertaken were blends reserved from long term
storage of Modified HDA in small aluminum alloy and stainless steel tanks (Reference 23). The
tanks had been in storage for three years and contained relatively high concentrations of corrosion
products. Blending was in a manner such as to give three stock solutions;one containing equivalent
amounts of stainless steel and aluminum corrosion products, another containing an excess of alum-
inum corrosion products, and the third containing acid with an excess of stainless steel corrosion
products. Nitrogen dioxide was added to one portion of each blend to bring the level from approxi-
mately 41 to 46 wt%. Water was added to another portion of each blend to raise the level from
approximately 0.3 to 0.9 wt%. The solutions were stored several days after the additions to allow
corrosion products to dissolve or precipitate, depending on their solubility at the new concentrations
of nitrogen dioxide and water. Subsequently, a 50 cm~ aliquot of each solution was filtered at room
temperature. The data obtained are shown on page 1 of Table 19. This table has the same format
as Table 18, and the same explantions apply.

Part of each blend tested at room temperature was stored in a cold box to allow changes in
solubility at a lower temperature to be effected. Subsequently, a 50 cm? aliquot of each solution
was filtered, with the equipment precooled to the same temperature in the cold box. Data gathered
in support of these tests are shown on page 2 of Table 19.

Three questionable points were raised by the data from the room temperature tests. Atomic
absorption analyses showed agreement in the composition of the filtrates for tests 1 and 2, but a
larger amount of particulate matter was collected in the latter test, suggesting an error in analysis.

A relatively large amount of particulate matter was found on the bottom membrane from several
tests, suggesting contamination of the filtrate with particles, which would be hard to see in the highly
colored (deep red) HDA solutions, but might affect subsequent atomic absorption analyses. A re-
latively high concentration for iron was found in the filtrate from test 7, compared with the filtrates
from the other tests. Some of this could be attributed to attack on the filter assembly, some of the
variation reflected the accuracy of the method. Three of the tests were repeated to resolve these
discrepancies. The results are shown on page 3 of Table 19. The repeat of test 2 gave the same trends
as noted originally, confirming earlier qualifications about reliability of particulate matter determina-
tions. Test 5 was repeated with two, 0.2¢ membranes in the pack. No improvement in filtration
cfficiency or change in analytical results was found. A repeat of test 7 gave results similar to Tests 8
and 9. The difference in results between the original and repeat tests is attributed to the accuracy of
the method. Variations in flow rates noted between the original and repeat tests are attributed

to transfer of operations from an old laboratory to a new one with a slightly different pressuri-
zation system.

Based on analyses made in support of all the room temperature tests, it is concluded that
the original blends were not saturated with stainless steel corrosion products. The blends were,
however, saturated with one or more aluminum species. Addition of nitrogen dioxide or water did
not change the results or conclusion drawn. The tendency toward higher flow rates and a somewhat
larger loss of nitrogen dioxide during filtrations in the new facility are therefore incidental matters.

*Reference 2. *‘Long Term Storage of Modified HDA", H.Ph. Heubusch, Bell Aerospace Textron, AFRPL-TR-76-96,
May 1977.
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Results from the tests performed with the same stock solutions filtered at 40°F (4°C) are
given on page 3 of Table 19. As was to be expected, nitrogen dioxide losses were reduced by filtration
at a lower temperature. Three tests were repeated and confirmed that apparent anomalies in the
results for iron and nickel contents by atomic absorption analyses were merely a reflection of the
accuracy of the method, and that particulate matter did not enter the filtrate. The results from
these tests are given on nage 4 of Table 19 A second, 0.2u membrane was included for each
filtration. No real difference was found in the solubility of the corrosion products by reducing
the temperature of the stock solutions from 1oom temperature to 40°F (4°C). With the exception
of one or more relatively insoluble species of aluminum, the solutions were not saturated. Graphing
the data was therefore waived.

A sccond series of tests was conducted with other stock solutions containing higher con-
centrations of stainless steel corrosion preducts formed by contact of two different alloys with
Standard and Modified HDA  The results from these tests are given in Table 20 It contains data
gathercd at room temperature by standard procedurcs, and tabulated in the same format as Tables 18
and 19, and data from tests with portions of cach stock solution filtered at 40°F (4°C). )

Test 1 involved a sample of Standard HDA retained from a corrosion test with 17-4 PH
H-1025 stainless steel (Reference 1) Pre-analysis disclosed that the water content of the acid
increased during storage. Post filtration analyses proved that the wcid tested was saturated with
one or more species of iron and chromium. Tests 2-4 involved portions of Modified HDA contami-
nated by corrosion of 304 stainless steel (Reference 1), Nitrogen dioxide or water were added to
portions of this solution to match the levels reported in Table 19. Chemical analyses in support of
test 2, with the 304 SS/Modified HDA stock solution, showed the latter to be unsaturated. This
extended the solubility limits for iron, chromium and nickel above those reported in Table 19. No
change in the solubility pattern was obscrved, within the accuracy of the analysis, for additions of
nitrogen dioxide or water. The differences noted between Test 1 and 4 are attributed to differences
in the corrosion inhibitor employed (and therefore different corrosion product species) and/or
different water contents between the two acids tested. Too little data are available to interpret the

effect of reduced nitrogen dioxide (Table 18) on the solubility of stainless steel corrosion products in
Standard HDA.

Chemical analyses reported on the bottom of Table 20 proved that the solubility of corrosion
products i the stock solutions tested did not change when the temperature was reduced to 40°F
(4°C) Page 2 contains an additional test (No 6) performed to futther evaluate the effect of applied
nitrogen pressure, and the resulting acid flow cate, on the composition of the filtrate. Test S was
conducted using the standard level of nitrogen pressurization, 11.5 psia. and resulted in an acid flow
rate of 25 cm?® /min (cubic centimeters/minute). Nitrogen pressure was reduced to S psia for Test 6,
with a corresponding reduction in flow rate to 10 cm®/min. The composition of the filtrates agreed

within experimental error. Accordingly, flow rate was ruled out as an important variabie in the test
procedure,

A third series of tests was conducted with a blend of stock solutions formed by reactions
between Modified HDA and 6061 aluminum alloy and 17-4 PH H-1025 stainless steel. The results
of these tests are given in Table 21. Standardized methods were used to obtain the data, which are
reported in the same manner as used for Tables 18-20.

Test | was conducted at room temperature. Because results for iron content, before and
after filtration, fell within the accuracy of the method, no deduction about solubility limits for
this metal is warranted. It is clear, however, that the stock solution was not saturated with salts
of chronium, nickel or aluminum. Reducing the temperature of the same stock solution to 40°F
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(4°C), as was done for Test 2, had no effect on the solubilities of the species present in the acid.
When the stock solution was modified by addition of water for Test 3, however, the solubility of
iron specie(s) was decreased. Aluminum remained in solution at a relatively high concentration.

Test 4 was included .o explain abortive attempts to extend the test matrix to still higher
aluminum levels, by filtration of a sample highly contaminated with aluminum. by long term
storage in an aluminum sampler, which had been filled without prior pickling. The acid came in contact
with a synthetic rubber stopper during the filtration procedure. Post test analysis showed an in-
crease in the aluminum content of the filtrate, presumably from the stopper. Pure Modified HDA
was contaminated by exposure to the same type of stopper for Test 4. Analysis of the filtrate showed
the large increase in aluminum content expected. “he origin was a relatively soluble aluminum salt
of the type previously postulated to explain the results of tests with corrosion products.

Too little data are available to allow deductions concerning the solubility of aluminum
corrosion products in Standard HDA at low nitrogen dioxide content (Table 18), compared with
the solubility of aluminum corrosion products in Modified HDA at higher nitrogen dioxide content.

The net result of Tests 1-4 was to extend the known solubility range of aluminum corrosion
products beyond that reported in Table 19. Aluminum test vessels have been filled with Modified
HDA and are being stored at elevated temperature {(90°F (32°C)) to generate corrosion products
for studies at still higher levels of aluminum.

2.2 Passivation Tests

Tests were conducted under a separate contract (Reference 32) to determine if couples of
the aluminum and stainless steel alloys in the Agena oxidizer tank sump become passive to Standard
HDA during exposure periods up to 48 hours. The area ratio of the metals was matched to that in
the sump, Al:SS:: 4:1. A relatively small value in reciprocal inches (1.4 in’l) was used for S/V ratio
(Surface-of-metal to Volume-of-acid). The tests indicated protection of the aluminum by the stainless
steel, which appeared to act as a sacrificial anode. There was a steady rise in stainless stee! corrosion
products in solution, as determined ty atomic absorption analyses, as a function of time. Passivation
had not occured within the two day period studied.

The experiment was refined and expanded during this program. All the aluminum and stain-
less steel alloys and heat treatments represented in the sump were inciuded in the experiments. The
S/V ratio was increased to 10 in~!, to match that in the sump. The test time was extended to 28 days.
A full complement of tests was run with Modified HDA. This included four alloys of aluminum (AA)
and stainless steel (SS) tested separately for 28 days, 16 couples cf the most common type in the
sump (6061-T4 AA/304 SS cloth), at time intervals from 15 minutes to 28 days, and two, less
common couples, tested for 28 days. Seven, parallel tests were run with Standard HDA. All of the
Standard HDA tests were with the most common couple, at time intervals from 30 minutes to 28
days.

As indicated in Section 2.1, above, three batches of pure HDA were prepared for use in the
solubility tests and were certified by analyses. Preparation and analyses were by standard procedures.
The analytical data obtained were shown in Table 17. Portions of the same acids were used for the
passivation tests,

SRefereace 3. “Standard HDA Gel Study,” Bell Aerospace Textron, Letter Report No. 6:843, 19 November 1976.
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Test speamens were made from strps of alummum alloy with different heat treatments
(6061-T4 and 6061-16), 304 stainless stee) cloth and 347 stainless steel screen. The stainless steef
Joth and stamless steel screen were supphied by LMSC (Lockhead Missiles and Space Company ).
I'he compositicn of cach alloy was certificd by cnnssion spectroscopic analysis. T'ne heat treatment
of the alumimum alloys was venfied by tensile tests.

1 he procedures used for preparmg specnmens for test were based on those used at LMSC for
pre paring the oxidizer tank wanp  The 60T T alumimam alloy was precdeaned through asenes of
steps which began with a vapor dogroase above tchlor thyles The spesnmens were thon alkahime
ceancd, usiy Oakite 618§ xposure time was 1O nunates at 190 210 1 (87 898 9°Cy  fhe alka-
hine  leaner was removed by ninsing i tap water for two nnutc . The specnnens were given a flash
Ctch with o blend of mitrc acid (20 30 volume ) and hy ofluonc aad (3 volume)  The etchimg
waas continued until the samples were viably brnght and dean The aad solition was removed
by tismmig sath domnerabzod water, followany o hich the speaimens weie blown dry with mtrogen
Next, the speamens were deoxidized by room temperature exposure to Clepo 180K for 2-5 nunutes
The € lopo was displaced with potable water, and this, i turn, was displaced with denineralized
water  The specimens were then blown dry with mitrogen

Final cleammg was in accordance with LMSC Specaification LAC3150-060000 This step
mvolved ultrasanic cleaning for 15-20 minutes with frreon 'T'E

The clean specimens were sealed 1na clean. plastic bag and set aside until ready for use
Final deamng and packaging were performed i a lammar flow clean 1oom

The stasnless steel speamen were purchased precleaned by LMSC. The specimens were
also ultrasomically cleaned in accotdance with LAC3150-060000, at Bell, then sealed in a clean,
plishic bag and set aside until ready tor use  Cloaning and packaging were performed in the same
laminar flow clean room.

The 6061-T6 specimens, representing the cover for the sump, were also cleaned in accord-
ane with instructions from 1 MSC - “The fisst step consisted of degreasing the <peamens with a
methyl ethy! ketone wipe  This was followed by chemical cleaning, using Cee Bee R-66-C solut.on,
At room temperature | xposure time was 1) minutes  The deaner contains orthophosphoric acid
and hy drofluorie actd and was removed by ¢ 10 minute ninse with dejionized water. The specimens
were dried with clean, hot (230°F (110°C)) air for 30 minutes.

The appearance of the test specimensas shown i Figure 18 The aluminum alloy had been
~ut mto stips 1 inch wide and 24 inches long, pleated, and slotted to accept a stainless steel com-
ponent  The stainless steel component consisted of a rectangular piece of cloth, approximately
1 inch wide and 2 inches long, or screen, approximately |1 inch wide and 14 inches long. The
cleaming procedures previously descnibed were employed with the separate test specimens in the
form shown Couples were formed by forcing the stainless steel components into the slots in the
alummum  The separate preces were tared before assembly  The couples were weighed after final
cleaming, as an assembly. Agan, Agena oxidizer tank sump procedures were followed. The couples
were ultrasonically cleaned for 5 minutes in Freon TF, then flushed with Freon TF. The flush
finid was subjected to particle count measurements according to LMSC Specification LAC3150-
050000 These steps were performed in laminar flow clean benches

A relatively large test vessel was required to accomodate the width of the speamens
Vessels previously used for corrosion tests were adapted to the purpose  Adaptation consisted of
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removing the specimen holder noimally attached to the Teflon liner in an aluminum body. A

sketch of the test vessel is shown in Figure 19, Each test vessel was cleaned with a nitric acid-
hydrofluoric acid solution to remove traces ot aluminum or stainiess steel corrosion products. The
vessels were then filled with a 30 volume nitric acid solution and aliowed to stand 72 hours. When
subsequent atomic absorption analysis for each vessel disclosed less than 1 ppm (w/w (weight/weight))
of iron, chromium, nickel and aluminum, the vessel was rinsed with distilled water, dried in air at
230°F (110°C), and submitted for test.

A strip of aluminum alloy, or 4 strip ot stainless steel, or a couple of aluminum alloy and
stainless steel was added to a clean test vessel, after 1ecording che physical appearance of the metal.
The specimen was covered with 4 volume of 100 vin® (61n.%) of pre-analyzed acid and the test ves-
scl was closed. The test vessel was then set aside at room temperature for the length of time required
to fill part of the test matrix. For tests ! Iong duration. (days) the entire test assembly, consisting
of the aluminum body and Teflon hiner. was asca The liners, alone, were used for tests of short
duration (hours).

A total of 29 tests was performed, includmg a duplicate of Test No. I'1. Table 22 is a Test
Log. which mdicates the materials tested in cach aud, and the numbers used to identify: the test,
the sample and the acid, the test duration, and the dates on which each test was started and stopped
A set of pertinent comments completes the Log  As previously indicated, couples of aluminum
alloy and stainless steel were tested in the majority of cases. Most of the couples consisted of
6061-T4 AA and 304 SS Cloth. Base-line data were obtained by testing, separately, strips of alumi-
num alloy and stainless steel. These samples are designated as “blanks™ in Table 22.

In cach case, the total area in square inches (or square centimeters) of the aluminum alloy
* strip was 48 in? (309.6 cm?). The actual arca of the stainless steel specimens was 12 in? (77.4 cm?).
The actual area of the stainless steel specimens was based on measurements of the diameter and
length of the wires making up each type of specimen. The volume of acid used was 100 cm? (6 ind).
The corresponding S/V ratios were, accordingly, 8 in™ for the aluminum alloys and 2 in™ for the
stainless steels, when tested separately. The S/V ratio for the couples was 10in™ . These parameters
are surnmarized in Table 23.

A record was kept of temperature during storage. Values of 70 5°F (21 +3°C) were recorded.

At the end of 4 given test, the top was removed from the test vessel, and the acid was siphoned
nto a clean bottle and submitted for analysis The specimens were removed and visually examined.
Acid was removed by rinsing with methylene cioride, following which, the specimens were air dried
and weighed. Couples were disassembled and each component was washed with distilled water, rinsed
with acetone, air dried and weighed. Test No. 11, a couple of 6061-T4 AA/304 SS, was repeated
hecause a strand of stainless steel cloth was displaced during disassembly of the couple, negating the
accuracy of the post test weighings. The difference between pre test and post test weights was used
to establish the amount of deposit, in mg, on (or weight change for) a given couple. The difference
in initial weight and weight after washing was used to calculate the corrosion rate, in mg/cm?, (mitli-
grams per square centimeter) for a “‘blank’’ or a component of a given couple.

Acid sampies submitted aficr passivation iests had been compieted were subjecied to the
same treatment described for acid samples from corrosion product solubility tests Section (2.1).
Briefly, this consisted of noting physical appcarance and mcasuring temperature, before filtering
50 cm?, with a stainless steel pressure assembly, containing a stack of four Teflon membranes,
arranged in the order of decreasing pore size, from 5 to 0 2 microns. A pressure of 5 psig (0.3 atm)
nitrogen was applied to expedite filtration. The filtrate was examined visually and its temperature
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TABLE 23. PASSIVATION TEST PARAMETERS

Surfaca Ares Volume
Item cm? cm
. Aluminum Alloys 309.8
Stainless Stes! Cloth 714
Stainless Steel Screen 77.4 -
Modified HDA . 100.0
Standard HDA . 100.0

was measured. Aliquots of the filtrate were then dra» i and analyzed for nitrogen dioxide, water
and metal content. Parallel analyses were made on the samyples before filtration. The efficiency of
the filtration process was judged in terms of the loss of nitrogen dioxide or gain in water contents.
Differences in metal content for the solution as received and its filtrate provided an estimate of
saturation with corrosion products. Comparison of the metal content of the filtrate with that of
the stock solution (Table 17) indicated the degree of passivation which had been achieved. The
membranes used during filtration were rinsed with methylene chloride to remove excess acid, dried
overnight in a desiccator held at room temperature, and reweighed the following day. To the extent
possible, the membranes were separated before the final weighing.

The results obtained for the metals subjected to passivation tests are shown in Tables 24
and 25, and Figures 20 - 22,

Table 24 contains principally, the results of weighings made in support of the passivation tests.
The data are related to the Test Log by the Test No. Also shown are the material(s) tested, the type
of HDA used, and the test duration. Tests 21 - 24 were the previously mentioned “‘blanks”, i.c., tests in
which a single metal rather than a couple was tested. This is also reflected in the columns of weights.
Single, pre and post test weights appear for each ‘‘blank”, in either the aluminum alloy or stainless
steel column. The other weights shown in these columns are for the components of couples. Pre
and post test weights of the couples complete the table.

Table 25 contains the results of post test inspections and calculations of the changes in weight
and corrosion rates of the metals subjected to the passivation tests. Data are related to previous
tables by Test No. The test run in duplicate is labeled, 1 IR. Also shown are the material(s) tested,
the type of HDA used and the test duration. The materials include the “blanks” (Tests 2] - 24), and
couples, as previously described. With one exception, there was no change in the appearance of the
metal(s) through exposure to acid, for periods up to 28 days. This is signified by the symbol NE
(No Effect) in the table. The exception involvid a couple exposed to Standard HDA. The couple
consisted of 6061-T4 AA/304 SS Cloth, the most prevalent combination in the Agena sump. Where-
as the outer surface of the aluminum retained its metallic lustre, the crevice areas were dull in appearance,
i.e., etched. The stainless steel remained dull gray. The weight changes reported for the metals
were determined from the difference in the weight, in milligrams, of the specimen removed from
test, rinsed free of acid and dried, and the weight of the specimen as put into the test. A positive
value indicated formation of a film: and/or a deposit of corrosion products. As noted under comments,
no corrosion products were evident. A negative value indicated removal of a pre-existent film and/or
corrosion. Values are considered accurate to £0.2 mg. The corrosion rates reported for the specimens
were determined for the “blanks” and the separated parts of the couples, washed, dried and reweighed,
after the test. The difference in weight, in milligrams, from start of the test to final weighing, divided
by the area of the specimen, in square centimeters, is reported as corrosion rate. This designation is
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Preptt

appropriate for negative values in the table. Positive values indicate film formation. Corrosion rates
are considered accurate to +0.0006 mg/cm?, for the aluminum alloys, and £0.0025 mg/cm?, for the
stainless steels.

Figure 20 is a plot of weight change, in milligrams, for the 6061-T4 AA/3C4 SS Cloth couples
exposed to HDA, asa function of tune. Page 1 contains data for tests from 0-24 hours in duration.
Page 2 contains data for tesis from 0-28 days in Juration. Divisions for the ordinate were compressed
from page 1 to encompass all the data for the longer term tests  Each page contains a smoothed curve
for tests with Modified HDA, and a second curve for tests with Standard HDA. The curves were
smoothed in line with the accuracy of the data, and the additive nature of the test. Less data points
were available for the Standard HDA -urve, therefore, less confidence is placed in its locus.

Figure 21 is a plot of the corro 1on rate, in mg/um?, of 6061-T4 aluminum alloy exposed to
HDA as a function of time. Page 1 contains smoothed data for the aluminum alloy coupled to 304
SS Cloth and exposed to Modified HDA or Standard HDA. for periods of 0-24 hours. Page 2 contains
the corresponding curves for the aluminum alloy exposed, as a couple, for periods of 0-28 days. Again,
divisions tor the ordinate were compressed for page 2, to allow presentation of all the data. Shown
for comparison 15 the corrosion rate of the aluminum alloy “blank™ exposed to Modified HDA for
28 days.
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Figure 20. Passivation Test Results - Weight Change ~ Metals (1 of 2)
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Figure 22 is a plot of the corrosion rate, in mg/cm?, as a function of time of the 304 stainless
steel components of the couples for which the corrosion rate of the aluminum alloy components was
plotted in Figure 21. The same conventions and qualifications apply to each component. Shown
for comparisons on page 2 of Figure 22 is the corrosion rate of the stainless steel ““blank” exposed to
Modified HDA for 28 days.

The results obtained tor the acids subjected to passivation tests are shown in Table 26 and
Figures 23-26.

Table 26 is arranged by Test No. in order to allow easy comparison of results for the metals
and 1c1ds tested together. Also shown are the type of HDA used for each test, the stock solution
from which the acid was drawn, and its nitrogen dioxide content, as loaded into the passivation test
vessel. Next is shown the time the metal and acid were left in contact. A set of chemical analyscs of
the acid removed from the passivation test vessel includes the appearance of the acid, its nitrogen
dioxide and water contents, in weight percent, and the apparent, total amounts, in ppm, of iron
chromiuni and nickel in the acid, from attack on stainless steel test specimens, and aluminum, from
attack on an aluminum alloy test specimen. These are considered ap; arent, total amounts, becausc
they represent analysis of a sample before filtration. In addition to oluble salts, such samples may
contain particles of corrosion products for which accurate analyses are difficult, because cf the dif-
ficulty of ensuring feed of a homogeneous aliquot of the sample to the flame of the atomic absorption
spectrophotometer used for metal analyses. A second set of analyses represents the composition of
the acid after filtration. Higher reliance is placed in the measured values for metals in the filtrate be-
cause more homogeneous solutions were aspirated into the flame of the atomic absorption spectro-
photometer. The efficiency of the filtration procedure 15 indicated by the shight changes in tempera-
ture measured before and after filtration, the normal flow rates employed, and the constancy of
water contents and relatively small changes 1n nitrogen dioxide contents found, before and after
filtration. Values reported for metal contents were adjusted, as was done for corrosion product
solubility tests, to account for attack on the pressure filter assembly. Occasional reports of a higher
concentration for a given metal after filtration arc explained by the previously stated (Section 2.1)
accuracy of the method. Values for particulate matter collected during filtration are also reported
as described for solubility tests. These data are considered unreliable because they follow no set
pattern. A set of comments mcluding the identity of the material(s) exposed to a given acid, the
duration of short term tests in hours, the volume of acid filtered, and the total weight of particulate
matter collected from the stated volume of acid completes the table. Values below the sensitivity of the
balance (£0.0001 gm) were left unreported except for the comment that the data were not applicable
(N/A), i.e., not reliable.

Test No. 1 IR was an exception to the explanation given above. This test was repeated to
obtain more reliable dat» about the weight change of the couple exposed to acid. The acid was
filtered post test, but supporting analyses were limited to those necessary to certify the validity of
the test.

Figure 23 is a plot of the buildup of iron in solution as a function of time, as judged by
analysis of filtrates from the passivation tests. Page 1 contains data for tests of 0-24 hours duration.
Page 2 contains data for tests of 0-28 days duration. The letters A, B, C, will be discussed in Scction
[Il. The same divisions are used for the ordinate on both pages. Each page contains a curve, smoothed
to reflect the accuracy of the method, and the nature of the test, for the points obtained from tests
with Modified HDA, and a curve for the points obtained for the relatively few tests with Standard
HDA. The point shown for Standard HDA &t 24 hours (1 day) is from the more reliable repeat test,
1JR. Although less points are available for standard HDA, and, therefore, the exact locus of this
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curve is in doubt, there is no question about the fact that any given time, after the first hour, for
which comparative data are available, Standard HDA is more corrosive than Modified HDA. One
additional point plotted on page 2 represents corrosion of the 304 stainless steel “‘blank™ exposed to
Modified HDA for 28 days. No comparable data were obtained with Standard HDA.

Figure 24 is a plot of chromium builqup in solution during the passivation tests. The plot
was constructed as explained for iron buildup. No data for the filtrate from the repeat test, 1R,
were obtained because chromium concentration was so low at the time that its solubility could not
have been exceeded. The value for the chromium content of the acid before filtration is therefore

a reliable indication of chromium content at 24 hours (1 day). The point is proven by the fact that

the chromium content measured before filtration for the repeat test agreed within experimental error
with the values before and after filtration for test, No. 11. At all times for which comparable data
were obtained, Standard HDA was more corrosive to 304 stainless steel than was Modified HDA.
Within 28 days, the concentration of chromium in Standard HDA had exceeded the concentration of
iron. At 28 days the chromjum content from the “blank’ in Modified HDA matched that of the
corresponding couple in the same acid.

Figure 25 is a plot of nickel buildup in solution during the passivation tests. The plot was
constructed as explained above, The same explanation given for chromium content for repeat test,
11R, applies to nickel. Also, as was the case with chromium, the data for nickel prove that Standard
HDA was more corrosive toward 304 stainless steel than was Modified HDA. Within 28 days, the
concentration of nickel in Standard HDA had exceeded that of iron and chromium. At 28 days,
the concentration of nickel in Modified HDA was at the same level from exposure to the 304 stainiess
steel “‘blank” as from exposure of the acid to a 6061-T4 AA/304 SS couple.

Figure 26 is a plot of aluminum buildup in solution during the passivation tests. The plot
was construcced as explained above. The same explanation given for chromium and nickel contents
for repeat test, 11R, applies to aluminum. Neither acid was very corrosive to aluminum. Differences
in aluminum content, plotted as functions of time and type of acid used, are within the limits of the
method of analysis. Results for repeat test, 1 1R, are equivalent to those shown for Test No. 11.
Results at 28 days for the *‘blank” tested in Modified HDA and couples, tested in Modified HDA and
Standard HDA, are likewise equivalent.

Further deductions from the chemical analyses will be found in the Technical Discussion,
which follows as Section I11 of this report.
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OI. TECHNICAL DISCUSSION

1.0 TASK 1 -CHARACTERIZATION OF MODIFIED HDA
1.1 Density

The density of blends of Modified HDA containing different amounts of nitrogen dioxide
and water was measured using pycr.ometers designed and built specifically for this program. The
pycnometers included an aluminum bottle and a synthetic, sapphire capillary which were intended
to provide an inert environment for the blends to be examined. The experimental procedure in-
cluded the addition of a known weight of a given blend to a pycnometer, and confining the vapors
of the blend with a stainless steel, ball valve, attached to the top of the capillary tube. The assembly
was positioned in a thermostatically controlled water bath, and the elevation of the acid into the
capillary was measured as a function of temperature. Test duration ranged from several hours to
several days. Samples of acid were taken and analyzed at the beginning and the end of each test, to
certify the validity of the density data in terms of a given acid composition. Density at a given test
temperature was calculated from the weight of acid testeC and its voluine. The latter was calculated
from the rise of the acid into the pycnomeier capillary, and previously determined calibration of
volume as a function of height of liquid in the capillary at a given temperature. Further technical
details and experimental data were given in Section II.

An indirect proportion was found betwesn the density of a given blend of acid and tempera-
ture. As temperature was increased, there was - gradual decrease in density. When the densities
of two blends of acid containing the same amount of water, but different amounts of nitrogen di-
oxide, were compared at the same temperature, relatively small differences were found. The trend
was toward a maximum value at 44 wt % NO,. This is in keeping with the designation of such a
blend as maximum density acid. When comparisons were made of the densities of two blends of
acid containing different amounts of water but the same amount of nitrogen dioxide, relative large
differences were found at any given temperature. The lower the water content of the blend, the
higher was the measured density. These effects of acid composition on density are evident upon
inspection of curves 7, 8 and 9 in Figure 3. The curves correspond to blends of acid containing
varying amounts of nitrogen dioxide, and the lowest water contents studied. The low water con-
tents were reflected by the highest densities measured. The maximum density measured was a blend
containing 42 wt % rather than 44 wt % NO,, because the former blend contained a lower water
content (0.1 wt %) than the latter (0.2 wt %).

The reliability of the experimenta! data upon which the foregoing deductions were based
has been established in several ways. Besides the linearity of the density of a given blend of acid in
a given pycnometer as a function of temperature, duplicate curves were obtained for one of the
blends (77-10) which was subjected to separate sets of measurements in each of the two pycnometers
prepared for tests.

Also received through chemical analyses made in support of density determinations was
a better insight of aluminum pickling and passivation. Before assembly of the pycnometers, the
aluminum bottles were pickled with aqueous solutions of acids normally used for this purpose.
Analyses of the flist Modified HDA blends used in pycnomeier A/A {Stock No. 77-15) and in pyc-
nometer B/B (Stock No. 77-12) disclosed relatively large increases in aluminum content. This was
confirmed by the presence of particles in poat test samples of acid. Subsequent tests showed

relatively low levels of aluminum content by analyses, and clear acids by visual inspection. The
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pickling solutions had produced a fil:n on the interior of the aluminum bottles which was displaced
with a more impervious film by continued exposure to Modified HDA.

Earlier comments about the validity of test procedures employed must be qualified, based
on analyses made in support of measurements involving variations in the standard test procedure.
Post test analyses revealed increases in water content for tests at high temyprerature, and an ortho-
baric density test. These tests were made with Stock No. 77-10, using both pycnometers. The
pycnometers were only partly filled for the high tem perature tests, and were evacuated after filling
for the orthobaric density test. Both procedures trapped vapors in the pycnometer bottles and
resulted 1n leaks during warm-up 1n the constant temperature water bath. The presense of additional
water was evident from post test analyses. The density data were accordingly judged unreliable.

t‘urther confidence in the validiyy of the stanidard test procedure was, however, provided by
tests (Run 3, Stock No. 77-1 2, and Kun 3. Stock No. 77 13) in which density was measured in the
normal manner, after which the pycnometers werc returned to the constant ternperature water bath
The pycnometers were removed and reweighed three days later. No change in density was found for
either solution. Post test analyses of the acids showed slightly higher than normal values for alumi-
num content, but no particulate matter was observable. There was no evidence of leakage or acid

decomposition.

Furt™er inspection of Figure 3 reveals that not only are the curves linear but also
that they are parallel, i.c., have the same slope. One is justified, therefore, in extrapolating density
for a given solution from one temperature to another cver the temperature range covered collectively
by the experiments, using the slope -0.0020 gm!cm /°C (grams per cubic centimeter per degree
Celsius).

The slope measured for Modified HDA at 3ell Aerospace Textron has been compared with
data in the hiterature for other types of HDaA. The comparative data are given in Table 27. Close
agrcement is observed in cach case. Although Reference 4 reports on tests with anhydrous acids,
data obtained in this study indicate that, in fact, the earlier blends contained approximately 0.2 wt %
water,

TABLE 27. SLOPE OF HDA DENSITY CUPVES

Slope
Type of HDA | gm/em?/°C Referance
Uninhibited -0.0018 4®
Standard .0.0021 ol
Standard 0.0019 g°
Modified -0.0020 This Work

AReference 4. “Equilibrium Pressures of Solutions of Nitrogen Dicxide in High Concentrstions of Anhydrous
Nitne Acid and Corresponding Densitics,” A. Klemenc and 1. Rupp, Journal of Inorganic and
Analytical Chemistry, 194, 51 (1930).

Do . . .
“Refeicnee 5. “Resuits of Physical Characterizetion of IMDFNA " E A {iwton, Rocketdyne, Letter Report

TORC9682, 2 September 1970,

CReference 6. “A Pycnometer Technique For Density Determination of High Density Acid,” L.A. Dee, Air Force
Rocket Propulsion Laboratory, Technicai Memorandum 7§-15, September 1975.
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The effects found at Bell Aerospace Textron of changing nitrogen dioxide content at low
water content were the same as found in Reference 4. That is, acid containing 42 wt % nitrogen
dioxide is more dense at a given temperature than acid containing 46 wt % nitrogen dioxide. At
higher concentration of water, the trend is reversed, as reported in Reference 6 and found in this

work.

A comparizon of high density acids containing similar concentrations of nitrogen dioxide
and water, at a constant temperature, 60°F (15.6 °C), provides an indication of the relatively small
effect exerted by the presence of a given corrosion inhititor on the density of the resulting blends.
These data are shown in Table 28. Approximate values are given for the referenced data. More pre-
cise definitions of the effect of changing corrosion inhibitor would require additional determinations
with acids with controlled amounts of nitrogen dioxide and water.

TABLE 28. HDA DENSITY AS A FUNCTION OF CORROSION INHIBITOR

Temperature
Corrosion - < Domlt;
Inhibitor F (o gm/cm Reference
Nons 60.0 16.6 ~ 1.6492 4
0.8 wt % HF 60.0 168 ~1.6445 5
0.4 wt % HF 60.0 16.6 ~1.6386 6
0.5wt% PF5 60.0 16.6 1.6486 This Work

1.2 Specific Gravity and Buoyancy Effect

A set of tests was conducted with the object of comparing the density of Modified HDA as
derived from specific gravity data, obtaired with a hydromeier, with the density of the same samples,
as determined directly with a pycnometer. The difference in density of a given sample as determined
by the one method compared to the other is referrad to as tae “buoyancy effect” of the hydrometer.

The hydrometer selected for the comparisons was calibrated with an aqueous solution of
phosphoric acid before and after me: surements of the specific gravity of the Modified HDA blends.
The post test calibration was made ' allow correctiuns for minor etching of the hydrometer during
exposure to Modified HDA. The ...ibrations and measurements were carried out at 60°F (15.56°C).
With one exception, the measurement of specific gravity followed a successful determination of
density, with a pycnometer, zad chemical analysis, confirming constant composition of the blend for
both types of measurement. The exception was a case in which density was rerun successfully after
specific gravity had been measured. .

Nine blends of Modified HDA were subjected to comparative measurements. Stock No. 77-13
was the blend for which specific gravity was measured before satisfactory density data had been
obtained. The change in sequence was proven to be immaterial by a rerun of specific gravity after
the successful density determination. The specific gravity measurements agreed within +0.0001 units,
matching the accuracy of the method. The specific gravity data for Stock No. 13 were, however,
doubtful in another respect. The blend contained 44 wt %. NO, and had exhibited the maximum
density for the set, (Stock No. 77-12 to 77-14). Stock No. 77-12 contained 42 wt % NO,. Stock No.
77-14 contained 46 wt % NO,. Since water content was constant at 1.0 wt %, the order of measured
densities was as expected. The specific gravity of the blends, however, increased with increasing
nitrogen dioxide content. The increase is attributed to the “buoyancy effect”.
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The magnitude of the “buoyancy’’ effect for a given Modified HDA blend was determined
by calculating the density of the blend at 60°F (15.56°C) from the measured value for specific gravity
at this temperature. The calculation involved multiplication of the measured value for specific
gravity by the den.ity of water, 0.99902 gm/cm®. The numerical difference between the measured
and derived values for density of a given blend is the precise “buoyancy effect”.

The density, specific gravity and “buoyancy effect” for cach Modificd HDA blend studied
are shown in Table 6. It will be noted that an jncrease in water content for Modified HDA resulted
in decreased values for density and specific gravity. Without exception, density derived from a
hydrometer reading was higher than density determined directly with a pycnometer. The ‘‘buoyancy
effect” varied in a random manner from +0.0013 to +0.0054 gm/cm3. The fact that no pattern was
obvious in the variations, upon systematic changes in acid composition, reduces the value of hydro-
meter rcadings. The fact that an error of 0.3% in derived density was demonstrated makes the use
of hydrometers for obtaining data for rocket engine performance calculations unreliable. These
calculations involve conversion of measured volumetric flow of propellant to mass flow, on the basis
of the density of the propellant. A pycnometer of practical design is recommended for obtaining the
required data.

1.3 Vapor Pressure

Preliminary data for the vapor pressure of Modified HDA were reported in Reference 72.
The data were obtained by charging an analyzed sample of acid into a Teflon lined, aluminum cylinder,
fitted with a pressure transducer and thermocouple. The latter were attached to 2 recorder. The
test vessel was partially imunersed in a constant temperature water bath. After pressure readings
stabilized, the temperature of the bath was raised to a higher level, and pressure was again allowed to
stabilize. As expected, the pressure increased with each increase in temperature. Parallel runs with
a smaller yamount of ucid in a second test vessel of the same type gave lower pressure readings at any
given teniperature. The smaller amount of acid loaded left & larger ullage (vapor phase). This suggested
that the total pressure measured contained a variable component. This component was thought to
arise from partial decomposition or the acid sample according to the equation.

2HNO, =« 2NO, +H,0+1/2 0, )

In a closed system, at a given temperature, the nitric acid would exert a definite vapor pressure.
Some of the O, (oxygen) generated in reaching equilibrium would remain in solution. Most of

the O, would enter the gas phase and exert pressure in accord with PVT (Pressure Volume
Temperature) relationships. This pressure is referred to as decomposition pressure. The larger

the ullage, the smaller would be the decomposition pressure, at a given temperature. Data taken for
the high ullage (90%) vessel are shown in Figure 27. A relatively large average deviation is indicated
for the measurements.

Shown for comparison in Figure 27 are data points from this work, taken at high ullage, and
a common temperature; for stock solutions containing the same amourt of H, O (water), somewhat
more PFs (phosphorous pentafluoride) but significantly smaller and larger amounts of NO,. The
original curve is displaced approximately 2 psia above the currently accepted locus.

4Reference 7. “Modified HDA Studies,” H. Ph. Heubusch, Bell Aerospace Textron, AFRPL-TR-73-77,
October 1973,
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A similai comparison was made between Standard HDA and Modified HDA. Data from
Reference 5, for vapor pressure as a funcidon of temperature of a sample of Standard HDA containing
a high concentration of the corrosion inhibitor HF (Hydrofluoric Acid) and a medium concentration
of NO,, are plotted in Figure 28. Also plotted are data from this work for solutions containing an
equivalent amount of the corrosion inhibitor PFs and smaller and larger amounts of NO,. The H,0
content was the same for al” hree stock solutions represented. The locus of the Standard HDA curve
is higher than would be predicted, on the basis of the higher boiling point for HF than for PF,, and
the smaller reported value for NO, content. Measurements of the Vapor Pressure of Standard HDA
under conditions used in this work would be required before further conclusions could be drawn.

The stock solutions mentioned in the forgoing discussion were part of a two-cube factona!
experiment design used for this work. One advantage of such a design is the fact that with eight
solutions containing high and low concentrations of three components judged responsible for varia-
tions in a property such as vapor pressure, one can obtain data which directly identifies the controlling
variable(s). Another advantage is the fact that the exact concentration of each component need not be
known. What is more important is a relatively large difference between high and low concentrations, and
relatively close agreement in the concentration of a given constituent at each extreme. These facts
proved especially valuable during this work because of difficulties encountered in fixing the exact
concentration of nitrogen dioxide (the controlling variable) for each solution. As previously explained
in Section 11, relatively large losses of nitrogen dioxide occurred during the evacuation, expansion
and resampling steps of each vapor pressure determination. The net result was an uncertainty in the
exact nitrogen dioxide compositions for the stock solutions being tested. The uncertainty was
greatest with stock solutions containing initially high concentrations of NO,. The magnitude of this
uncertainty for a given stock solution has been better defined by further consideration of the data
in Table 9, covering vapor pressure experiments.

After stock solution P, containing low concentrations of NO, and PF, but a high concentra-
tion of H, O had been examined at increasing tempetatures, and increasing ullage, at the highest
temperature, it was allowed to cool, and a sct of data were obtained to complete Experiment 1.
Comparison of the pressures measured at low temperature, at the beginning and end of the experi-

ment, showed a decrease from 10.5 tc 9.8 psia. This decrease corresponds to an increase in ullage
from 58 to 86%.

Similar reasoning applied to Experiment 2 performed with stock solution JB explains a
decrease in pressure from 12.2 to 11.7, Temperatures at the beginning and end of the experiment
were higher than for Experiment 1. When an adjustment for this fact was made, lower pressures
were realized for stock solution JB, which contained a similar concentration of NO,, but a lower
concentration of H; O. The experiment was ter.ninated at the evacuation step of the standard
vapor pressure procedure, to evaluate loss of nitrogen dioxide due to the evacuation step. The
relatively low value previously reported was attributed largely to the low concentration of NO, in
the stock solution, and in part to the relatively short duration of the test (4 hours).

Experiment No. 3 was performed to determine the loss of nitrogen dioxide associated with
resampling upon completion of a vapor pressure run. No evacuation steps were performed. There-
fore, the pressure measured after thermal equilibrium was established included pressure from nitro-
gen, originally in the test vessel, which was not displaced during propellant loading. The effect was
to raisc the pressure from approximately 12 psia as noted in Experiment 2 (0 19.6 psia. The magni-
tude of this increase mandated removal of nitrogen before equilibrium pressure runs.

Evacuation steps were, however, waived for Experiment 4, which was performed to deter-
mine the loss of nitrogen dioxide during the expansion steps of the standard procedure. The ex-
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panstons were varned out at high temperature  The presence of nitrogen rassed the pressure hefore
expanston to 29.8 psia, compared with a pressure of approximately 22 psia measured during Experi
ment 1. A further companison between the two expeniments involved calculations of the loss of
NO, due 1o expansion during Experiment 1, with the loss measured 1in Expeniment 4. The data

are summanzed 1n Table 29

TABLE 0/ NO_1G5S ON FXPANSION

~ . { e —
] []
Sourcy : i % | Comments {
Calculated + 6 sobormor 20 Date Laueniment 1
Losyaeng from N(/z
{g)
Measurod vh e perunert 4

Aldoss ot 6wt NO was v dl adated e the cquatt o

PVM
RT

w -

(2)

weight of NO, . gm

pressure after final expanaon, atm

vapor volume after final expansion. hiter

molecular weight of MO, gm

temperature after inal cxpansion. K (Absoiute Temperature)
gas constant, liter atmos, heres/°K

where

1l

w
p
\
M
T
R

Thias cquation assumed that the pressure weasured was due prinapally to gaseous NO,. The contri-
buticns of oxygen, mtric aud, cte were considered to be negligible. The close agreement between
calenlated and measured values substantiated the assumpiion

Another calcwlation made using data from kxpenment 1 and the gas laws was performed
to  ompare measured decreases tn pressure after expansions, as reported in Table 10, with the
results which would be obtained from sumple expansion of @ fixed amount of gas. The equation
used was

PV, = PV, = PyVyatl! (3)

where P, pressure of vapors 1n test vessel V, preceding expansion, atm

V, = volume of vapors in test vessel V|, precediag expansion, hiter

P, = calculated pressure of vapors, after first expansion, atm

V,; = volume of vapors in test vessels V, and V,, after first expansion, liter

Py = calculated pressire of vapors, after second expansion, atm

V; = volume of vapors in test vessels V|V, and Vy after second expansion, hter
TZ = constant temperature, during experiment, °K

The results are summarized in Table 30.
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TABLE 30. CALCULATED PRESSURE OF VAPORS UPON EXPANSION

Pressure, atm
Step Calcuiated Measured
Before Expansion - 1.54
After First Expansion 0.58 1.48
After Second Expansion 0.35 1.40

The large differences between calculated and measured values are attributed to the constant incre-
ment of vapor pressure in the equilibrium pressures measured. The relatively small differences in
measured values are attributed to expansion of O, , formed by decomposition of HNO; , (nitric acid),
and the relatively low solubility of O, in the acid.

Experiment § was similar to Experiment 2 in that the loss of NO, during the evacuation
steps of the standard vapor pressure procedure was to be determined. The experiments differed
in that Stock Solution 5, containing a high concentration of NO, (45 wt %), was used for Experi-
ment 5. As previously reported, the higher, initial NO, content was associated with a larger loss of
NO, on evacuation. Comparison of the pressures measured at thermal equilibrium, after evacuation,
disclosed the relatively high NO, content of Stock Solution 5. At 80.8°F (27.14°C), a pressure
of 14.2 psia was measured for Stock Solution §, compared with approximately 11.7 psia for Stock
Solution JB, which contained 40 wt % NO,. '

Further information concerning the loss of NO, during the expansion steps of the standard
vapor pressure procedure were obtained by comparing the pressure at the end of each vapor pres-
sure run with the pressure taken from the vapor pressure curve at the temperature at the end of
the run. The comparative data are shown in Table 31.

TABLE 31 .
PRESSURE DROPS DUE TO EXPANSION
__Tompcmuu Pressure, Pola
Run | - Before After
No °F °C | Expension | Expension | AP
1t 766 242 10.6 0.8 0.8
2 8.2 213 126 11.8 0.7
3 880 283 134 12.7 0.7
4 764 247 11.7 11.0 0.7
5 768 249 13.0 12.2 08
6 77.1 25.0 13.2 12.3 08
P 1 - - - - -
8 7568 24.2 13.2 12.3 0.9

Acquisition of data for Run 7 was waived to expedite repair of a thermistor lead broken during
post test operations. An average decrease of 0.8 psia was noted for the other experiments.
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As mentioned in Section 11, with reference to Table 14, the concentrations of nitrogen
dioxide is a controlling variable over the vapor pressure of Modified HDA. Further consideration
of the table shows no measurable difference in pressures cxerted by solutions differing only in PF
content. Compare the data for Stock Solutions 1 and 2, as an example. The addition of water, on
the other hand, results in an increase in pressure at any given temperature. Compare the data for
Stock Solutions 1 and 3, as an example. The data for Stock Sotution 4 are irregular in that a some-
what higher NO, content was used than for Stock Solutions I - 3. This gave higher pressures and
obscured further comparisons of the effects of H, O and PF;.

The power of NO, as a controlling variable is shown graphically in Figure 28. This is a
plot of vapor pressure for two stock solutions (1 and 5), containing equal amounts of H, 0 and
PF, but different amounts of NO,. The curve for Stock Solution 3, containing a high concentra-
tion of NO,, lies well above the curve for Stock Solution 1, containing a low concentration of

. NO,. The curve for Stock Solution 4 (Figure 12), containing slightly more NO, than Stock

Solution 1 falls just above the lower curve in Figure 29.

The relatively small controi concentrations of N, O and PF¢ exerted over vapor pressure is
illustrated in Figurc 30. This figure contains plots for the four Stock Solutions (5 - §) containing
high NO, content. The curves are closely bunched and cross over one another at some points.

As mentioned in Scction II, concerning Table 15, total pressure drop through expansions
carried out during vapor pressure runs were similar for the various stock solutions because their
compositions and the amount of decomposition involved fall in relatively narrow bands. Further
inspection of the tabulated data shows that pressure drops for the first expansion averaged 0.04

atm, and for the second expansion, 0.02 atm. This constancy of data is another point in support i
of the foregoing conclusions.

Data from each vapor pressure run were used to calculate the decomposition pressure of
Modified HDA at the temperature at which vapors werc expanded from one test vessel to another. :
The rationale employed is shown in Figure 31. This figure contains the results for Stock Soluticn |, ’
which exhibited average pressure drops. In summary, the calculation provided data for comporents
of the measured equilibrium pressures, in accordance with the equation:

n

<P = VP+DPat TS @) g

Hro oy

where: »P = equilibrium pressure, measured, atm
VP = vapor pressure, by difference, atm .
DP = decomposition pressure, calculated, atm }
T = temperature during expansion, °K

Rt

From the experimental data gathered through the first expansion the following results were
obtained for equation (4):

wP = VP+DPat T} (5)
1.64 = 1.58+0.06 at 315.4 °K

The experimental data, gathered through the first expansion, were then used to predict the i
equilibrium pressure at the end of the second expansion. A pressure of 1.61 atm was predicted. j
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Data from Run 4 with Stock Solution 1 (Table 13)

1.
2,
3.

~

Assume liquid and vapors at equilibrium in V4 at T3 (108.7°F = 42.6°C = 315.8°K)
Assume vapors = 02(9) (gaseous oxygen)
Calculate moles of 02(9) inVyatTy

gm losded 167 gm

= - or - ’
Volume HDA pasioaded (1.62464g go +(20.8° x 0.0020)) gm/cm3 1002em” -
167 gm 3
Vol _ gm losded _ = 105.8 cm
olume HDA "m?g“ (1.62451g go - (22.8 x 0.0020)) gm/cm3

Volume Oy = Volume (V1 - HDA) = 237.2- 106.8 = 131.4 cm3 = 0,131 L
Py = 52.2” Hg x 0.48 psia/”’ Hg + 14.7 psia/atm = 1.74 atm

- P\/1 . 1.74x0.131
R'l; 0.08206 x 315.8

n = (0,0088 moles

Assume no further decomposition of acid at V', T3
Assume VP & Pnoz = Vapor Pressure
Assume DP = p02 = Decomposition Pressure

Assume 902 ix-:—,-and no more oxygen comes out of HDA du}ing expansion

Calculate 902 atV', T‘:’,
V' = V4 4Vy=0.131+0.230 =0.370 L

. nRT’ - 0.0088 x 0.08206 x 316.8 . 0.616 atm
PO, " v 0.370
Caiculate AP =(3) - (5) = 1.74-0.62= 1.12 stm
Caiculste AP=Pq -Py = 1.74 - 1,64 =0.10 atm
Recaiculate n from P4 - Py and (3) - (6)

00088  n'
112 0610
n' = 0.00079 moles 0,
Calculate PO, inVyat Ty ) ;
_ RT3 _ 0.00079 x 0.08205 x 316.8
PO, " "V 0.131
= 0,16 avmn = DP = 2.4 psia 3

Figure 31. Equilibrium Pressure Calculations (1 of 2)
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POl

Ao

10.

11.

12.
13.

14.

15.

16.

Calculste PNOg inVy st T;
PNO; =wp. PO, ™ 256-24
= 23.2 psia = VP = 1.58 atm
Calculate Poz, in V' at T3° where V' = V4 +V,
{No new assumptions)
P1V1
(0.16) (0.132)

PoV' at T; = T (after first expansion)
P, (0.131+0.239) at T

p _ (0.16) (0.131) _ n'RT’ _ 0.00079 x 0.08205 x 315.4
02 0.370 V' g.37C

= 0.057 atm = 0.055 atm
Assume = P after first expansion = VP (= pNOz) +DP (= poz) at T:‘;

Calculate = P after first expansion at T?B
= P= 158+0.06
= 1.64 atm
vs 1.64 measured * calculations correct
Calculate PO2,, in V" at T:‘; where V' =V, + Vo + V3 T
(No new assumptions)

P _ n'RT" _ 0.00079 x 0.08205 x 315.4
Oz = v~ 0.605

0= "
3 T

0.03 atm
Calculate = P after second expansion at T
=»pP = 158+0.03
= 1.61 atm
vs 1.60 atm measured
A = 0.01atm = Q,1 psia

o

3

Figure 31. Equilibirum Pressure Calculations (2 of 2)
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A value of 1.60 atm was measured. The agreement is within the accuracy of the measurement and
corroborated the rationale. Perfect agreement was found for stock solution 7. Poorest agreement
(A =9.11 atm) was found for stock solution 2, whose vapors were expanded before thermal equilib-
rium had been established. Excluding this data, it was calculated that decomposition pressure re-
presents approximately 3% of the total pressure measured above Modified HDA in equilibrium with
its vapors, at a fixed temperature.

The propellant tank designer must concern himself with the total (equilibrium) pressure exerted
by Modified HDA under static conditions. The propellant pump designer must deduct decomposition
pressure from the total pressure, to obtain vapor pressure data which apply to the pump inlet under dyna-
mic conditions such that decomposition pressure cannot develop.

2.0 TASK 2-SOLUBILITY TESTS

2.1 Corrosion Product Solubility Tests

At constant temperature, a definite amount of a given solute will dissolve in a given solvent.
Consider the case of aluminum nitrate (AI(NO, ), ) in water. The degree of solution is expressed by
the equation:

Kyp = [AI*)XNO; ] * at T (5)

where
Ksp = Solubility Product, moles/liter

[AF?] = Concentration of Aluminum, moles/liter
{NO3] = Concentration of Nitrate, moles/liter

Te = Constant Temperature, °C

The presence of a common ion from another source will reduce the solubility of aluminum nitrate, to
preserve the constancy of K,p,

It can be predicted, therefore, that the solubility of aluminum nitrate will be lower in aqueous
nitric acid than in water, because of the contribution of nitrate ions from the acid to the solubility
product. The higher the concentration of acid, the lower the solubility of aluminum nitrate. The
magnitude of the effect is shown in Table 32. In this table are reported measured values for aluminum
in two solvents containing different amounts of nitric acid. As the concentration of nitrate ion from
nitric acid was increased, the concentration of soluble aluminum decreased. Also shown are data for
cations from a stainless steel. The nitrate of these ions are known to be very soluble in water, but
their solubility was drastically reduced in nitric acid solutions.

TABLE 32. MISCELLANEOUS, ROOM TEMPERATURE SOLUBILITY TESTS *

Solvent Corroded Analysis Supernatant Liquid
35% HNOa 0081 AA 22,800 ppm (w/w) Aluminum

WFNA 17-788 9 ppm (w/w) lron
(08% HNO,) 14 pom (whw) Chromium .
8 ppm (w/w) Nicke! ,%
6081 AA 60 ppm (w/w) Aluminum g
SReference 3. §
112 g
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It can also be predicted that the presence of a common cation will reduce the solubility of a
given salt. For example, the pressure of aluminum fluoride will reduce the solubility of aluminum
nitrate, in a given media. The mathematical identity for the effect ts given by:

S=-Yx+y/1/4x+S,? at T, (6)

where
So = Solubility of salt A alone, moles/hiter
X - Concentration of salt B, molesfliter
S = Solubdity of salt A n the presence of salt B, moles/ner
T, = Constant Temperature, 'C

When « metal, such as alummum. 1s con ed by Standard HDA, alumit.um ritrate and alumi
num fluoride are formed, in the presence of nitrate and fluoride ions. Each salt reduces the solubility
of the other. The picture is further complicated by reductions in solubility due to the presence of the
common anions.

Solubility data measured under controlled conditions provide the best basis for predicting
when operational problems. such as propulsion system filter plugging, are likely to occur, In Table
33 are summarized data, available at the beginning of this program, concerning the solubility of
stainless steel and alvminum corrosion products in HDA, as a function of corrosicn inhibitor, and for
some specific corrosion products. Also shown are the sources ot the solutes. Solubility is expressed
in terms of dissolved metal, as determined by atomic absorption analyses. Qualifications about the
data are given under comments. In the same columns are given the references from which the data
were taken. The comment, Teflon Filter, requires explanation. Such filters may allow particles of
solute to pass into the filtrate, causing posit:ve errors in analysis. The table illustrates at a glance the
scarcity and semiquantitative nature of data available at the time.

The use of a stainless steel filter for the solubility tests performed during this program removed
much of the uncertainty about the data obtained with « Teflon Filter (Reference 3). A small, predictable
increase in iron content for the filtrates was, however, experienced because of the attack of the acid
being filtered on the stainless steel pressure filter, and;or films on its interior from previous exposure
to acid. The magnitude of this effect was shown in Table 16 and is summarized in Table 34. The
latter table also quantifies a larger source of error. To protect the burner of the atomic absorption
spectrophometer from exposure to acid under dynamic conditions, a) relatively high temperature, the
analytical procedure employed included a step in which the sample to be analyzed was diluted five-fold
with distilled water. Consequently, any error made dunng analysis was magnified when results werc
calculated. The relatively poor accuracy for metal concentrations shown in Table 34 reflects these
facts. The accuracy of aluminum determinations suffers from added disadvantages. Microscopic
particles of alumina may be aspirated into the flame, producing nonhomogeneous conditions, and
giving positive errors. The adjustment of flame temperature is extremely critical, and deviations
from the optimum temperature will cause an ¢iror in results. The foregoing qualifications must be
kept in mind when reviewing test data. An aiternative to sample dilution, recommended in Ref-
erence 83, was rejected on the basis of unsatisfactory experience. The alternative consists of con-
centrating the metal species by evaporating down the acid, igniting the residue and taking the residue
into solution for analysis. The solvent specified was ineffective in totally dissolving residues from
even moderately contaminated samples. The immediate resuit was a tendency to plug the aspirator

. of the atomic absorption spectrometer. The net result was poor reproducibility of data.

dReference 8. ‘‘Military Specification, Propellants, Nitric Acid,” MIL-P-7254F, 30 April 1975.
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TABLE 34. ACCURACY OF SOLUBILITY TEST ANALYSES

L ppm (wiw)
Type HDA Typs HDA Avg A Fe
Tested Last Tested ppm (wiw) | Fel Cr| Ni| Al Comments
Moditied Modified 05 - : Attack on Filter Assembly,
Standard 11 Attack on Filter Assembiv,
Standard Standard 11 Attack on Filter Assembly.
Modified 11! . Attack on Filter Assembly.
Modified . 4 3 3 7 After Correcting for Attack on
Filter Assembly.

Data from Standard HDA corrosion product solubility tests given in Tables 18 and 20 were
rearranged, as Table 35, in a manner which allowed identification of solutions saturated with one or more
species at a given temperature. The decision regarding saturation rested on a decrease in concentra-
tion of a given metal, after filtration, beyond the limit of accuracy for the analysis of that metal. In
the case of iron, for example, the decrease in concentration, reported as the first entry in the tabie,
signified that one or more species of iron had reached saturation at 75°F (24°C}, at a level of 20 ppm.
No significant diffcrences were found when temperature was reduced to 42°F (5.6°C), when H,o con-
tent was raised from 0.7 to 1.0, and finally to 1.7 wt%, and when NO, content was increased from
34 1o 43 wt%. Further inspection of the table reveals that one or more chromium specics precipitated
when {1, O and NO, were raised to the highest level studied, It will be noted that chromium and iron
concentrations were indistinguishable in the solution saturated with both metals. As was found fos
iron, no significant difference was noted when temperature was reduced to 42°F(5.6°C). None of
the solutions proved to be saturated with nickel, under the conditions tested. By contrast, all the
solutions tested were saturated with one or more species of aluminum. This conclusion was rein-
forced by the large amounts of particulate matter measured as part of the solubility test procedure.
Deductions concerning the effects of increased H; O content or decreased temperature at low NO,
content must be qualified because atomic absorption results fall within the limits of the methods.
Deductions for results at higher NO, content must be guarded because of uncertainty in the efficiency
of the filtration procedure employed. What 15 certzin is the fact that whereas some species of alum-
inum had exceeded their solubility limit(s), at least one other species has a solubility limit above 35
ppin.

Combining data from particulate anaiyses with the principles of solubility leads to the conclt.-
sion that the Standard HDA solutions studied contained a mixture of corrosion products from natural
attack on aluminum alloys and stainless steels. In addition to fluorides and nitrates, oxides will be
present by natural transformations of nitrates formed in the vapor phase. The oxides are known to be
very insoluble, and their solubility limits will easily be excecded. Most of the particulate matter
collected during filtration was an oxide of aluminum. The relatively high concentrations of metals
in solution are attributed to the solubility of their fluorides and nitrates, principally their nitrates.

The practical conclusions drawn from thesce tests are that provisions must be made to reduce vapor phase
exposure of metal to acid fumes to a minimum, and to provide filters for removing oxides which do
form and precipitate. A filter with a pore size of 5u (micron) appears adequate for the task. Addition

€ WS o 1

115

- o —
A

R




‘g 3oUeY $900dS SWOS ‘SBA 09~ 8L~ 90 Sy -

€ dUIIY SOPOdS A0S ‘SHA oL~ 8L~ 90 Sy w U

‘01-6 SON 1591 ‘81 djqeL SHOOdS A0S ‘SIA 2909 SL£9 o't " 2 s

‘yl-11 "SON 1531 ‘Bl 81qeL $139dS WIOS ‘SBA 679y L¥oE Lo " oz 89
8 "ON 1591 ‘81 slqeL SI0edS aWIOS ‘SBA Se T8 Lo "* 2 L wnuKunyy

*9-G "SON 159 ‘0C sIge) oN LE¥E 9€ A £y s 2

‘1 "ON 359 ‘0T et oN e e Lt ' 4 & uw

‘01-6 "JON 18] ‘8L dqeL oN €1-0t i€l ot > w2 ¢

‘Pi-L1 "SON 139 ‘81 siqe) OoN Zi-tt -t 20 3 oz 9
g "ON 1391 ‘Bi Qe ON il 1 Lo v 2 s [ 2 o]

"9-G ‘SON 159} ‘0T siqet L3 8Z-92 "© L £y S oy

*} "ON 359} ‘OZ aiqel o) 74 v ol £y w u

‘016 "SON 1534 ‘81 3iqey oN £1-01 ri-LL oL "® " s

‘yi-31 "SON 158} ‘81 eiqelL oN zi-0i zi-t Lo "° o
‘8 "ON 1581 ‘B1 Qe oN ot oL Le v 2 9L womond

‘9-G YON 1581 ‘0Z o)qet SOIAG WOS ‘SIA 8Z-9Z 8 Iy £y s 2

*} "ON 358 ‘02 *1qeL WONAS SWOS ‘SIA oz 86 FA £y - A 7

‘0L-6 "JON 159 ‘G siqel SH0dS FM0S ‘SBA 82-92 Zrse o'l " ” s

“pi-11 SON 1391 ‘Gl *qQeL $90dS SWIOS ‘SIA 8Z-%C o€ Lo % O 9
*g 'ON 1504 ‘81 ®qey 20198dS LIOS ‘S " ge Lo vt 2 St uoy)

soueseyey (uonnios prsimss | wdd ‘sbusy | wdd ‘sbusy | % xwm |9 uo_ sopade
504 LV O'H | 'ONW
A® |

! TP

116

SISAL ALITIENTOS LOd0dd NOISOYY 0D VAH QUVANVIS 'S€ TT18VL




. - -

of H, O to the system should be avoided, to reduce the likelihood of forming hydrated oxides, which
tend to be gelatinous, and difficult to remove without frequent changes of filters. With oxide problems
under control, one can expect to approach metal concentrations in excess of 20 ppm, without pre-
cipitation, over normal operating temperature ranges.

An evaluation paraliel to that just described for Standard HDA was performed for the first
series of solubility tests of corrosion products formed by interaction of Modified HDA and stainless
stecl and aluminum alloys. These tests involved solutions contating relatively low concentrations of
corrosion products. The results of the evaluation are shown in Table 36 It is apparent that the original
stock solution was not saturated with stamless steel corrosion products at room temperature. Further-
more, saturation was not induced by increases in H, O <r NO, contents, or by a decrease in tempera-
ture, over the ranges studied  As was the case witn Stan.dard HDA, 1solation of particulate matter and
consideration of the principles of solubility led to the concrusion that the solubility of aluminum oxide
had been exceeded when the aluminum content of the acid exceeded 5 ppm. Changes in H, O and
NO, contents, and temperature did not affect this limit.

Evaluation of data along the lines described for solubility tests at the lowest concentrations
studied of stainless steel corrosion products in Modified HDA (Series 1) was carried out for solutions
containing higher concentrations. The results of the evaluation are given in Table 37. With one
exception, the solutions as-received were unsaturated. and increases in H, O (to 1.0 wt %) and NO,
contents, and decreases in temperature, over t»- range studied, did not induce precipatation. When,
however, H, O content was increased to 1.7 wt%, precipatation of an iron species was induced. This
is another argument in favor of restricting the H, O content of HDA. The net effect of these tests
was to raise the measured levels of soluble iron, chromium and nickel containing corrosion products
in Modified HDA above the levels studied in Test Series 1. Furthermore, it was demonstrated that
the solubility levels of iron containing species are similar in Modified HDA and Standard HDA.

Acid analyses for the concentration of aluminum from corrosion products in Modified HDA,
at the highest levels considered during this program, are summarized in Table 38. These analyses
indicate that some species of aluminum are soluble at levels in excess of 35 ppm. The rationale
applied to explain the range in solubility limits noted for Standard HDA applies equally well to
Modified HDA. A low solubility is attributed to the pressure of an oxide. It is precisely the same
compound, Al, Oy (aluminum oxide) described as first precipatating from Standard HDA. Higher
solubilities are possessed by the nitrates, fluorides and fluorophosphates of aluminum. The last
named species is associated only with Modified HDA. It is present because of the use of PF; as the
corrosion inhibitor. This inhibitor is thought to give rise (Reference 9) to difluorophosphates and
hexafluorophosphates, not only of aluminum, but also of iron, chromium and nickel, when corrosion
of stainless steel as well as aluminum alloy is involved. Because the same, relatively insoluble species,
Al; Oy , may be encountered in Modified HDA and Standard HDA, the precautions cited in reference
to handling Standard HDA should be applied to Modified HDA. More soluble aluminum species,
posing fewer problems, are also associated with both oxidizers. Data currently available suggests
that the solubility levels of aluminum containing species present in Standard HDA are above the levels
for the species present in Modified HDA. This matter will presently receive further consideration.

Table 38 also contains the results of particulate analyses made as part of solubility tests
with Modified HDA blends containing liigh concentrations of aluminum and stainless steel corrosion
products. Even aliowing for the semiquantative nature of the data, it is apparent that an increase
in water content or a decrease in temperature may result in an increase in particulate matter. The

data are challenged by the failure of atomic absorption analyses to reveal corresponding decreases
in the metal contents of the filirates.
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The time required for the first appearance of particles of corrosion products in HDA is the
time required to satisfy the solubility product of a particular species. The time is variable, because
under different conditions of storage, different species can form. The most apparent variables for
a given type of HDA and a given type of storage vessel are the ullage space and S/V ratio. Data pre-
sented in Figure 32 bring out these relationships.

Figure 32 contains plots of aluminum content found for aliquots of several samples of
Modified HDA, taken as a function of time. A solid line signifies that the corresponding aliquots
were clear. The line is broken to represent the presence of visible particles of corrosion products.
The tests of longest duration involved three, small, aluminum tanks, sampled at regular intervals over
a period of three years. Each year onc tank was removed from test. The first tank removed, S/N-1,
exhibited clear samples and a gradual rise in aluminum content to 8 ppm, in onc year. On disas-
sembly and inspection, the tank interior was found to be free of corrosion products. Particles were
observed in aliquots taken from tank S/N-2, from the seventeenth month, to the end of the second
year. A mixture of aluminum corrosion products was found in the tank during post test inspections.
Aluminum content of the acid had exceeded 20 ppm before particles were observed. At this point,
it appears that the solubility product of aluminum oxide was excceded. From the identity »f the
layers of corrosion products found in the tank, post test, it appears that the next salt to precipatate
was AIPO, (aluminum phosphate). A similar pattern was noted for tank S/N-3. The somewhat
longer time required for particles to appear (20 months) is attributed to the fact that sampling was
done less frequently, to conserve the acid in tank S/N-3 for the maximum test duration. Therefore,
at any given time, the ullage space was less, and the S/V ratio was smaller, for tank S/N-3 than for
tank S/N-2. These are preferred conditions for long term storage. Other tests depicted in Table 34
involved a metal sampler, from which aliquots of Modificd HDA were drawn for one test (S, ), and
are being drawn for another (S,). All samples drawn to date have appeared clear. A relatively high
aluminum content was found by the end of a relatively short test, represented by S,. The sampler
had been pickled with aqueous acids betore test, and was stored relatively full. The rapid increase
in aluminum content in aliquots drawn for analysis is attributed largely to solution of soluble salts
related to the pickling operations. The clarity of the acid is attributed to the fact that insufficient
time was allowed for formation of noticeable amounts of Al; Oy . A small crop of white crystals
was however, isolated by filtration of the acid, post test. Electron microprobe (emp) analyses were
positive for aluminum, oxygen and phosphorous. This is consistent with the postulated presence of
Al, Oy and AIPO,. The sampler was refilled and is exhibiting a lower rate of formation of soluble
aluminum salts (S, ). The acid in the sampler, and in companion aluminum test vessels (V), are
being reserved for future tests. It is already clear that dedication of a storage tank to one type of
acid is preferred, as are storage at low ullage and low S/V ratio, if extended storage, free of trouble-
some particulate matter is desired.

The benefits of dedicating a tank to service with a particular acid are further demonstrated
by datain Table 39. The datain this table also test the hypotheses (Reference 9) that corrosion rate of
metals exposed to HDA, are controlled by the concentration of corrosion products in the acid, rather
than by establishment of a protective film. Page one of Table 39 contains the results from a
test in which a segment of aluminum tank S/N-3 (Reference 2), with a granular deposit on one sur-
face, was immersed in a clear, Kel-F bottlé of pure, Modified HDA. The specimen was examined
visually, without removing it from the acid, at regular intervals, over a period of two months. On
four occasions, aliquots of acid were withdrawn for determinations of aluminum content. No
changes in the appearance of the specimen or acid were noted during the test. Admittedly, the deep,
red color of the acid tended to mask changes in appearance of the specimen or the appearance of
particles in the acid, but gross changes would not have been overlooked. The qualifications concerning
detection of particles in the acid apply to all cases for which the physical appearance of HDA is re-
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ported. The conclusions drawn were confirmed, moreover, by the fact that no significant change

was found for the granular deposit on one side of the specimen. The slight increase in aluminum -
content of the acid was attributed to attack on the other side of the specimen. Such results strengthen
the argument that formation of a protective film impedes corrosion of aluminum by Modified HDA.
The results also argue in favor of dedicating a tank to a particular type of acid service.

The results for a parallel test with a segment of a companion, stainless steel tank (Reference
2) are given on the second page of Table 39. No changes in the appearance of the specimen or the
acid were detected by visual examination, but within two weeks a marked increase in the iron con-
tent of the acid was measured. The sample was accordingly removed from test. A change in the
appearance of the surface was then apparent. A tightly adherent green film had been transformed
into a loose, granular, white salt. Analyses by emp related these changes to solution of chromium
and nickel species in the original film. Although such results weaken the argument for corrosion
inhibition by film formation, and dedication of a tank to a particular type of acid service, the results
of the long duration tests described in Reference 2 suggest that damage to the film would be repaired
and corrosion impeded by the film, before the acid was saturated with corrosion products. Further
tests would be necessary to settie the matter unequivocally. Until such time, the conclusions first
drawn are endorsed.

TABLE 39. SOLUBILITY OF CORROSION PRODUCT FILMS (1 of 2)

Test Parameters
Temp
Tost R R Test Duration sV
Specimen Solvent F (o Deys in™! Comments
8061 AA Pure, Mod. HDA 70 21 63 1.0 Liquid Phase Exposure.
. CPs .
Test Results
Appesrance of Metal
Pre Test Tightly adherent, thin, black band, adjscent to white, granulsr deposit.
Post Test Granular deposits swelled during test, reverted to originsl appearance after washing and drying.
Acid Analyses
Oeys Physiosl Al
in Tost Appesrance  ppm (w/w)
0 Clear 1.0
12 Clear 1.0
3 Clesr 3.0
a3 Cleer 4.0
123
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TABLE 39. SOLUBILITY OF CORROSION PRODUCT FILMS (2 of 2)

Tost Parameters
Toemp.
Tost < - Test Durstion sV
Specimen Solvent F c Deys in1 Comments
347 SS Pure, Mod. HDA 70 21 14 1.0 iiquid phase exposurs,
-CPy
Test Results
Appearance of Metal
Pre Test Tightly adherent, thin, green film,
Post Test Loose, granuler, white sait.

Corrosion Product Analyses

Fe Cc Ni P F N O

Pre Test - Top Layer - Green + + + + o+ o+
Post Test - Top Layer - White +

-~

? - 4+

- Lower Layer - Green  +
Acid Analyses
pem (wiw)

Deys Physicel
in Tost Appesrance Fe Cr Ni
0 Clear 4 <1 1
7 Cleor 12 1 1
14 Cleer 14 1 1

One final set of solubility tests was performed during this program with readily available samples
of aluminum species expected to be found among the corrosion products in Modified HDA. These
tests involved saturation of separate portions of pure, Modified HDA with reagent grade aluminum
oxide, aluminum fluoride and aluminum phosphate. The aluminum compounds were heated before
test to 212°F (100°C), to dry the oxide, to dehydrate the fluoride, and to reduce the phosphate to
the dihydrate. The fluoride as-received was a dihydrate, the phosphate was a tetrahydrate. Water
was removed to transform the compounds as closely as possible to the forms in which they most
likely exist in Modified HDA. An earlier test (Reference 3) with Standard HDA was conducted with
aluminum fluoride as-received. The results of these tests are inciuded in Table 40. The difference be-
tween the solubility of aluminum fluoride in Modified HDA and in Standard HDA appears to be greater
than could be attributed to the degree of hydration of the starting compounds. Aluminum fluoride
is probably more soluble in Modified HDA than in Standard HDA. The still higher solubility of the
dihydrate of aluminum phosphate is also open to question. Tests with the anhydrous salt could
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casily prove it to be less soluble than the anhydrous fluoride. This would match the order suggested

in Reference 2. Even more pertinent would be tests with the diflurophosphate and hexafluorphosphate
of aluminum (Reference 9). Attempts to date to locate a commercial source of these salts have been
unsuccessful.

Also shown in Table 40 are corrosion product solubility data updated from Table 33. The changes
relate to entries concerning the solubility of aluminum and stainless steel corrosion products in Standard
HDA and Modified HDA. This program has better defined the limits of solubility for the species and
acids involved. With reference to Standard HDA at room temperature, precipitation of stainless steel
corrosion products can be expected when iron (or chromium) content exceeds 20-28 ppm. If allowed
to form, Al, O, may appear in particulate form at low levels of aluminum. Under normal circumstances
precipitation of aluminum corrosion products can be expected when aluminum content exceeds 35-70
ppm. For large tanks of acid, higher concentrations of aluminum (or stainless steel elements) can be
expected at any given time at the walls than in the center of the liquid. The diffusion of corrosion
products formed at the walls throughout the liquid is thought to be a slow process. Once corrosion
product precipitation occurs (near the walls), the products will tend to settle to the bottom of the tank.
For these reasons, abtaining a repressntative sample from a large tank becomes increasingly difficuit.
Less definitive data are available concerning the limits of solubility of stainless steel corrosion products
in Mcdified HDA. It now appears, however, that the levels may be similar to those in Standard HDA.
The upper limits for the solubility of aluminum corrosion products in Modified HMA also require better
definition. At present it appears that they may be lower than the levels in Standard HDA. Comments
made concemning large tanks of Standard HDA apply equally well to Modified HDA.

Stocks of Standard HDA cortaining naturally occurring stainless steel and aluminum corrosion
products are available for further studies, especially of the effects of changes in H, O and NO, contents,
and changes in temperature. Tests solutions are being prepared for exploring the effects of higher alumi-
num contents from corrosion of an sluminum alloy by Modified HDA. Synthesis of the fluorophosphates
of aluminum is being considered to resolve another open facet of Modified HDA studies. The remaining
open facet would involve corresponding studies with higher concentrations of stainless steel corrosion
products and the fluorophosphates ~f iron, chromium and nickel.

2.2 Passivation Tests

One of the hypotheses advanced to explain the decrease in corrosion rate with time noted for
metals exposed to a given type of HDA rests upon the existence of films of corrosion products found in
tanks after extended exposure to Modified HDA (Reference 2). Films such as these may act as a barrier
to further attack of the underlying metal by the HDA. Another hypothesis (Refercnce 9) rests upon the
observed changes in rate of corrosion product buildup in solution. After a time, no further increase in
metal content is found. This is related to saturation of the HDA with corrosion products, and inhibition
of further corrosion. The difference between the hypotheses is that corrosion may be impeded by a
film before the HDA is saturated with corrosion products, in one case; no film formation is required
to impede corrosion in the other. The hypotheses are in agreement about three steps being involved to
reach a passive state, i.c., one in which no further corrosion occurs. An initial attack must occur to
convert the surface of a metal to a form unique to a HDA environment. This step may be likened
to a cleaning or pickling reaction in which the film present from exposure to the previous media is
removed. The fresh surface then undergoes rapid attack, at a constant rate (the corrosion rate of
the given metal in the given HDA, at a given temperature). After a time, where film formation, or
solution saturation occurs, the corrosion rate falls off. The system may now be considered passive.
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From an operational standpoint, 1t would be ideal if passivation took place quickly, and dis-
posed the metal so that the acid used for passivation could be replaced with pure acid. The time
until its contamination with corrosion products would then be extended indefinitely. A number of
tests have been conducted to evaluate this possibihty,

The passivation tests invelved the metals in the Agena oxidizer tank sump, because the design
ol the sump is such as to create a high S/V ratio when the sump s full of acid. According to Reference
9. such a ratio should be associated with rapid satutation ot the aud with corroston products, and an
carly decrease in corrosion rate O this basts, over an extended penrod of time, a ower, average cor-
roston rate will be associated with a owstem with a Lagh SV ratio than wath a system contaming a low
S/V ratio. The inference ts i preference for a system with o high §/V ratio. The penalties one can
expect with a high S/V ratio system, however, an the varly appearance of particles of corrosion pro-
ducts, and tilter plugging ne propulston systemis  Lhese penalties denve as the acd becomes contanne
ated, and the metal becomes disfigured. Corrosion rates, based on the hypothesis of film formation,
measutements i terms of weight change of the v tal, and appeatance of corrosion products i the
acid, also reflect these penalties, and immediately rank o tugh 57V ratio system as more deleterions
than one with alow $/V ratio.  Fhe frame of scleience, therefore, appears to set up contradictions not
only 1n the mechanism of passivation, but alsosn the eftect of S/V ratio There s, in fact, no disagree
ment aboult the practical effects of & given S-V ratio

Betore examing the results of specific passivation tests, attention s directed to Figure 33.
In this figure are curves depicting the passivation of stunless steel and aluminum alloys exposed o
Standard HDA or Modified HDA. The cuives were drawn from data in Reference 9, They show, in
a semiquantitative way, the buildup of 1ron, _hromium, mckel and alununum (Fe, Cr, Niand Al) in
aaid, as a4 fund tion of time. Constant temperature is implied. The curves for Standard HDA indicate
control aver corrosion of stainless steel by saturation of the acid with a relatively large amount of
the trihydrate of ferric fluonde, Fel 3 3H, O When the acid is saturated with this salt, corrosion 15
arrested At this pomt, a smaller concentiation of the dihydrate of mickel nitrate, Ni (NO, ), 2H,0,
and a still smabler concentration of a hydrated chiome fluonde, Crky 2 5 H, O exist in the acid.
Corrosion of aluminum alloys is accompanied by saturation of Standard HDA with a relatively small
amount of the trihydrate of alummum fluonde All y 3H, 0. In the case of Modified HDA, stanless steel
corrosion is controlled by saturation of the acid with a fluorophosphate of chromium, e.g., Cr (PF¢)3.
Modified HDA 1s less corrosive to stamnless steel and alununum alloys so the concentration of chro-
mium from Cr (PF4)4 in Modificd HDA. at the point of passivation, 15 less than the concentration of
iron 1n Standard HDA  Because of the ratios ot Fe, Cr, and N stainless steel, the concentration ol
iron 1 Moditied HDA at the passivation point will exceed that of chromium, but the solution will
not b saturated with the iron salt. The solution will hkewsse be unsaturated with a nickel salt. The
salt will be the nitrate, at relatively low concentration The corrosion of aluminum will be arrested
by satwation of Modified HDA with a relatively small amount of a fluorophosphate, such as Al(PF ).
Reference 9 indicates that true passivation of stainless stcel in Standard HDA will require more than
30 days Passivation in Modified HDA can be expected in approximately one day. Less definitive data
were reported for aluminum alloys.

‘The first test of the foregoing predictions was provided by the data in Table 41. These data,
from Reference 1, pertain to tests of couples of stainless steel cloth and aluminum alloy sheet stock,
simulating the couples in the sump of the Agena oxidizer tank. The couples contained a larger area of
aluminum than stainless steel (1.4/1.1), but the ratio was less than that in the sump (4/1). The amount
of acid used for each test was sufficient to give a $/V ratio of 1.0 in™, in terms of stainless steel. The
corresponding ratio in the sump is 2.0 in™. These vanations wiii presently receive further consideration.
The tests summarized in Table 4] included separate mcasurements with Standard HDA and Modified
HDA. All of the tests were conducted at the same temperature. Test durations were: 30, 60, 90 and
150 days. A slow, gradual attack was noted on the couples exposed to Modified HDA. Between 90-150
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days, a tan film appeared on the aluminum. The acid appeared to be free of particles. Corrosion rate,

as determined by weight changes, was very low. Fe content had risen to 17 ppm, compared with 3 ppm
of Cr and Ni and 2 ppm of Al

Within 30 days, the bare aluminum alloy exposed to Standard FDA was covered with a black
film. There were white corrosion products on the stainless steel cloth Particles were visible in the acid,
and iron content had risen' to 21 ppm. Although the acid was saturated with some species of metals,
corrosion proceeded, as evidenced by further loss of weight of the test specimens, and deterioration
of acid quality. At the end of 120 days, the concentrations of Fe, Cr, Ni and Al in the acid were 80,
118, 148 and 1 ppm, respectively. In defense of Figure 33, it should e noted that the relative con-
centrations of Fe, Cr, Ni and Al in Standard HDA and Modified HDA were precisely as predicted.

The scheme for rating corrosion experiments of the type included in Table 41 is covered in
Table 42. Both the effect of the propellant on the metal, in terms of corrosion rate, measured by
weight change of the metal, and the effect of the metal on the propellant, in terms of propellant
purity, as measured by analyses, are considered. When a low corrosion rate and high propellant
quality are found, a rating of | is applied. This signifies a capacity for excellent service, over an ex-
tended period ot time, under the conditions tested. Use is restricted when either criteria fails to be
met satisfactorily. A rating of 2 restricts a given metal/propellant combination to repeated, short
term usage. A rating of 3 reduces service to single, short term usage. It is not recommended that
combinations with a rating of 4 be used. Without exception, better ratings were exhibited by Modi-
fied HDA than for Standard HDA, for the tests summarized in Table 40.

TABLE 42. COMPATIBILITY CLASSIFICATION OF MATERIALS WITH ROCKET PROPELLANTS

Compatibility Classification of Metals

Class ! 2 3 4
Rating Excellent Good Fair Poor ’
Corrosion Rate 1 <$ 6 10 50 >50
in Mils/Year
Decomposition No No Some Extensive
of Propellant

Compatibility Classification of Nonmetals

Closs 1 2 3 4
Volume Change 0to+26 -10to +25 -10 to +26 <-10 or >+26
in Percent
Duromater $3 10 £10 <-100r >+10
Reading
Effect on None Slight Change Moderate Change  Severe
Propeliant
Visual No Change Slight Change Moderate Change  Severely
Examination , biistered, cracked,
or dissolved
Genersl Usage Satisfactory Satisfactory Satisfactory Unsatisfectory
For Genersl For Repeated For Short- P
Use Short-Term Term Use >
Use . :2
5
w
A
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Results of tests reported in Reference 7 to obtain additional data on the passivation of couples
of the type in the Agena oxidizer sump tank. during exposure to Standard HDA for periods up to 48
hours, are summarized in Table 43. Thes: tests were more realistic, in that the area ratio of the alumi-
num alloy and stainless steel in the suin; (4/1), was used for the tests. The §/V ratio was not duplicated.
A value of 0.3 in™, in terms of stainless steel, was employed. In addition to couples of the more pre-
velant type in the sump, those contaiting stainl . steel doth, a couple contatning stainless steel screen
was also tested  For convemence, GO61 AA was used in the form of tubing, to complete the couples.
Specimens of cach type of metal were tosted separately (uncouplod) for 48 hours, as “blanks’™ Between
24 and 48 hours, attack on the staudess steel ddoth contamimg couples become evident. The aad
appeared clear, but the metals exhibited tilms  Analyses of the acids ievealed imcreases of 3 ppm and
I ppm tor Feand Cr,respectively  There were no measurable increases in Nior Al contents i forma-
tion was occurring before saturation of the aad sainple with correston products. The “blanks " exhibited
no sign of film formation, indicating that coupling was deletenious  The same conclusion was suggested
by the slightly lower concentration ¢f Fe ur the acid for the stainless stecl cloth “‘blank™. Since the results
for metals in all of the acids discusser’ to this point were near the limits of the aceuracy of the method.
the conclusions drawn must be qu-lified  The tosts with stamnless steel screen clearly indicate, however,
that more attack will occur in a giv 1 timc with couples containing stainless steel screen, than with
couples containing stainless steel loth  In summary, this series of tests indicated that film formation
began in Standard HDA before the aad was saturated with corrosion products. Passivation was not
evident within two days

The most reahstic passivation tests to date were those performed as part of this program.
These tests scluded couples of both types found in the Agena « x izer sump, along with “blanks™
Couples were tested with the “ame area ratio (4/1) of aluminum alloy and stainless steel found
the sump The $/V ratios ch ::en matched those for the stainless steel cloth and aluminum alloy
(6061-T4) 1n the sump. viz.. 2.0 in ! for the stanless steels and 8.0 in™* for the aluminum alloys.
A full complement of tests was run with 6061-T4 AA/304 SS Cloth couples in Modified HDA. A
set of couples including 60v1-T6 AA and 347 5SS Screen, and “blanks”, rounded out the Modified
HDA test matnx. A representative number of tests was run with Standard HDA, in order to obtamn
data for comparing the two oxidizers. The test details were described fully in Section II. Also pre-
sented were tables, plots of test data, and some discussion of the test results. The discussion con-
tinues with reference to Figure 34

Figure 34 contains sample calculations for the weight change of the couple used for test
No. 1, and for the corrosion rates for the components of the couple The results of the calculations
also appear in Table 25 and Figures 20, 21 and 22, along with data for the other tests. It was ex-
pected that deposits of corrosion products would form during these tests, as they had during the
tests described in Reference | An increase in weight would be a direct measure of deposit forma-
tion. For the case chosen, a veight increase of 1.8 mg was found. This is well within the accuracy
of the method (£0.2 mg). However, the prasence of corrosion products was not apparent. It was
concluded, therefore, that film forination accounted for the weight change. The location of the
film was detected by corrosion rate calculations in Figure 34. For the case chosen, a weight loss
was found after the aluminum portion of the couple was cleaned and reweighed. This weight loss
corresponded to a corrosion rate of 0.0006 mg/cm?/0.25 hour. This vaiue lies at the limit of
accuracy of the method (£0.0006 mg/cm? ), and must be judged accordingly. Parallel calculations
for the stainless steel component of the couple indicated film formation at the rate of 0.0052
mg/cm?/0.25 hour This is double the accuracy of the methed (20.2 mg/77.4 cm? = £0.0026
mg/cm?). Therefore, the film, detected on the basis of the weight change of the couple, appears to
be associated with the stainless steel component. Re-examination of Figure 20, with the realization
that the variations in results due to the accuracy of the method tend to cancel out over a series of
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Reference: Tabl

e 2A. Passivation Test Data, Test No. 1

Weight Change
23.5701 gm - - Post Test Weight of Couple, inc. Deposits
- 23.5683 gm - - Pre Test Weight of Couple
0.0018 gm - - Weight Change, inc. Deposits
= 1.8 mg - - Weight Change

Corrosion Rate

- Aluminum Alloy

19.1302 gm  Pre Test Weight of Aluminuis Alioy Specimen
19.1200 gm  Post Ter~ Weiyht of Cleaned Specumen
0.0002 gm - Weight Loss
-- - 0.2mg - Corrosion
Corrosion Rate = mg Weight Loss
em” Test Qp’c_c-i.m(;r—).;r;za
© 02mg
309.6 cm’

Corrosion Rate

0.0006 mg/cm?, Corrosion
Stainless Steel

4,.4491 gm - Pre Test Weight of Stainless Steel Specir *n
4 4495 gm  Post Test Weight of Cleaned Specimen
0.0004 gm  Weight Gain

0.4 mg - Film Formation

Corrosion Rate =_0.4 ing
77.4 cm

+ 0.0052 mg/cm?, Film Formation

Fagure 34. Passivation Test Calculations

tests suggests that the film formation apparent the first day of exposure of 6061-T4 AA/304 55
couples to Modified HDA, is no longer apparent within a week. Beyond this point, the net effect

on the _ouples 1s a weight loss due to corrosion  More rapid corrosion was noted at first for the
rouplies exposed to Standard HIDA  Beyond seven days, the trend changed, and a rapid buildup

ot a heavy film ensued. Re-examination of Figure 21, a plot of corrosion rates of aluminum as a

func ion of time, reveals that in Modified HDA, f1lm formation replaced corrosion during the first
week  Little change occurred beyond that point. At the end of the test, the change for the aluminum
from the couple was equivalent to that of the “blank’. Coupling appeared to have no deleterious
¢*fect on the aluminum. Corrosion also changed to film formation within a week for alummum in
couples exposed to Standard HDA. The end result was more pronounced than with Modified HDA.
Reexamination of Figure 22, a plot of corrosion rates of stainless steel specimens in couples, as a
function of time, reveals that, in Modified HDA, film formation gave way to corrosion within one
week  Moderate corrosion continued to the end of the test. The final corrosion rate measured for
the couple matched that of the “*blank”. Coupling had no deleterious effect. In Standard HDA, film
formation gave way to corrosion within four hours. Beyond that point, corrosion continued at a
ralatively ranid and constant rate.

The trends and conclusions just described for 6061-T4 AA/304 SS Cloth couples and “blanks”
are extended to the entire test mutrix in Table 44. Here are contained effects noted trom 28 days

ST Al
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of contact between metal/propellant pairs. Film formation was noted for “blanks” of both types

of aluminum alloy tested in Modified HDA. A heavier film was noted for 6061-T4 then for 6061-T6.

As already noted, coupling 6061-T4 AA to 304 SS Cloth reduced film formation in Modified
HDA, but exaggerated it in Standard HDA. Coupling 304 SS Cloth to 6061-T6 led to complete
removal of the (lighter) film and resulted in corrosion in Modified HDA. Coupling 347 SS screen to
6061-T4 AA had no effect on the aluminum, when the couple was exposed to Modified HDA. This
type of couple was not tested in Standard HDA. The 347 SS Screen “blank” exhibited film forma-
tion in Modified HDA, whereas the 304 SS Cloth “blank” was corroded. Coupled with 6061-T4
AA, the 347 SS screen underwent corrosion, but there was no apparent effect on the aluminum.
The situation was reversed when 304 SS Cloth was coupled to 6061-T4 AA and exposed to Modified
HDA. The corrosion rate of the steel was unchanged, but some of the film on the aluminum was
removed. When exposed to Standard HDA, both parts of the 6061-T4 AA/304 SS Cloth couple
were adversely effected. Film formation and etching were noted for aluminum; relatively worse
corrosion was noted for the stainless steel. Corrosion was also exaggerated in Modified HDA, not
only for the aluminum alloy but also for 304 SS Cloth, when 6061-T6 AA was substituted for
6061-T4 AA.

None of the data presented to this point indicate attainment of a passive system during the
fisst 28 days of exposure of metal to acid.

TABLE 44. CORROSION RATES OF COMPONENTS AND COUPLES

Aluminum Alloys
Test Exposurs | CR-A
No. Tost Specimen Type HDA] Deys mg/em Comments
24 0081-T4 AA Modified 28 0.0038 Fiim.
28 0081-T4 AA/347 SS Screen Modified 2 0.0038 Film. NE by coupling.
25 0061-T4 AA/304 SS Cloth Moditied 28 0.0018  Film being removed by coupling.
26 0081-T4 AA/304 SS Cloth Stendard 2 0.0807 Heavier Film by coupling.
Aluminum etched.
23 0081-T6 AA Modified 28 0.0016 Film.
27 8061-T6 AA/304 SS Cloth Modified 2 40,0023  Film removed by coupling.

Aluminum corroded.

Swiniess Steeke
Test Exposure | CR-88
No. Test Specimen Type HDA| Deys | mg/om? Comments
24 347 S Screen Modified 28 0.0413  Film.
0001-T4 AA/347 SS Screen Modified 28 0.0438  Film removed by coupling.
7] 304 35 Cloth Moditied 28 -0.0108  Corrosion,
5 0081-T4 AA/204 8S Cloth Modified 2 0.0108  Corrosion. NE by coupling.
28 00681-T4 AA/304 §S Cloth Stenderd 8 -0.1167  Much more corrosion by coupling.
27 6081-T8 AA /304 SS Cloth Modified 23 40.0268 More corrosion by coupling.
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Tabulation and graphs of data based on the results of acid analyses performed in support of
passivation tests conducted during this program were also presented with some discussion, in Section
11. The discussion continues with reference to Figure 35. This figure contains samples of the type
of calculation made to test a given acid for saturation with corrosion products of a given metal. For
the case chosen, the difference in iron content before and  after filtration was found to be 4 ppm.
As shown in the same figure, this result lics just beyond the limit of accuracy for the method. It

' ) appears, therefore, that the original sclution was saturated with an iron species, and that the solubility
of iron at the saturation point is in the range of 24 ppm. This value represents the total iron content
h from all iron species present  As such the value represents a practical indication of the level of iron

content above which particles of corrosion products can be expected to cause filter plugging in
propulsion systems. The same type of calculation indicates that the test solution was not saturated
with corrosion products of chromium, nickel or aluminum. At levels equal to or below those mea-
sured, filter plugging is unlikely.

Reference: Table 26. Passivation Test Results, Test No. 26

Accuracy of Analyses, ppm (w/w)

Fe --13

Cr ---12

Ni  --12

Al -..27
Test No. 26

28 ppm Fe Before Filtration
- 24 ppm e After Filtration
4 ppm Fe . ... Solution Possibly Saturated with Fe

26 ppm Cr Before Filtration
- 26 ppm Cr After Filtration

O ppm Cr. ... Solution Not Saturated with Cr

28 ppm Ni Before Filtration
- 29 ppm Ni After Filtration

1 ppm Ni. ... Solution Not Saturated With Ni

2 ppm Al Before Filtration
- 2 ppm Al After Filtration

0 ppm Al . ... Solution Not Saturated With Al

PR

Figure 35. Saturation Limit Calculations

Application of the same logic to all of the analyses made in support of passivation tests

F’ provided additional data concerning the solubility of corrosion products in Modified HDA and

Standard HDA. The results of this exercise are given in Tabie 45. Hercin are contained the concen-
trations of Fe, Cr, Ni and Al measured after 28 days exposure of the scveral test specimens to
Modified HDA ang dtandard HDA. The symbo!, > , indicates that the solution tested was nog, satu-
rated with the corrosion products from a given metal. The solubility ievel lies above the numerical
value shown. During Test No. 21, for example, Modified HDA which had been exposed to 6061-
T4 AA was not saturated with corrosion products, and the solubility level of aluminum salts lies
above 2 ppm Al. The symbol, ~, indicates saturation of an acid with corrosion products of a given
metal at a level corresponding to the numerical value shown. During test No. 26 for example,
saturation with iron compounds at a level of 24 ppm Fe is indicated, as was discussed with reference
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to Figure 34. Three additional points, concerning Table 45 deserve mention. First, the data are
entirely consistent with the results of corrosion product solubility tests per se (Section 2.1).
Second, saturation of Standard HDA with stainless steel corrosion products under conditions cor-
responding to those in the Agena oxidizer tank sump can be expected to occur in approximately
one week. Third, no saturation of Modified HDA with corrosion products was noted for any of the
tests conducted in this series.

Reference was made in Table 44 to the subject of anodic protection of the components of

p couples exposed to Standard HDA and Modified HDA during the passivation tests performed as part

of this program. Discussion of the subject is continued with reference to Table 46. In this table are

. summarized conclusions concerning sacrificial anodes drawn by study of data obtained by acid analy-

| ses made in support of the passivation tests (Table 26), plots of metal buildup in the acids as a function
of time (Figures 23-26), and the corrosion 1ates of the specimens tested (Table 44). The first entry

in Table 46 relates to the 28 day passivation test of a 6061-T4 AA/347 SS Screen couple in Modified
HDA. Chemical analyses disclosed a buildup in aluminum content of 2 ppm, and a buildup of 13

¥ ppm Fe, during the test. Corresponding data for “‘blanks’ were 2 ppm Al and 9 ppm Fe. These values
agree within the accuracy of the method. If one of the metals were acting as a sacrificial anode, the
content of this metal would be much higher for the acid used to test the couple than for the acid used
to test the “blank’. Conversely, the concentration for the other metal would be higher in the acid
used to test the “‘blank” than in the acid used to test the couple. The measured corrosion rates for

the metals likewise fail to disclose the operation of a sacrificial anode. Some of the film on the stain-
less steel in the couple was removed, as compared with that on the “blank”, but there was no measur-
able effect on the aluminum. Similar reasoning for Test No. 25 ruled out the operation of a sacrificial
anode during the 28 day exposure of 6061-T4 AA/304 SS Cloth couples to Modified HDA. The results
from analyses used to test the couple were cquivalent to the results for the “‘blanks”. Some film was
removed from the aluminum in the couple, but there was no difference in the attack on the stainlcss
steel, as compared with the **blanks”. No “blanks’’ were run with Standard HDA, therefore, conclu-
sions concerning Test No. 26, in which a3 6061-T4 AA/304 SS Cloth couple was exposed to Standard
HDA for 28 days, must be based on the results of the analyses of the acid used to test the couple and
the corrosion rates of the components of the couple. These data revealed heavy film formation on the H
aluminum and severe corrosion of the stainless steel. There was no evidence of a sacrificial anode.

: Before discussing the final entry in Table 46, further interpretation will be applied to the curves of

g metal buildup with time in the acids used for 6061-T4 AA and 304 SS Cloth passivation tests. Thesc
: curves were presented as Figures 23-26 in Section II.

s b

e m gy
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With reference to Figure 23, the buildup of iron in solution, it was noted that Standard HDA
was more corrosive than Modified HDA. The course of the corrosion reaction will now be related to
the steps involved in these reactions, as represented by the letters A, B and C, placed at appropriate
places in the figure. The first reactions may be thought of as a cleaning or pickling process. This
process is represented by the letter A. With Modified HDA, the cleaning process took place within
the first hour. The next reactions involve surface preparation for corrosion. This process is repre-
sented by the letter B. With Modified HDA this process took two days. The combination of proccsses
A and B are the first step in the development of an S-shaped corrosion versus time curve. This step
corresponds to an induction period. The next step is steady state corrosion, represented by the letter
C. Vith Modified HDA, this step continued from the second day to the end of the longest test, 28
days. There was no leveling off of this steep part of the S-shaped curve, as would happen once the system
became passive. The same steps described for Modified HDA were found for Standard HDA, but the
inducted period was shorter, and the corrosion rate was higher. There was some evidence of passiva-
tion, but the few samples included for test make this point uncertain. What is clear, however, is the
fact that corrosion continued beyond 7 days, where saturation of the acid with iron species was indi-
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cated by analyses of filtered samples of acid. This contradicts the theory of corrosion controf by
saturation of the acid with corrosion products. The fact that no corrosion products were found on
the screens post test supports the theory that corrosion is not impeded until a protective film has
formed. Figure 24 traces the buildup of chromium in the acids employed for passivation tests. A
longer induction period and a relatively small buildup of chromium were noted with Modified HDA.
The induction period was shorter ard the chromium buildup was much higher in Standard HDA.
There was no evidence of stainless steel passivation in either acid. The same trends described for
chromium buildup werc found for nicke! buildup (Figure 25), and the same conclusions follow.
Figure 26 traces the buildup of aluminum in the acids employed for passivation tests. No essential
difference was found between Modified HDA and Standard HDA. It appears that the induction
period was completed within the first day. From this point to the end of the test program, a slow
corrosion reaction took place. It might be argued from the shape of the curve(s) on page 2 of Figure
26 that the aluminum hed become passive. The weight change data plotted in Figure 20 and the
corrosion rate data plotted in Figure 21 negate this interpretation.

Returning to Table 46, the type of reasoning applied previously to discuss other 28 day tests
was applied to Test No. 27, involving a couple of 6061-T6 AA/304 SS Cloth exposed to Modified
HDA for the same period of time. There was no evidence of an operational, sacrificial anode. Results
from analyses of the acids used to test “blanks’ matched those for the acid used to test the couple.
There was some film removal from the aluminum. There was, however, an accompanying increase
in corrosion of the stainless steel.

An overview of all the passivation tests discussed above is presented in Figure 36. This figure

contains plots of iron buildup as a function time. The solid curves pertain to tests with Standard HDA.,

The results from tests with Modified HDA are depicted with broken lines. As can be seen from the
accompanying legend, the rate of iron buildup decreased with a decrease in S/V ratio. This was found
true for alt sets of data with Standard HDA and Modified HDA. This is consistent with the relation-
ship postulated between S/V ratio and corrosion. The higher the ratio, the greater the amount of
corrosion in a given time. At a given time, more corrosion is evident for Standard HDA than for
Modified HDA. In referring to details about the appearance of the acids samples drawn for analysis,

it is found that particles were present in Standard HDA at 30 days for the test represented by Curve 2.
Closer definition of their appearance was provided by the data which generated Curve 1. Particles
appeared between 7-30 days. These facts have already been used to substantiate the convictions that
corrosion rate is not controlled by saturation of the solution with corrosion products. Film formation
is advanced as a more likely corrosion control factor. The tendency for the curves to decrease in slope
with extension of test time is in keeping with this explanation. It is quite obvious from the curves that
effective passivation was never realized in the tests represented, even those of 120 days duration.

Data gathered from other tests of the theory of corrosion control by saturation of the acid
being studied with corrosion products are presented in Tables 47 and 48. Table 47 contains the results
for analyses of two Standard HDA stock solution:, which were similar ini composition in all other
respects but metals content. One solution was pute. The other so'ution was contaminated with rela-
tively high concentrations of Fe, Cr, and Ni. Portions of each solution were used for comparative
corrosion tests with five different types of stainless steel. Data gathered from these tests are shown
in Table 48. The table is arranged in standard corrosion test format, and the explanations given for
the tests covered in Tables 43 and 44 apply. The desired comparisons can be made from the *ratings”
applied, based on the data currently under consideration. Test No. 404 involved exposure of 17-4 PH
H-1025 SS to relatively pure, Standard HDA for 60 days, at 90°F (32°C). The metal/propellant com-
bination earned a very poor rating of 3. The repeat test, 444R, was performed with relatively impure,
Standard HDA. According to the solution saturation theory, the rating should have been worse for
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Figure 36. Iron Buildup in Solution as a Function of S/V Ratio
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TABLE 47. ACIDS FOR TESTS OF CORROSION CONTROL MECHANISMS®

ppm {(w/w)
Type HDA Used Fe Cr Ni Al
Contaminated, Standard HDA 18 8 6 <1
Pure, Standard HDA 2 <1 <1 <1

%Refarence 1.

this test than for the original. The rating improved to 2. In the other four comparnisons made, the
results were equal, not better, when contaminated acid was used rather than pure material. None of
these tests supported the solution saturation theory,

Data in support of the theory of film formation for control over corrosion in Modified HDA
are provided by further review of results from long term storage tests with this type of acid in small,
aluminum and stainless steel tanks, at modcrate temperature (Reference 2). These data are summarized
in Tables 49 and 50. The first entry :n Taolc 49 corresponds to the results of disassembly and inspec-
tion operations after one yecar of exposure of a 6061 AA tank to Modified HDA, at low ullage (10%).
The acid had been removed and was clear in appearance. Chemical analyses revealed an aluminum
content of 9 ppm, well below thr currently accepted solubility limit. Corrosion rate, calculated from
the chemical analysis, was 0.010 mpy (mils per year). No particulate matter was noted inside the
empty tank, confirming the conclusion that the acid had not become saturated with corrosion products.
The vapor phase area of the tank interior, however, had an irridescent appearance. The liquid phase
area was biack. Chemical analyses of the interior surfaces of the tank revealed the presence of alumin-
ium fluoride and aluminum phosphate in the discolored areas at the top and bottom of the tank
interior. At this point in time, the concentration of the fluoride was higher than the concentration of
phosphate. The irridescent areas were attributed to the presence of Al; O; (aluminum oxide). During
the second year of test, particles appeared in samples removed from 6061 AA tank S/N-2. This tank
was sampled frequently for complete analyses, since it was to be removed from storage at the end of the
second year. It therefore had a relatively high ullage. Aluminum content of the acid at the time that :
saturation with corrosion products appearcd was ~ 24 ppm. This value lies within the range of the
presently accepted solubility limit. The uncertainty in the measured vaiue derives from the relatively
large experimental error for the analysis. Inspection of the tank interior, after the acid had been
removed post test, again revealed irridescent areas in the vapor phase, and a black film extending down
from the vapor-liquid interface. There was a deposit of white salt near the bottom of the tank. Chem-
ical analyses proved the underlying black film to be predominantly AIPO,. This is the salt whose solu- )
bility limit appears first to have been exceeded. Subsequent precipitation of the fluoride, oxide and i
nitrate of aluminum was indicated by the results of analyses of the overlying, white desposit. Analyses i
of the film on the vapor phase of the tank disclosed traces of the same compounds detected it the de-
posits. The irridescent areas were proven to be Al; Oy. The corrosion rate calculated for 6061 AA,
based on the chemical analyses performed at the end of the second year, including allowances for !
aluminum in the films and deposits, as well as in solution, was found reduced to 0.008 mpy. The pro-
cesses and results associated with 6061 AA tank S/N-2 were duplicated by S/N-3. The somewhat later
attainment of saturation of the acid with corrosion products is attributed to the somewhat lower ullage
(and lower S/V ratio) at a given time during the first two years of test. The significant point revealed by
post test analyses was the fact that the principal ingredient of the film in the vapor phase was Al,0,.
Corrosion rate calculated as before was found to be reduced to 0.006 mpy. These reductions in corro-
sion reflect film formation, followed by solution saturation with corrosion products. Since total effects
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TABLE 50. THICKNESS OF FILMS ON TEST TANKS FOR MODIFIED HDA

mils
{ Tenk Exposure
| $/N Alloy Months Optical Miorosoopy Electron Microscopy
! 3 6061 Aluminum 38 0.147 0.151
b 3 347 Stainless Stee! 36 0.307 0.393

are averaged by calculations to mils per year corrosion, the reduction in corrosion rate noted is in accord
with expectations. The first entry in Table 49 for stainless steel tanks subjected to storage with Modi-
fied HDA contains data gathered on disassembly and inspection of a companion tank to 6061 AA tank
S/N-1, removed after one year of storage. The acid drained from the tank post test was clear in appear-
*  ance, and contained 22 ppm Fe. More important, it contained less than 5 ppm Cr. Chromium is the
eleme:t whose compounds control corrosion according to the solution saturation hypothesis. The
value measured falls below the currently expected solubility limit. Inspection of the tank interior,
however, revealed the presence of a pale, green film. Positive tests were obtained for metallic fluorides
and phosphates in the film: phosphates were more predominant than fluorides. The corrosion rate for
347 SS tank S/N-1 was calculated to be 0.003 mpy. Tank S/N-2 was removed from test prematurely
because cf lezkage, following failure of the temperature control for the environmental chamber used to
store the tanks. Ti:e failure resulted in overheating (~200°F (93°C)) for several hours. The pressure
rise in the tanks accompanying the temperature overshoot overtaxed the seal on 347 SS tank S/N-2.
y Analyses of scid sumples taken to that point (19 months) showed values for chromium content below
the solubility lirit. This corresponded with the fact that no particles of corrosion products were
seen in the acid. A film was found in the tank, post test, and chemical analyses were performed to
establish its identity. Metal fluorides (MF,), metal nitrates (M (NO, ), ) and metal phosphates
i (M (PO,), ) were found, where M = Fe, Cr, Ni. Conclusions concerning this type of film must be with-
held since the {ilm may have been a residue from evaporation of acid left in the tank after the tempera-
ture overshoc . The corrosion rate calculated from reliable acid analyses, however, was found to have
decreased to 1.002 mpy. The third stainless steel tank completed three years of storage without
, incident. Chromium content of the acid, post test, was still below the saturation limit, as were the con-
: centrations of iron and nickel. The acid appeared clear. Inspection of the tank interior revealed a
defirite green film. Chromium {luoride was identifed in the vapor phase film. The mixture found in
S/N-2 was definitely present in the liquid phase film formed through corrosion of S/N-3. These films
are credited with reducing the average corrosion rate for 347 SS tank S/N-3 to 0.001 mpy.

Data concerning the thickness of the films formed in the aluminum and stainless steel tanks B
L exposed to Modified HDA for 3 years are presented in Table 50. Segments cut from the liquid phase
of each type of tank were subjected to optical measurements, which disclosed a heavy film (0.147 mil) 3
on the aluminum alloy, and a still heavier film (0.307 mil) on the stainless steel. These messurements 4
were confirmed by emp, to assure that the reported values did not include any of the base metal. The o
segments have since been sent to the University of Nottingham for independent analyses and evaluation.

No tests of the type performed with Modified HDA weie performed with small aluminum and
L stainless steel tanks filled with Standard HDA. The value of such tests is immediately evident.

144




— e ——

IV. CONCLUSIONS AND RECOMMENDATIONS

1.0 CONCLUSIONS

1.1 Pycnometric measurements of the density of Modified HDA confirmed that, at a
given temperature, and a given water content, blends containing 42 wt % nitrogen dioxide have the
highest density. Density decreases moderately on departure from this nitrogen dioxide level, over the
range of 42-46 wt % nitrogen dioxide. Larger changes in density, at a given temperature, and a given
nitrogen dioxide content, occur when water content is varied from 0.1-1.0 wt %. The lower the water
content of the Modified HDA blend being studied, the higher the density, at constant nitrogen dioxide
content and temperature.

1.2 The density of a given blend of Modified HDA increases in a regular manner with a
decrease in temperature. Data can, therefore, be extrapolated from one temperature to another over
the range studied. Parallel curves are generated when the data for the blends of the type studied are
plotted. The slope of the curves is -0.0020 gm/cm3/°C. This value is in close agreement with re-
ported data for Standard HDA and HDA containing no corrosion inhibitor.

1.3 A higher valuc was found for density calculated from specific gravity, as determined
with a hydrometer, for a given blend of Modified HDA, than was measured pycnometrically. A ran-
dom pattern was found for th~ variations for the nine Modified HDA blends studied. These variations
are attributed to “‘buoyancy effects” associated with hydrometers. Errors in density as large as C.3%
were observed for data from hydrometer readings. Variations of this magnitude would bias rocket
engine performance calculations involving weight flow as determined from volumetric flowmeters.

1.4 The pressure generated by a given blend of Modificd HDA, in a partly filled test vessel,
rises in proportion to temperature. Systematic variations in the nitrogen dioxide, water and phos-
phorous pentafluoride contents of the blends disclosed that the variable which: exercises greatest con-
trol over the final pressure, at a given temperature, is the nitrogen dioxide content of the acid.

1.5 The pressure developed by a given Modified HPA blend at a given ullage and tempera-
ture, the equilibrium pressure, decreases when the ullage space is increased. These decreases are attri-
buted to a decomposition pressure component, as well as a vapor pressure component, of equilibrium
pressure. From the magnitude of the pressure changes, it was deduced that nitrogen dioxide is the
principal constituent of the vapors above Modified HDA. The decomposition pressure component is

due to oxygen. The decompsition component comprises approximately 3% of equilibrium pressures
measured.

1.6 Solubility limits for aluminum and stainless steel corrosion products in Modified HDA
and Standard HDA were found to depend more on the species of metal compound present than on
the temperature, nitrogen dioxide content, or water content of the acids, over the ranges studicd.

In turn, the metal species present depend on the pretreatment of the metal corroded, the amount
of ullage space, and the corrosion inhibitor used. Conditions which promote oxide formation, such
as large ullage, lead to corrasion product particies at refatively low metal concentrations. The solu-
bility limit of a given species is reduced by the presence of a common ion of that species, either

anion or cation. Solubility limits for the species of a given metal are not appreciably different in
Modified HDA or Standard HDA.
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1.7 Saturation of Standard HDA with corrosion products occurs more quickly than with
Modified HDA, because of the lower corrosion rates associated with Modified HDA. Under conditions
such as found in the Agena oxidizer tank sump, Standard HDA generated sufficient stainless steel
corrosion products to exceed the solubility of iron species within one week. Corresponding tests with
Modified HDA encountered no precipitation within one month, the duration of the test.

1.8  The tests conducted under conditions found in the sump revealed no passivation of the
metals tested. After a well marked induction period, corrosion continues at a constant rate for

at least one month.

1.9  Data from solubility and passivation tests support a theory that corrosion control in
Modified HDA depends on formation of a protective film on the metal exposed to the acid. The pro-

cess of film formations takes several months.

1.10  Sacrificial anodes werc not dietected when couples of aluminum alloy and stainless
steel were tested in Modified HDA or Standard HDA.

20 RECOMMENDATIONS

2.1 Density data required for rocket engine performance calculations should be determined
with a pycnometer rather than a hydrometer.

2.2 A pycnometer of practical design, along the lines of the one used for this program,
should be developed for routine measurements, at constant temperature.

2.3 The density of Standard HDA should be measured as functions of temperature and
acid composition. .

2.4 A two cube factorial experiment should be conducted to evaluate the vapor pressure
and decomposition pressure of Standard HDA, as functions of temperature, acid compostion and
ullage. An improved procedi.re for measuring the exact concentration of nitrogen dioxide for the
blends studied should be developed as part of the program.

2.5  The vapor pressure and decomposition pressure components of equilibrium pressure
above a given blend of acid should be considered by designers of propellaat tanks and turbine pumps.

2.6  Storage tanks should be dedicated to service with a given type of HDA. Ullage space
should be kept to a minimum.

2.7  Additional tests with pure ﬂuorophosphlt'el and higher concentrations of corrosion
products should be performed to better define solubility limits in Modified HDA. Improvements in
the accuracy of analyses for metals should be included as part of the program.

2.8  Addiiioaal tests should be performed with Standard HDA to better define the solubility
of corrosion products as functions of acid composition and temperature.

2.9  Additional t~«ts should be conducted to determine if the film formation theory of
corrosion control for metals ¢..posed to Modified HDA applies to Standard HDA.
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2.10 The design of future solubility and passivation test matrices should be developed
after review of the data available to date with proponents of a theory of corrosion control, by satura-
tion of a given acid with corrosion products, at the University of Nottingham.
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Abbreviation
or Symbol

AA

AA >SS

Al

A]F; M 2H20
Al(PO,F;),
Al(PF4),
Al(NO,),
Al(NO,); *6H,0
Al Oy

Al PO,

Al PO, -2H,0
atm

avg

C

°C

Cap.
CH, Cl,
cm
cm
cm?

CPs

CR

Cr
CrF;+3H,0
Cr(PFq),

2

DP
emp

F

°F

F-

Fe

FeF 3
FeF,+3H;0
Fe(PF,),
Fez 03

V1. LIST OF ABBREVIATIONS AND SYMBOLS

Description or Meaning and Units

Aluminum Alloy

More Aluminum Alloy than Stainless Steel corrosion products

Aluminum

Aluminum Fluoride

Aluminum Fluoride, dihydrate
Aluminum Difluorophosphate
Aluminum Hexafluorophosphate
Aluminum Nitrate

Aluminum Nitrate, hexahydrate
Aluminum Oxide

Aluminum Phosphate
Aluminum Phosphate, dihydrate
Atmosphere (pressure)

Average

Balance

Clear acid, no particles visible
Degrees Celsius

Capillary Tube

Methylene Chloride
Centimeter

Square Centimeter

Cubic Centimeter

Corrosion Products

Corrosion Rate

Chromium

Chromium Fluoride, trihydrate
Chromium Hexafluorophosphate

Decomposition Pressure
Electron Microprobe

Fluorine atom

Degrees Fahrenheit
Fluoride ion

Iron

Ferric Fluoride

Ferric Fluoride, trihydrate
Iron Hexafluorophosphate
Iron Oxide
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VI. LIST OF ABBREVIATIONS AND SYMBOLS (CONT)

Abbreviation
or Symbol

gm
gm/cm?

ibid
-1
in
ISPS

°K
Kep

L
Liq.
LMSC

M;0,

memb.

mg

mg/cm?

mpy

min.

Modified HDA or Mod. HDA

n

N

N,

N/A

NE

Ni

NiF,
Ni(PF¢),
Ni(NO, )3 '2"1 0
No.

NO,

Description or Meaning and Units

Green or gaseous

Gram

Grams/cubic centimeter, density
Pale green

Capillary rise, cm
Water

High Density Acid, Fuming Nitric Acid, containing 42 £ 2 wi%
Nitrogen Dioxide

Hydrofluoric Acid
Nitric Acid

Same as above

Reciprocal inch

Square inch

Integrated Secondary Propulsion System

Degrees Kelvin, absolute temperature
Solubility Product, moles/liter

Liter, volume
Liquid phase exposure
Lockheed Missiles and Space Company

Metal Oxides

Teflon membrane

Milligram

Milligrams/square centimeter, corrosion rate
Mils per year, corrosion rate

Minute

"« ¢h Density Acid, containing 0.5 £ 0.1 wt % Phosphorus
Fentafluoride as cosrosion inhibitor

Mole

Nitrogen Atom, or Normality

Nitrogen

Not appiicable

No effect

Nickel v
Nickel Fluoride

Nickel Fluorphosphate

Nickel Nitrate, dihydrate ’
Number

Nitrogen Dioxide
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Abbreviation
or Symbcl

>P
PA or Phys. Appear.

S|

S/N
SpG60/60°F
SS

SS/Al
SS>AA

Standard HDA or Std. HDA

S/V

VI. LIST OF ABBREVIATIONS AND SYMBOLS (CONT)

Description or Meaning and Units

Oxygen atom
Oxygen
Acid with a few, fine particles

Partial pressure

Pressure in Test Vessel No. 1
Pressure, phosphorous atom, or acid with too many particles
Acid with far too many particles
Physical Appearance

Phosphorous Pentafluoride
Phosphate ion

Parts per million

Pounds/square inch, absolute pressure
Pressure, Volume, Temperature
Pycnometer Identification

Solubility, moles/liter

Slight

Serial Number

Specific gravity at 60° Fahrenheit

Stainless Steel

Stainless Steel and Aluminum corrosion products

More Stainless Steel than Aluminum Alloy corrosion products

Fuming Nitric Acid, Type IV, containing 0.7 £ 0.1 wt % Hydrogen
Fluoride as corrosion inhibitor

Surface-of-metal to Volume-of-acid ratio

Time

Temperature

Degrees Fahrenheit, temperature
Temperature in Test Vessel No. 1
Temperature

Volume of capillary to lower index, cm?
Volume of TestVessel No. 1, cm?
Standard Volume, cm?

Vapor phase exposure

Volume, cm?

Vapor Pressure

Weld

White or weight of gas
Weight/weight

Weight percent
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V1. LIST OF ABBREVIATIONS AND SYMBOLS (CONT)

Abbreviation
or Symbol

l

VYVDD® o—

R Y
&

[« 4

p X

17-4 PH H-1025

6061-0

6064-T4 AA

6061-T4 AA/304 SS Cloth
6061-T4 AA/347 SS Screen
6061-T6 AA

6061-T6 AA/304 SS Cloth

Description or Meaning and Units

Approximately or similar to

Concentration .
Degrees, temperature

Density

Difference

Greater than

Much greater than

Equal or greater than

inches of Mercury, pressure

Less than

Micron

Negative test result

No analysis made

Positive test result

Proportional to

Sum

17-4 PH Stainless Steel, H-1025 heat treat conditions

6061 Aluminum Alloy, annealed

6061 Aluminum Alloy, T4 heat treat condition '
Couple of 6061-T4 Aluminum Alloy and 304 Stainless Steel Cloth
Couple of 6061-T4 Aluminum Alloy and 347 Stainless Steel Screen
6061-T6 Aluminum Alloy, T6 heat treat condition

Couple of 6061-T6 Aluminum Alloy and 304 Stainless Steel Cloth

-
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