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ABSTRACT

A lh-vonth program hes been conducted to define and determine elimination
techniques for the phenomenon known ss “flow decay®”. Flow decay has been
shown to arise from the deposition of an Ngﬂh-aoluble iron compound,
NO‘[F%(NOB)h T, in valve orifices. This deposition impedes the flow of

propellant, and, in extreme cases, cloga the valve completely.

Five tasks (Phases) comprised this program. The results of each are given

in the following paragraphs.

PHASE I: COMPOUND FORMATION

Anhydrous nitrogen tetroxide has been shown to dissolve iron. reaching a
solubility limit on the order of 1 to 2 ppm of iron. The source of iron
may be pure iron, 304k and 316 stainless steel, or 1018 carbon stecel; the
source had little efrect. The value of 1 to 2 ppm of iron appears to Ye
definitely a solubility limit, rather than being imposed by the solubility
of a trace impurity, or resulting from passivation of the iron surface.
Water enhanced both the rate of solution and the solubility of iron in
NQO&’ and in concentrations approaching 1 weight parcent led to a second

viscous liquid phase, presumably a concentrate of ferric nitrate in HNO

3.
PHASE II: COMPOUND IDENTIFICATION

The techniques of nuclear magnetic resonances, nuclear quadrupole reson-
ance, broadline n.m.r., e.p.r. spectroscopy, and Mcssbauer spectroscopy
were appliced to the flow decay problem. None of these techniques, irn
their present state of development, proved sufficiently sensitive to
allow meaningful studies of the extremely dilute iron/HQOA solutions
that result in {low decay. However, some of thcse techniques did yield

inforzniion regarding the structure of the solid flow-decay type materials.
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PHASE III: COMPOUND SOLUBILITY

Synthetic flow-decay compound,Fe(NOj)B'NQOh,was preparzd from (he reaction
of N20h and iron carhonyl, and shown to be identical with real : i~ vy
deposit by infrared spectrum, X-ray diffraction, and elemental anaiysis.
Structurally, the compound may be formlated as N0+[?e(N03)h]—. The solu-
bility of synthetic flow-decay compound in anhydrous N20g is in the range
of 1 to 2 ppm of iron, with a slight positive temperature coefficient of
solubility. Water at the military specification limit (0.1 weight per-
cent) and NO (up to 1 weight percent) have no effect on solubility.

Higher water concentrations increase the solubility.

PHASE IV: COMPOUND ELIMINATION

Organic coordinating compounds were screened as additives for NQOA, under
the premise that complexing Fe(N03)3'N20h with an organic ligand might
alter its solubility and eliminate flow decay. Based cn tests of
Fe(NOS)j'NQOI’ solubility, N,0, compatibility, and resistance to N0, at
165 F, the following candidates were selected: acetonitrile, perfluoro~
acetonitrile, benzonitrile, perfluorobenzonitrile, ethyl acetate, and
perfluoroacetone. INTO (NOQF in N204) was tested, and converted the
Fe(Noj)j.NQOh to NOQFEFA. A small laboratory flow device was constructed,
in which flow-decay compound could be observed depositing in a glass U-

trap. Acetonitrile added to NQOA dissolved this deposit.

PHASE V: EFFICIENCY OF ELIMINATION

A flow bench wae consiructed for the study of N20h behavior in valves and
orifices under various conditions. Data accumulated in operating the
bench indicate the flow decay is indeed a solubility pheromenon, with
solution, nucleation, and precipitating steps leeding to the buildup of
flow-decay deposits. Organic additives, acetonitrile, benzenitrile,

ethyl acetate, and perfluorobenzonitrile, at 0.25 weight percent

iv




concentration, will eiiminate flow decay. Perfluorobenzonitrile lost its
effectiveness with time, INTO yielded only very small decreases in flow-
rate, and flow decay may never be a real problem with INTO. Hydrolluoric
acid in N20,* (from spent INTO) also appears to eliminate flow decay.




L

&
£

R MRS

.

CONTENTS
Foreword e e e e e e . . r e e e
Abustract e e e 4 s e e e s e e e s
Phase I: Compound Formation . . . . . ., . .,

Phase II: Compound Identification

Phase JII1: Compound Solubility

Phase IV: Compound Elimination

. . . - . . .
. . . . . L] .
. . ® L] . » o

Phase V: Efficiency of ¥Elimwination . . . . . . .

Introductior e e e e e .

Fhase I: Cowpound Formation

Phase II: Compound Identificatiou
Phace III: Compound Sclubility

Phase IV: Coupound Elimination

. . 2 . . - . »

. . © . O € » .

. . . . - .
s » » » ? ° . .
- . - - " . -

Phase V: Efficiency of Elimiration . . . . . . .

Phase I: Compound Formation
Introduction e e e e A
Experimental Procedure . .
Discussion ard Results .

Coazlusions e e e e .

-

»

Phase II: Compeund ldentificstion

Introdaction v e e e s
Discussior and Results . .
Conclusions . . . . .+
Phase III: Compound Soludility
;ntrbduction e e e s
Experimenfal Details e e
Discussion and Results . .
Conclusgions . . . . . .

Phase IV: Compound Elimination

Introduction s e e e s
Fxperigental! . ., . . .
Digcusriony and Results . .

Conclusions . . . . . .

.

. » + ’ . . .
. . . . . . »
. . . . . . .
. . » . . »
. . . . . « » -
. . . . . - -
. » . « . . . .
. . . . . » - .
. . . - . » »
. . . . L) » - .
. . . . . v 2 »
. . . v . ¢ ) »
. . . . . - . S
- . . * 3 .
Ed - L] * ’ » L]
s . » » ».’ » B .
- Ll L4 . * 14 - *
. » [y . * . - .
vii

e
WA

iv

A I N N N L

W\

Eg R8s

P

o I B o
[~V IR BV I ¥




Phege V: Efficiency of Elimination D 1
Introduction Y A ]
Experimental D 4
Diecussion and Results . . . . . . . . . . . . . ..
Conclugions . . . .+ « & ¢ o 4 4 4 4 s a4 e e . ié&

Conclusions B .74

References . . . & o & 4 i 4 s a4 e o s a4 e o + « 131

Appendix A

Aralygis of Iron in NQOQ

Appendix B

Analysis of Iron in NQO

Appendix C

Analysis of Iron in N20

by 4.7 Diphenyl 1,10-Phenanthroline . . 133

y by 1,10-Phenanthroline e e s . s 137

h by Atomic Absorption . . . . . . . 14l

vili

T I s R R




ILLUSTRATIONS

Flow-Decay Deposit ou Needle Valve e e e e e s e
Pvrea Ampoule s e e e e e e e e e e e e e
Dissclution of Iron Powder in Anhydrous,NéDh at 21.6 .-
Dissolution of Iron Powder in Anbydsous NZOA at 30 C .
Dissolution of Iron Oxide Powder in Anhydrous NQOh al, 30 €,
Spectrum cf Cihyl Alcohol Obtained With New Rocketdyne
Techiiique. Second Derivative Recorder Display e s .
Spectrum of Ethyl Alcohol Methylene Group Quartet Mtained
With New Rocketdyne Technique. Second Derivative

Recorder Display e e e e e e e e e e e e e
High-Resolution Spectrum of Ethyl Alcohol Methyiene Groué
OQuartet Run Just Before the Spec®rum of Fig. 7 s0 as ta

Show Compsrisoa of Resolution Obtainable by the Two
Techniques e e e e e e e e e e e e e
Proton 2.m.r. Spectrum oi Single Cryetai

_Fe(N03)3-9ﬁ,_)!‘ at 60 MHz and 25 C . . . . . . . . .
Broad-Line H n.m.r. Spectra at 60 MHz, RF Power 0.5 Watt,
Meodulating Field 1 Gauss at 40 Cycles, FAR Lock-in Amplifier,
Varian DP-60 High Resolution Spectrometer e e e e e
t.p.r, Spectra of a Sipgle Cryétal of Nonahvdrous Iron

Nitrate, Porified F?(NU )S’NOOQ, and Purif,ed Material

3
Which had Been Hefluxed With NQU& Conteaining U.2 Peroeat
H,Uu. Ordinates are 9 to 6620 Gaues e e s e e
e.p.r. Speetrum of N U, Containing 1.5 ppw Fe and 0.1
Percent 1 0. Ordiantes 2re 0 to 000 Gaurs, Truicst~d
Ceatral Dispersion Mode line i Due to NU.. and Asywmetric
ivak vn the Ioft ie Arcribed to Fe Sp?rirg- e e
Mossbayer Spectrum of Solid Syutheric prxnﬁtg-x”uh ‘
“ight Valve From KQ”& Flow Tert Farality e
fufrared Sp¢r1r§m of Flow-Pecay ' mpound s e e e

colubility Apparatue and Sampler . . . . . . . . .

'N“U% Trans{er Apparatus L T T S
g -

ix

30

3

v




18. Valve Needle From Sight Valve N0, Fiow Test Facility . . . 58
19, BSolubility of 1~:o§'e(1~103)1l ip‘NQOA as a Punction of

Temperature . + + &+ o + & o v 4 o s o o 2 o . 91
20. laboratory Flow-Decay Apparatus R T
21. Propellant Eagineering laberatory N,0, Flow Test Facilaty . . 76
22 Flow Decay Behavior . . . . . . . 5 . . . . . . 80
23. Flov Decay With Fiaking Off of Solid Deposit . . . - . . 83
24, Catastrophic Flow Decay P e« s e« e+ . 85
23. Flow Decay Deposits on Valve Needle . . R -1
26. Effect of Pressure aund Differentiai Pressure e . . . . 88
27. Delayed Mucleation Effect . . o . ¢ 4 + 4 . o .- 93

28. Parallel Flov With Identical Valves . . . . o . . . 95
29. Needie Velves U ed During Parallel ¥low Tests .- . ', . . . 96
30, Faraliel ¥low Valve Comparison . . & . e e e e e 98

31. Deposits in Sight Gage Valve . . . . . .. .. . . 100
32. Flow Tests With Valves in Series . . . . . . - . . . 102
33. Flow Decay With 90 F Maximum S-ak Temperature s« s o« o 104
34, Flow Decay With Increasing Exchanger AT e e e e . . . 1006
35%. Flow Decay With Varying Heat ExchangerAT . . . . . . . 108
36. Effect of Heat Exchanger AT e e e e e e e e .. 199
37. =zffect of Heat Exchanger Outlet Temperature e« e« o« . . 110
38. Effect of Acetonitrile e 32
39. FEffect of Benzonitrile B 11
kD), Fffect of Pentafl.crobenzonitrile P & ird
41, Gemini SE-7 Engine e e e e e e e e e e e w120
42, FEffect cf Initial Flowrate in B acs Mode . . . . . . . 122




BRI e TR A G s

ol N

o

O 00~ O

10.

11.

" X-ray Diffraction Powder Pattern of NOFe{NO

TABLES

Dissolution of Iron Powder in Anhydrous 3204 at 50 C
Iron Povder Solubility in Anhydrous Nﬁ”& . .
Disoolutior of Steel in Anhydrous NQO& N
Bizsolution of 1018 Carbon Steel in Anhydrous Néok
at 50 C . . . . L. L L 0.0 ...
Dissolution of Iron Powder in Wet Néoh at 30 .
Effect of Filtering and Heating om Fropeilant N’20Il
3)4 "
Solubility of NOFe(NO.j),‘ im N0, .. L L
Solubility or NOFe(Noj),! in N0, in the Presence of

Nitric Gxide at 25C (77 F) . . . . . . . .

Solubility of NOFe(N03)& in Néoé sr the Presence of

Water at 25C (77 F) . . . . . . .. . . .

Investigations of Compound Eliminstion Ageats

Initial Flow-Decay Conditions .« e . .- . - .
xi/xii

1>

.15

16

BESE 5

W

A




e i ae )

=

RN T N .
N -"k"“?w%%‘?ﬁmm KA gy

 INTRODUCTIOR:

Cften during space engine test programs, flowaeters {doth turbine and
drag-body types) have perforned erratically. In a large uamber of cases,
no apparent explanation for this erratic behkavior could be derived. ?ﬁow#
weters would operate erraticaily, de returned for callbratiob,rnnd tﬁen\he

found to operate saiisfactorily without auy correciive measui'es Or repaira.

o L3
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At tixes, contamjnation was obgserved which would disappear before a labora-

tory examinati... could@ he conducted.

In November 1964, an intensive inveatigation was initiated st Rocketdyme
for the sclutien te this‘problea whick is referred to as "the flow—decay
precess.© The first significant breakthrough was achieved in Merch 1965
when a sight gage valve with a glass port over the needle was observed
an' photographed ander flow-decay cenditions. Tor the first time, a cause
of th~ flow-decay problem presented itself when a solid deposit formed on
the needle (Pig. 1).

5 A company-funded investigation of the flow-decay phenomenon was initiated
: in Murch 1965. The results of this study are reported in Kef., 1.

Chemical anelysis of the flow-decay deposit established that the mato-rial
is an iron nitrate compound solvated witk Néok and has the empirical
formla Fb(Nﬁj)j'xNéﬂk, vhere x may vary from ! tc 9. The material,

. while stable in an Eé04 atmosphere, decomposes quite rapidly on exposure
to air and appears to lose the solvaied N204 on stvading unless it is

maintained in an atmosphere of nook.

h Limited studies were also conducted to determine the effect of operating
parameters on the formation of the deposit (Ref. 1). Flow dzcay was
consistently induced in the facility used to calibrate flowmeters, by

temperature soaking the NéOh at 100 to 115 P and then dropping *he tem—

pereture at the same time flow was estarted.
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The flow-decay material forme as the resull of corrosion of iren elloys

by nitrogen tetroxide. The program conducted under Contract 'A?Ok(611)—11620
was 8 li-month study to define the flow-decay pheanomenon in detail, and to -
determine methods for its elimination. Five areas of study were définéd;‘

a description (wbrkibtatement) of the ovjectives of each area is'prelented'

~ in the following paragraphs.

PHASE I: COMPOUND FORMATION

Investigaticn of the metal compound formation mechanism in Néoqrwne to be
conducted with alloys of ircn, aluminum, and titanium, and the appropriate
oxides of the three metals. The alloys were to be limited to those mate-
rials of comstruction in existing and prototype space systems. The influ-
ence of up to 1 weight percent nitric oxide or water added to N204 was also
to be investigated. The effect of temperature variation was also to be

evaluated.

PEASE IX: COMPOUND IDENTIFICATION

The chemical structures and formmlations of the compounds were to be de-
termined as they exist in solid or liquid form. The compounds were &lso

to be identified as they exist in solution with N204.

PHASE ITI: COMPOUND SOLUBILITY

The compounds identified were to be prepared syntheticully in sufficient
quantities to conduct solubility studies with N204. During the aolubility
studies, the temperature of the N2OA was to be varied from 32 to 100 F

(0 to 37.8 C). In addition, the concentrations of nitric oxide ~nd water

in the Néoh were to be varied from 0 %o 1 percent and from 9.1 teo 1.0 per-

cent, respectively.
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PHASE IV: COMPOUND ELIMINATION

The effects of appropriate chelating agents were to be studied in an ctfort
to render the metal compound soluble in N2Ok over the temperature range
cited in the przceding paragraph. Other methods oi elimination were tc be
investigated only if the chelating approach were not successful.

PHASE V: EFFICIENCY OF ELIMINATION

A bench-scale flow device was to be constructed to test the effectiveuness

of the elimination mechanism. The flow bench was to simulate operational
conditions encountered by the N204.
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PHASE 1: COMPCUND FORMATION

INTRODUCTION

The objective of this task was to determine the mechanism of forwation of

the species involved in the flow-decay process.

The initial approach of the task was to measure the kinetics of the disso-
lution of iron in purified Néou by following the total irom concentration,
ond from this to determine the mechaniem of the diesolution process. It was
determined early in the program that the solubility of irom in purified or
propellant~grade Néoh was much less (~ 1 ppm) than bad been reported pre-
viously \Bef. 1), and that N204 saturates with iron at a relatively rapid
rate. The low solubility prevented measurement of the total iron concen-
tration to better than approximately %25 percent in most experiments. These
problems prevented a detailed study of tne kinetics of formation of the iron-
a containing species in Néoh. However, a study was conducted of the equilib- ‘ux
iron concentration under various conditione, and the results obtained yielded

considerable insight into the mechanism of tire dissolution process.

EXPERIMENTAL PROCEDURE

Aliquot Technique ir Glass/Teflon Apparatus

The apparatus cousisted of a reaction chamber and pipette-condenser unit.
Both of these portions were jacketed to allow individual contreol of their
temperatures. The entire apparatus was cornstructed of glass and Teflon.
Teflon was used for the stopcocks and for the zleeves of the standard

taper joints.

A sample of purified N20& was distilled into a graduated sample bulb from a
glass/Teflon storage container. The bulb wae then attached to the reaction

chamber. A weighed sample of iron powder and a glass-covered magnetic
stirring bar were then placed in the chamber. The system was evacuvated and
thermostatted water was circulated around the reaction chamber (21 C) and

5
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the pipette (0 €). The reaction was initiated by opening the stopcock of
the N,zoz. sampie bulb and allowing the N20,‘ to nntar_ the reaction chamber,
Simultareously, ‘he constant-spued magnetic stirrer and timer vere acti-
vated. At appropriate time intervals, a sample of Néoq was. dravn into
the cooled pipette (being filtered as it passed through fritted glass
within the reaction chamber). The sample was expolled into a flask con-
00y *he solution
was neu ralized with NHAOH and the iron content was determined colori-

metrically {iy,»ndix A), %

Several problems were encountered with thia system, and it was abandoned
in favor of the ampoule technique. The difficulties with this apparatus
were (1) the possibility of *rakigs, (2) excessive contact of the N204
with Teflon, (3) the requir. { capacity of the cooling system, and (%)

mechanical problems with the metuud of temperature control employed.

Ampoule Technique

The sealed ampoule technigue had the advantage of eliminating the possibii-
ity of leakage and contamination, which was particularly important for
long-term experiments. A schematic of a typical ampoule is presented in
Fig. 2 . The ampoules were censiructed of Pyrex, and the fritted ;lass

disk had a pore size of apprbximately 15 microns,

All glassware was cleaned thoroughly with hot HCl, rinsed with 1:1 HCI/
demineralized water, rinsed with demineralize:d water, and dried for 24

hours at 200 C. With the ampoules in the posiiion shown in Fig. 2 , pow-
dered samples were weigiied into the upper comparimente, and a aeries of
approximately 10 ampoules was sealed directly us & sormon vacuum manifold.
The liter storage bulb centaining the purified N2Oh was attach~d to the
manifold with a Teflon-sealsd ‘oint znd valve. The vacuum system was evac—
ucted and then warmed vith a heat gun to complete outgassing. Approximately

10 grams of Néoh were dist: !led into one ampouie at a time while the lower

*The methods employed to determine the total iron concentration are
desoribed in Appendixes A through C.

6
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ampoule compartment was cooled with {NQ. The coolan’ wans then raised above
the sintered disk and the eystem was evacusted through m2 traps. The
supouie wis sealed shut with a torch end removed from the manifold. This
procedure was repeated successively for each ampoule. The lower tube was
varmed to 0 C, and the height of the liquid column was measured to determiue

the quantity of N201‘ in the ampoule, which was previously calibrated.

The ampoule wae then inverted, and the larger diameter compartxent was

cooled in IN2 ty drawv the Nzo,‘ through the fritted disk into contact with

the powder. The ampoules wcre then immersed in a constant-temperature
bath for the required time. At the conclucion of the heating period, they

wvere witbdram, inverted, and the lcwer tip was cooled in Iﬂé tc drav the
liquid through the sintered disk, thereby filteri..g vut the solid powder.
The tube containing the frozen N204 was broken from the ampouls, and its

coutents were hydrolyzed in 40 milliliters of water. The sample vas then

analyzed for total iron.

Materials

Materials used for these dissolution experiments were:
1. Irou Powder. Baker Analyzed Beagent, lot No. 26209 (98.2 percent Fe).

2. Iron Oxide Powder. Beker Analyzed Beagent, lot No. 30245 (99.3 per-
cent F9203).

Steel Alloys. The alloy disks were the same as tuos= used for the

ot

Inhibited Nitrogen Tetroxide Progrsm under Coucract APUL{b1!, -1UD0Y.
The diske were degrear-~d by rimsing with high purity tricbhlero-

ethylene ond dried in & stream of hot, dry air. [~c of (e narbon

steel disie were cleaned and passivated by immersiog .. Ji-rercent
hrdrochloric acid until the surface was clean snd frioe of raust and
scalé. The diske were then rinsed with a 0.02 v/o citric acid _
nolution and immedistely itmmerscd iu a passivsting 2c ui vt con-
2 teining C.3 /o sudium hydroxide, 0.5 v/o sodius sitrais 0.25 v/o
wanosod 1um phasphate, and 0.5 v/o disodium phospimts, After 30

miputes »t room tomperature, the disks were remeved (rom thie

@&-}"“w‘f"ﬁ”‘\ B e g

solution and dried vith a stresm of hot, dry air.
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k. Nitrogen Tetroxide. The removal of vater and coluble iron from
!5’20" vas accomplished by frectionsl distillation through & 30-section
bubble plate column (removal ratic: 20:1). Water vas removed by
the addition of phosphorous pentoxide prior to the distillatiom.
The gaseous “2011 was in contact with the atmesphere through a
calcivm eulfete drying tube, thus preventing any subsequent com-

tanination hy water. Teflon sleeves were used at all ground-glass
counections. »

Addition of Water to Néck

A Pyrex storage bulb fitted Vifh a Teflon stopcock was cleaned with hot
concentrates nydrochloric acid and rinsed with demiperalized watér. After
dryin"at 200 C for 2 days, a weasured quantity of demineralized water was
added to the bulb by means of a micreliter syringe. Anbydrous Nzok was
distilled into the bulb after freezing the water with liquid nitrogen.

The weight of Néok was determined by weight difference. Upon warming the
frozen mixture, a visually homogeneous greeu solution was obtained. This
liquid was transferred by meaas of gravity into ampoules vhich were clean,
dry, and evacuated. The NQOA wvas then frozcl in the smpoule and sealed

under vacuum.

DISC SSIUN AND RESULTS

Initial exroriments were conducted with anhydrous iron-free NQO

\ {< 0,1

ppe: Fe and < 0.01 ppm water, dy n.m.r. analysis),

Diesoiution of lron Powder

Au experiment wer conducted ot 21 C in & glass/Teflon reactiun cell uding
the sliquot technique that vas described in detril ir the Experimental Pro-

" codure Section. Five grams of iron powder and 1i3 grems of snhydrous
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iroo~{ree Néoa were stirred continually with » glass—coated msgnetic

stirrer. One-milliliter aliguote of 320& were withdrawn tbrough a sin-

tered glass filter at 0.5, 6, 96, and 240 houre, respectively, snd were

anslyzed for total irom {Appendix A). The results obtained are preacnted

in Fig. 3. The total concentration of iron in the Iéo increased to
approximately 1.5 ppm within a period ¢f a few bours and then rena:n‘d

nearly constant,

A mmber of difficulties were encountered with the glass/Teflon apparatus
including {1) the possibility of leakage, {2) problems with temperature
control, and (3) ipabiliiy to use higher reaction temperatvres (excessive
vapor pressure). However, ihere is no basis for rejecting the experimentai
results reported in Fig. 3. To circumvent the preceding probleme, the
smpoule technique, described in detail ia the Experimental Procedure Section
was adopted,

Samples of iron powder and N,0, were sealed in vne end of un ampoule which

contained a fritted glass d1ikkat the center. 1la this pfoce&ure thare
was no agitation of the sample. At the cqncluai&n cof each experiment, the
Nzo“ was filtered through the disk to separate it from tke iron powder,
hydrolyzed with water, and analyzed for total iron. Uving this technique,
each ampoale provided one datun point.

-

T«o series of experiments were conducied at 30 C in whkick 0.5 gram of ivon
puowder was placed in contact Qith 10 grams of anhydrous iron-free H20k in
each ampoule. The results are shuwn inm Fig. & (Series I and il). Tbe snme
tiend appesred as ‘n the preceding experiment, i.e., 2 ragid increascs in
tae total cvomcentiration of soluble irom to a relatively consteni vulve.
Howcver, the fiuval iron concentrations were lower {approximately 0.5 and
1.0 ppm, respectively) than in the similar experiment iz the glasa/Teflon
apparatus, nod the presumably identical series of experiments ahown in

Fig. 4 did not yivld the came final irou concentration.

10
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A series of experiments was then conducted in which only 0.1 gram of irom
povder vas exposed to the 10 grams of Ny¢,. The remults, shown in Fig. &
(Series II1), indicated that a reduction of the availadle surface area of
the iron powder by a factor of five did not affeci the final concentration
of scluble iron when compared with the Series II experinents,>or diminished
it by only a factor of two if compared to the Series X experiuents (Pig.%).
The method of analjsis us:c to obtain all of the irou concentrations A

reported in Fig. 4 is presented in Appendix B.

A series of experiments wvas aiso conducted at 50 C in which 0.5-gram
samples of iron powder were each exposed to 9 grama of anhyarous N204'in
sealed ampoules. The hydrolyzed Néok solutiona were analyzed directly for
iron both by atomic absorption spec*roscopy (Appendix C) and hy the cel-
orimetric 1,l10-phenanthroline method (Appendix B) In additioum, afonic
absorption analyses were performed after the sample had been analyzed by the
colorimet<ic technique. The results obtained are presented in Table 1.
The reproducibility of thie series of experiments wss within the expected
accuracy of tke analytical metbods, i.e., *0.2 ppm. Comparison of these
results with those obtained at 30 C does not indicate auy marked effect

of temperature cn the solubility of_iron powder in anhydrous Néoh.

TABLE 1

' DISSCLUTICN OF IRON POWDER IN ANAYOROUS Néok AT 50 c

Soluble Iron, ppm

Contact] Atomic Absorption Atomic Absorption
Time, Before Colori- After Celori-
hours wsetric Analysesa - Colorimetric metric Analysis
0 D . <o0.1 -

51 0.6 0.4 6.3

k] 0.3 0.1 0.1

70 0.2 | 0.1 0.1

70 0.5 0.6 0.6

I3




In all of the experiments cunducted with iron powder, the concentration : --{
i of soluble iron leveled off with time. This behevior is compatible with

geveral mechanisms:
: 1. Ap isparity or surface coating which is readily aoluble in ' - ifJ

Xy0, iz present initially in the wetal powdex, and the rate

of dissolution of the metal itself ims very slow.

2, The metal dissolves rapidiy until a passive film is formed.

3. The iron species formeé reaches a solubility limit in Néoh. ' )
Mechanisms 1 and 2 would exhibit a proportionate decrease of the final
concentration of iron as the size (total surface) of the iron sample
was decreased. Hovever, because this effect of sample size was not
observaed, it is probable *hat Mechaaiam 3 is actually operative in this

3 reaction.

To establish the mechanism more firmly, an invesiigaticn was conducted of

the poasible formatior of a passive film by successively expesing a single
sawple of iron pewder to fresh portions of anhydrevua iren-frec NéOk. These
experiments were conducted with a reaction cell tkat was identical to those

used for the sealed aupoule experiments, with the efception that a Fischer~
Porier Teflon metering valve was attached to the end opposite the iron
sample. The results obtained with a single 0.5-gram sample of iron powder

and successive 1l0-gram gortions of Néﬂk are presented in Table Z.

These results show conclusively that the low solubility of irem powdexr in
ankydrous Néok cannot be atiributed to the formation of a passive film,
Combined with the previous data, they confirm the existence of a soln-
bility limit which ir thus experiment was 0.7 40,2 ppm. The change

in the solubility limi¢ from expurimend to experiment may have resulted
from the presence of some unmeasured aﬁecies, such a5 NOCl, the concen-
tration of which varied in the Néok used for eath arriea of experiments.
The previous ohservation that the solubility is not app-eciably affected

by temperature is also subsiantiated.

14
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TABLE 2

IRON POWDER SOLUBILITY* IN ANHYDROUS NéOh

Contact Time, hours Temperature, C | Soluble Iron, ppm
18.5 30 0.7
7.5 30 0.7
17.0 30 0.9
72,0 30 0.9
167.0 30 0.9
22,0 30 0.8
24,0 30 0.8
4.0 30 0.7
102,5 30 0.7
7.0 50 0.5
66.0 50 0.7
k.5 50 0.5

#Determined by contacting an iron powder sample with successive portic
of anhydrous Néok

Dissolution of Iron Alloys

The rate of dissclution of steel disks in anhydrous Néoh vas measured
using a modification of the sealed ampoule technique. The disks were
1/16 inch thick and 3/8 inch in diameter and weighed approximately

2.3 grams. Each disk was degreased with trichlorcethylene and sealed in
an ampoule containing 11 .c 1% grams of purified Ny0,. Because the disks
could be readily removed from the Néoh, a fritted glass filter was not
incorporated into these ampoules. The results press:nted in Table 3 were

obtained at 30 C utilizing the analysis method described in Appendix B.

15




TABLE 3 .

‘; DISSOLUTION OF STEEL IN ANHYDROUS N201£ .
:
g Sample Contact Time, weeks folrble Iron, ppm
% None - <01
P 304 Stainless Steel 1 c.3
E 304 Steinless Steel 2 1.2
: 304 Stainless Steel 3 0.6
&
‘ 316 Stainless Steel 1 0.3
1018 Carbon Steel 1 2,7
g" A second set of experiments was vonducted to determine if the high solu-
% bility of 1018 carbon steel in N&Oq (Table 3) was reproducible. Ampoules
% of the same type used in the repetitive washing zxperiments (containing
5 a fritted glass filter) were used in tais case. Two disks were degreased L]
& vith trichloroethylene and the other two were cleaned and passivated by a
% tank passivation procedure recommended for this material (Jescribed in the .
'? Experimental Procedure Section). The disks were heated at 50 C for 265 hours
% in 20 to 25 grams of anhydrous Nzi'\,. The results (employing atomic absorption
i *
g’ analysis) are presented in Table 4.
TABLE 4
‘. NI55¢IUTION CF 1018 CARBON STEEL IN ANHYDROUS Néob AT 50 C
[ rinal Condition of Disk
b4 Pretreatment of Disks | Soluble Iron, ppm Surface
Cleaned sad psassivated 0.6 Tarnished
Cleaned and passivaied 0.7 Tarnished
>Degreased 0.6 Bright
Degreased 0.6 L Bright |
SRR . - -




The discrepancy between that results and that presented in Table 3 is
most likely caused by the absence of a fritted glaas filter during the _ -
earlier experiment, which may have permitted small particles from the A
surface to remain in the_NéOh. The results in Table 4 further support

the existence of a solubility limit.

Dissolution of Iron Oxide Powder

The solubility and rate of dissolution of ferric oxide was studied because
of the possibility of the presence of an initial oxide coating, or the forma-
tion of suck a coating during the exposure of iron-containing alloys to
Ngoh. A series of ampoule experiments was conducted in which 0,05 gram

of Fe203 powder was placed in 10 grams of anhyirous Néoh at 30 C and then
filtered out before analysis (Appendix B). The ~esults are presented in
Fig.5. These data suggest that the concentration of soluble iron increases
to a maximum and then decreases with time. However, because of the uncer-
tainty of the chemical analysis (0.2 ppm), the concentrations are equal

within the experimental limits (i.e., 0.3 %0.2 ppm).

Addition of Water

The effect of the addition of 0.9 w/o water to the quh on the rate of
gsolution of iron powder was investigated at 30 C using the sealed ampoule
technique. The results obtained from nine ampoules (0.5 gram iron/8 grams

N,0,) are presented in Table5 (Aualysis Method in Appendix C).

A comparison of these results with those obtained with anhydrous Néoh
indicated that the rate of solution and the s2olubility limi* were both
increased in wet Néoq. During the la~t two experiments of the series,
however, the iron powder was observed to he wetted with a viscous yellow
liquid at the end of the experiment. In the case of the 354-hour experi-

ment, the yellow liquid was observed to transfer across the glasa frit

17
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with the N204. This second liquid phase was observed only during the two

longer experiments with wet I&O . An aqueous phase could arise by the
adsorption of water on the mwetal surface (or metal nitrate l'__urface') in
the form of concentrated nitric acid and would thua poueuvz’a very high
concentratior of ferric nitrate. Therefore, the iron concentrations
listed in Table 5 way include iron vhich passed through the frit im the

aqueous phase. This would sxplain the apparently high concentrations of
iron after 188 and 354 hours.

TABL® 5

DISSOLUTION OF IRON POWDER IN WET (Q.9 W/0 WATER) Ngok AT 30 C

Contagltlr’gime, Soluble Iron, ppm

0 0.01 0,06 (in duplicate)
0.1 0.7 1.4 (in duplicate)
0.5 1.0 ..0 (in duplicate)
2.0 1.8 2.0 (in duplicate)
19.0 1.8

188.0 b, 5%

354.0 6.7%

*¥Second phase obgserved

Effect of Filtering and Heating on Iron Content
of Propellant Grade NZOI‘

To further explore possible effects of temperature soaking, two samples
of propellant grade N2Ol. previously analyzed as containing 1.6 to 1.9 ppm
soluble iron (Appendizes B and C)] were filtered through a glass frit

(10 to 15 microns) and heated at 50 C in sealed ampdules for 25 hours.
Upon hydrolysis and analysis (Appendix C), the mamples were fousd to
contain 0.0 and 1.0 ppm iron, respectively. A series of experiments was

then conducted to distinguish the possible elfects of filtrition and

19
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temperature on the amount of soluble iron. A portion ¢f the same propel-
lant grade N,0, was filtered through a glaes frit (10 to 15 microne) and
separated into five 7-gram fractions each of which was sealed in a glanc

smpoule, 8ix cther 7-gram semplea of unfiltered N2OA also were aealed in
ampoules. Three ampoules of each set were maintained at room temperature
for 72 hoars while the remaipder were heated to 50 C fer 72 hours. The
residue on the frit was dissolved in hydrochloric acid and apalyzed for
iron. The results are presented in Table 6,

TABIE 6

EFFECT OF FILTERING AND HEAT.n(i ON I'ROPELLANT N,0

{ (Test Period; 72 Hours) 2%
g Filtered Temperature, C | Soluble Iron, ppw
~ Mo 21 1.6
No 21 0.7
: No 21 1.2 .
E No 50 1,3
No 50 1.6 q
No 50 1,6
z Yes 21 1.7
g Yes 21 . 1.8
Yes 21 1,7
Yes 50 2.1
Yes 50 | 2.5

Note: Residue on frit: 115 wmicrograms/42 grams N0,

; No significant differences in irea cencentration were ebssrved among thoi

] sa-pleu wkick had received the various treauments. These rasults indicate

that the filtoring tqéhniqua employed removes only the lﬂrge iron-

containing particles which cccasisnally exit from the container with the

propellant grade Ny0,, and thet heating does uot reduce the concentration : *
of soluble iroe. No explanstion is appérent for the loss of iron during

the fiis? two experiments reported in this e2ction. .

20
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CONCLUS IONS

The amount of iron which can be dissolved in anhydrous NQO,‘ from iron
povder, iron oxide powder, or steel alloys at %0 or 50 C is 0.5 tc¢ 1.5
rpm. The iron concentratior is appareutly limited by the solubility of
the iren cewpound(s) which forme in N,0,; o rompletely inidlub)e passive
film does not forw on the iron surface. The acdition of 0.9 w/o water
to the Nzo& miy increase the iron solubility limit and a second liquid

pbase is formed after prolonged contact of the "wet" N20& with iron powder.

A sample of propellant-grade Néoh which had been stored in = suall pteel
laboratory container for more than 1 year was repeatedly found to contain
approximately 1.5 ppm solable iron. Filtering and heating of this
propellant-grade Nzok, under che limited conditions employed in this

study, Jid not affect the concentration of solvble iron.

The results obtained in this task, combined with those reporied in
Phage III from the solubility studies of synthetically prepared NbOL-
solvated iron nitrate, indicate that the flow-decay deposit wust result

from an iron species which is present ir Néoh at lov concentrations.
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PHASE II: COMPOUND IDENTIFICATION

INTRODUCTION

The objc-tive of this task was to determine the structure of species
involved in the flow-decay process, The various techniques available

" were evaluated and five approaches were inveatigated, Model compounds
and "syﬁthetic flov-decay material” {synthesized under Phase III of this
program) were studied with the goal of developing methods to determine
the structure of the iron-containing species that con exist im Nzok, and
tha structure of the a~tual flow-decay deposit when it became available

again,

The n.m.r, spectrum of solid F'e(N’Dj)}'N2OII waa inveastigated first. The
primary difficulty with this approach was thut single crystal sauples
were not available, le n.m.r, requires a single crystal because of the
large crystallite-angle-dependent splitting of the le resonance; in a
powder, this resalts in too broad a spectrum. Therefore, the approach
attempted was detection of resonances of le which has a natural abondance
of only 0.365 percent. le has spin 1/2 and no quadrupole broadening re-

sulting in n.m.r. spectra with very low signal-to-noise ratios.

The second uapproach was the construction of a nuclear quadrupole rer-nance
(n.q.r.) spectrometer for detection of Nlé quadrupole resonance freguencies,
Because pure quadrupole resonance spectrometry is accbmplished in the
absence ¢ a magnetic field, the Nlh spectrum {which is normeily too
broadened for pewdered samples because of randcm orientation of eclectric
field gradients} would be reso)vable, and various kinds of nitrogen tould
be ide:tified. This approach had the potential of alloving obrervation

of separate resonances for NO. , N62+, N0+, N20§, and Nni groups, bet 7
cons.derable further effort probabiy would have beea required. The inctru-
ment was nearly compleied, but the spectrs of F%(ﬁﬂ})s‘N20; ssmples wre

not taken because of & ahift uf empbasis in the program.
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Tite third approsch was an initial study to determine the effect of water

on the iron species formed in NQOA' Military specification NéOh may contain

up to 0,1 percent water, and it is important to esiablish whether tnis
vater could enter into the coordination sphere 5f irom in the iron nitrate
species, To this end, broad-line Hl n.,m.r. studies were made to determine:
(1) if water is indeed incorporaied into dry Fe(Noj)j'N204on exposure

to "wet" N_0,, and (2) the actual state of this water, i.e,, whether it

274

exists in the crystals as -0H, HNO,, or H20.

3
Tae fourth approwch was to investigate the possibilities of using e.p.r.
spec.rometry to determine structural parameters of both solid and dissolved
iron nitrate. The firnal appcroach 9f this pbase was thet of using Mossbauer
spectrome“ry to determine the structure of the solid compounds of initerest.
(The use of infrareé spectrophotometry and X-ray diffraction for compound

identification is reported under Phase III.)

When it was found, in other tasks of the program, that icon cempounds had
only a very low solubility in NQOQ, it becrme apparent that none of the
vechniques investigated, except possibly e.p.r., was sufficiently sensitive
to determinc the structure of the iron species as they exist ir solution

in NéOh. It was found, also, that the «.p.r. method was not suitable be-
cause the resonance fer ferric iron ?s apparentiv maskea by the N02 resog—
ance at approximately the same g value. 4s for identification cof the
actual flow-decay compound, none of the techniques investigated were

developed to the woint where they would be suitable without further work.

DISCUSSION AND RESULTS

Niirogen 15 Resonance Studias

15

The lerge chemical shifts of N~ resonapcee (iarge emough that the first
obaervation of the chemical shif{ phenorsnon w:s mede on the twe nitrogen

isotopes 3. IH“NOG) make attractive .he possibility of determining tae
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atractura! components of iron nitrates by rosuing a spectrum at the N
resorance freauency. Although le is the more abunudaat isctope,

the large electric quadrupole splittings result in toe broad an n.m.r.
spectrum of a powder sampie (thousandsof gauss), whereas N (s = 1/2)
has no quadrupole moreni and does not broaden the spectral featiures.

Thus, a potentially usefu1~spectruﬁ can be obtained from Nlb.

13

The C13 resonance was observed in compounds containing C in natural

abundance. In this case, a Varian hightresolution RF unit and a Varian
lock-in amplifier were used. Based on this experience, a study of H‘1
vesonance was initiated. Because a high-resolution BF unit was not avail-
able for the N15 frequency, a variab. “-equency Varian RF unit was em~
ployed, together with a Princeton ﬁppl;eq»ﬁeéearch lock--in amplifier (PAR),
The latter nas approximately 10 times ihc ;énsitivity ¢f the Varian lock-
in amplifier. No 1esonances were observed even in a single cryatal of ‘
NaNOJ (which contained N15 in natural abundance). It was concluded, tb~re-
fore, that the variable-frequency Varian RF unit had a much lower sensi-
tivity than the high-resolution unit, which could not be compeasated for
by the very high sensitivity of the PAR. It was believed, however, tha
because of the expected narrow N15 lines, the problem would nat be solv.
entirely by changing the RF unit, and that a higher sensitivity was nec
sary. Conversion of the variable RF unit to a high~resolution unit was
initiated, and a new technigue was developed to increase the semsitivity
of parrow n.m.r. lines. At the same time, considerable enhancement of

resolution was achieved.

It is believed that narrow N15 lines will result from some of the nitrogen
species in.Fe(N03)3'N204because they are largely surrounded by oxygen
atoms which have no magnetic moment and, therefore, give no nuclear mag-
netic dipolar broadening of the adjacent N15. Under these comditions,
there are very long relaxstion times, It is well known that long relaxa-
tion times are best controlled by lock-in amplifier techniques; huwever,
when an n.m.r. line is sharp, existing high-frequency lock-in amplifier

methods do not give high sensitivity,

25
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The basis of the new technijue is that an n.m.r. sigual will have moximum
intensity when the vidth of the modulating magnetic fieid ﬁsed for iock-
in awplifier detection is comparable to the aatural n.a.r. line width,

To test the sensitivity of the PAR, whith ceu operate as low as 1.5 Hz,
and remain compatible with any comceivable le line width (whether in

solution 9¢ in a solid), the following study wes cinducted on the .
- spectrum of ethyl alcchol at 60 MHz.

With the Varian high-resolution RP unit operatirg at 60 MHz, the magmetic
field homogeneity ceils were adjusted by running witk ragular high resolu-
tion so that the &djusiments could be wmade nn the oscilloscope (=uch
adjustment caunot be made while using the lock-in emplifier beceuse the
spectral line is not displayed on the oscilloscope). The cutput of the

RP receiver was then connected to the PAR through the recorder outlet

’ - LA YR s
Uit s o (AR R N N e 3 I TN WV I

with the recorder ievel met at 1200, Tkis connection was necessary to

optimize the impedance match of the BF receiver output circuit to that

of the PAR input circuit. The internal sinusoidal valtage of the PAR

was connected to the Varian probe Helmholtz cuils through a 600-ohm series B
resistor, with the refererce attenuvator and veruier of the PAR set at

maximua resistance, This was done to achieve & modulating magnetic fieid -
widih slightly less than the frequency of the modulating field used for

detection (PAR set at minimum of 1.5 Hz). The sensitivity of the PAR was

set ut 20 miliivolts, the phase at 0, the tim: constant 300 seconds at 12

decibels, and Q=25, The RF power level was down 70 decibels from 0.25

watt. The receiver gain was set at positior 5, and the RF phase detector

frequency response in the 4 pnsition.

Using the above technigue, tbe following specira were obtaiuved, The

entire ethyl alcohol spectrum is shown in Fig, = . This spectrum s iden-

tical in resolution to that obtained on a Varian A-60 spectrometsr, The

spectrum is the second derivative of the absorpticn wode, which accouut*s

for the deep wings on each side of a spectral line. These wings cause

the progressive deepening of the apparent base line toward the middle -

of a multiplet,
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Figure 6. Spectrum of Ethyl Alcohol Obtained With New
Rocketdyne Technique. Second Derivative
Recorder Display




The spectrum of the ethyl alcohol ¢uartét is presented in Fig, 7 , employing
a slower passage than for the complete spectrum (Fig. 6 ). Immediately
orior to ranning the spectrum cf the quartet shown in Fig, 7 , an ordinary
high resolution spectrum was run (Fig. 8 ). It is evident that the PAR
method effects cemsiderable enmhancement in splitting of the individual
lines of the gqnartet irto their fine structure components, Comparing

Fig 7 and 8 , it is seen that the method yields & “_.cer resolution than
the ordinary high-resolution technique., An additional advantage of the
new RocketCyne method is that line voltage surges and other instabilities
caused by opening of labcratory doors (with attendent pressure change
effect on electronic components) can be damped with the larger .atput

time constants available through use ¢f the PAR, ‘The high-resoluticn
spectrum displayed in Fig. 8 is the best one selectad from approximately
15 successively run spectra, However, the spectrum in Fig, 7 was obteinzd

repestedly without noise spikes and distortions,

In addition to eliminating noise-generated spectral distortions, the PAR
method has another advantage. As summarized by Challice and Clark (Ref, 2 ),
there is considerable literature dealing with the subject of resolution
enhancement of spectra by means of second derivative recording. Resolu-
tion is easily doubled, while an isolated doublet which visually shows

no splitting can be mathematically resolved into two spectral lines by
comparing a function of the ratio of central peak height to wing depth

of the second derivative-displayed spectrum. This procedure gives approx-
imately a factor of eight in improved resolution over that obtaired from

the direct absorptisn mede dispiay.

This is the first time that the use of broad-line technigues has been
applied to the ebservation of high-resolution spectra. Thus, the differ-

ence between the two techniques has been reduced to a semantic one.

Sensitivity enhancement cen he achieved Ly using a low-frequency lock-~in
smplifier such as the PAR, Improvement in signal-to-noise ratio by a
factor of approximately 350 over that available with ordinary high-

resolution ahsorption mode display is easily achieved, However, the
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spectrum must Le run much slower than those reported here; it would take
24 hours to optimize the PAR spectrum, but considering the number of high-
resolution scans {approximately 15 minutes per scan) required for a
computer-averaging technique to duplicate such an enhs.icement, i.e.,

350 squared = 120,000, it would take approximately 3-1/2 years. Further
le resonance studies related to the identification of the flow-decay

species are recommended.

Broad-Line H' n.m.r. Fe(NO,),'N,0, Studies

5)3°

The available data on the structure of the flow-decay material indicate
that it is an N204 solvated iron nitrate, However, because of the normal
presence of small amounts of water in the propellant, and the extremely
strong coordinating reaction between water and iron nitrate, (Ref. 3
through 8 ) it was believed important to consider the posibility of

partial hydration ¢f the solvated iron nitrate.

Accordingly, a nuclear magnetic resonance H1 study was conducted, There

was some doubt that protons could be dctected wher close to the paramagnetic

iron, To ascertain whether the protons cculd be detected by n.m,r.
technigues in hydrated paramagnetic iron compounds, a sample of

Fe(N03)3
sisted of three lines, each of 25-gauss half-widths, for the particular

+ 9H,0 was studied. The proton spectrum in Fig. 9 , which con-

crystal orientation employed, showed that the brotons in the water of
hydraticn could be seen. The spectrum was obtained using a Varian
Associates high-resolution 60 MHz radio frequency unit coupled with a
lock-in amplifier. A h-gauss-width modulating field was employed with
0.5-watt radio-frequency power, The field sweep was the fastest -ate of
the magnet fiux stabilizer. The multiplicity of the specfrum ruled out
the possibility that saturated solution trapped in crystal cavities was

responsible for the signals, because such a solution would yield a single

broad line,

T R .
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Thé broad-line H! n.m.r. technique was improved further and used (1) ir
an attempt to determine the prepence ¢f water in synthetic 'b(N03)3;Né°4
vhich had been refiuxed in "wet" Ny0,, and (2) to ascertain the ctructure
of the solid formed. These studies were made using a modulating field

of 1 gauss at 40 cycles, and a PAR lock-in anplifier. The BF receiver
output to the lock-in amplifier was comnected to the high-resoluiion
recorder output so It would watch the impedance with that of the lock-in
amplifier better than cen be done with the regular Varian cathode follower

output used for the Verian output-control unit.

Figure 10 shows the specira of the empty uauple'tube, a single crystal
of iron nitrate nonahydrate, and 0.5 gram of synthesized anhydr~ue iron
nitrate (solvated with Néoh) which had been refluxed for 48 hours with
30 milliliters of N204 containing 0.2 peicent added HéO. Comparison of
the spectrum of the refluxed sample with that of the empty tube (by sub-
tracting the background signal algebraicelly) shows a signal in the sawe
position as is seen for the (much larger) sample of known irom nitrate
hydrate, and roughly in proportion to the kmown weights of the samples,
On the basis ¢f these spectra alone, it is possible to detéfnine only
that water is present in some amount but not how meny water molecules
are present per iron molecule, Reference to the e.p.r. studies in this
report confirm that a change occurs cn refluxing the synthesised anhydrous

irom nitrate in wet Nzokg

e.p.r. Studies of Iron Nitrates

Solids. To investigate the possibilities of using e.p.r. techniques to
determine structural parameters of the iron nitrate compound which causes
flow stoppage in valves, four samples of iron nitrate were studied. All
spectra vere run at room temperature ~ith a 9.5 x 109 He spectrometer on

samples contained ia 5-millimeter 0D Pyrax tubes.
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splaywl ar2 Epocizi oJ () an
empty sample tube (protons in
probe wire caamel and epoxy glue
are giving the signal), (2) a single
crystal of iron nitrate nonahyadrate
and (3) » sample of 0.5 gram
uahydrous iron nitrate which had
been refluxed with 50 millilitera
of Na04 containing 0.2 percent
aaded H20. (Dashed lines indicate
base lne)

'Fa(NOg)y- 9420

Empty Tube

V

Figure 10. Brosd--l}%ne Kl a.e.r. Spectfa at 60 Miy, RF Powver 0.5 Watt '
Modulatiag Field | Gauss st 40 Cycles, PAR Lock-in Amplifier,
Varian DP-60 High Resolution Spectrometer ‘
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The spectrum of a pample of Fe(No ) '3120 is shown in Fig, 11 . The
ssmple was a large, slngle crystal It is expected that if a pawdered
semple were pindied, the spectral structure at the higher fields wouid

be broadened to correspond more closely in appearance te the spectra of
the refluxed and purified samples displayed below it, The spectrum of

a sample of Fe(NOS)j'N2 ,» Vhich had been purified (in Phase IIT) by pre-
cipitation of crude Fe(NO )3 40, dissolved in ethyl acetate by the ‘
addition of dry Néok, is shown in the same ;llustratxon. For comparison,
the spectrum of the same material is shown after a 0,5-gram sample had
been refluxed with & 30-milliliter samvnle cf N20& containing 0.2 percent
H20. It is clear that the treatment * .ch wet N20‘l caused stroctnral
changes, This evidence is compatilbie with the hypothesis that Pb(N°;)3'N2°a

powder in equilibrium with wet N20k contains some water of hydration.

Soluticn, The e.p.r., spectrum of propellant-grade N_O, containing

274
1.5 ppm Fe and 0,1 percent HQO is chown ian Fig. 12 . The sample was

taken from a carbon steel cylinder in which the Néoh had been stored for
several months, The large truncatcd central dispersion mode line is
caused by NO, (Ref. 9 ), but the source of the asymmetric peik sa the
left of the spectrum is uaknown, Although normally ceordinated ferric
iron would be expected to be under the large NUQ pesk 81 g = 2, 1t was
hoped that ths smaller peak wouid be thzi ot some iron-comtaining species

of intereat tc the current program

The Spetirum of distilled iron-free N20£ was found to be the same as that
of Fig. 12, indicating that the coserved pea’ ~“=¢ not caused by iom
species, Th- -maller peak apparently results trom some i1mpurity in the
V20b wvhich is not removed during distil)l. ,un. Thia ssal peak at g = 3.?
is not the expected position for NO (Ref. 10 ), and addition of N0 to sa

N23A sample did rot increase the magnitude of this pesk,




¥

Fe(NO,),,- 9H,0

33

e
)
P
-
W
2
%

— ] \/\N/

B et T S R R L R

Refluxed sample

/
_J

N \\“ / .
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Figure 11, e.p.r. Spect. .f a Siagle Cryztel of Nona”nydrcus/!ran
Nitrate, Purified Fe(NGg)f'NfOA. and Purifi:d Material

Which had Been BRefiuxed wi . N,0, Contai-ing 0.2 Percent
HQO. Ordinates are 0 to 6000 jauss
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Figure 12.

i

-

e.p.r. Spectrum of N0, Containing 1.5 ppm Fe and
U.1 Percent Hg0. Ordinates are O to 6000 Gauss.
Truncated Central Diuspersion Mode line is Due to

NOg, and the Asymmetric Peak on the left is Also

Fonnd in Fe-Free N2Gh
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Mossbauer Spectroscopy : : . ; -~

A Mossbauer spectrunm was tsken of the anhydrous synthetic Fe(N03)3‘N§O&-,i
{prepared in Phase III) to characterize this wmaterial more fully and to R
determine if- this technique would be useful in determining the structare B
of the actual flowudec;y material, The spectrum (Fig. 13 ) was obtained

7

using a gingle line Co”' in Cu source at room temperature and & room-
temperature sample, The sample was carefully handled and stored in an

inert Né atmosphere while preparing the absorber and during the experiment.
The isomer shift observed in Fig. 13 is ~0.25 mm/sec. The broad line

width is probably caused by a fairly long spin-spin relaxation time,

The absence of a sizable quadrupcle sp.itting in Fig. 13 suggests that

the iron site (or sites) has essentially undistorted octaledral or tetrshedral

symmetr”, If more than one site exists, the iites must be quite similar.

The spectrum obzerved for Fe(N03)3-N204 is quite diff.rent frow that
of Fe(NO3)3'9 H,0, which has a shift ~ 0.1 mn/sec less than the

Fe(NOB)j-N2O& and has a line width approximately twice as troad. The )
spectrum does not resemble spectra of the simple iron oxides, at least

in bulk form, .

If sufficient quantities f the actual flow-decay material can be obtained,
a Mosshauer analysis would indicate if it has the same symmetiry around the

iron site(s) as does the synthetic'Fe(Noj) 'Ny0,. If it were found to

3

be unsymmetrical, further evidence rould be obtained regarding the nature

of the species bound to the iron atoms,

CONCLUSIONS

The le n.m.r. spectrum of solid Fe(Noj)j-NQOQis too broad to be useful,
unless a sipgle crystal o! the maierial is available, The le n.B,r,
spectrum may give useful :nformation on the structure of the flow-decay

solid material, Techniques have been partially develryped that will
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probably permit the sensitivity of the 815 n.m.r, technique to be increased
vn the point wherce the natural abundance of N15 in the solid becomes
observable, The n.q.r. spectrum of Nlh may permit the various kinds of
nitrogen-cuntainiﬁg groups to be identified in solide, Considerable addi-
tional effort would be regrired to ir~rease the signal-to-noise ratio of
the broad-line Hl n.m.r, spectrum of iron nitrates to a useful lev2l for
detailed structural studies of water-containiag iron nitrates. The tech-
nique of e.p.r. spectroscopy is apparently esensitive enough for structure
studies of iron nitrate species even in dilute solution., Unfortunately,
the iron rescnance is masked by the N()2 resonance in N204, precluding the
use of e,p.r. in these studies. Mossbauer spectrometry has shown that the
iron site(s) in synthetic anhydrous Fe(NOs)z'N204 hus essentially undistorted
octahedral or tetrahedral symmetry, and that ull of the iron sites are
gquite similar, This technique is capable of determining if the iron atoms
in the actual flow-decay material exist in environments siﬁilar to those

in the synthetic flow-decay material,
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PHASE III: COMPOUND SOLUBILITY

INTRODUCTION

The objectives as outlined in the statement of work have been successfully
met. A compound of the composition Fe(NO,)S.N204 [structurally: NGFG(NO3)4]
wes shown to be identical with the flow~decay devosit isolated

at the USEFF facility (Ref. 1) and wes successfully prepared and purified

in gufficient quantities to meet the needs of all of the phases of the
program, When, subsequently, the actual flow-decay material (£1ow bench,
Phase V) was isolated, it was possible to establish wnequivocally the
identity of this synthetic material [NOF.(N03) 11] with the actual flow-

decay compound. Infrared and X-ray spectroscopy have clearly established
this identity.

When sufficient quantities of the iron nitrate had been prepared, solu-

bility studies with N204 were conducted in freshly distilled, anhydrous,

o0y, over the temperature range 0 to 37.8 C (32 to 100 F).
Solubility studies of the iron nitrate in N204 in the presence of small
concentrations of nitric oxide (0 te 1 w/o) and water (0.1 and 0.5 w/o}

were also conducted. Significant data have been obtained which tend to

iron~free N

refute earlier projections that the solubility of iron apecies in N204

were much higher than Lave actually been found.

EXPERIMENTAL DETAILS

Preparation of (N0+),[FG(N01)4]f

Nitrogen tetroxide (>300 millimoles) waa condensed in one bulb of a two-
bulb reactor equipped with Fischer-Porter needle vaives. Iron pentacar-
bonyl (9.2 miliimoles) which had been purified by fractional condensation
was then condeamed inca the second bulb, H 0 wag added slowly to the
Fe(CO) by opening a needle valve between thn two bulba. The reaction was
:tirred magnetically and maintained in the vicinity o/ -20 C while the

4l
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N2OA was being added. A rapid reaction occurred with the formation of a
brown solid and the evolution of a considerable amount of gas. The gas
was pumped off using a Sprengel system and was measured. The amount of
carbon monoxide collected was 43.2 millimoles (theory = 45.9 millimoles).
The solid wus left in the excess N 04 overnight at room temperature. A

_ 2
light brown solid (2.5 grams) was isolated when the excess NQOIl and NO
were extracted 'nder a vacuum. Analysis of this crude material yielded
the following results: Fe, 11.7 w/o; NOB-’ 35.9 w/o; Ny0,, 48.1 w/o; and

unknown impurities, 4.3 w/o.

l‘,

A second run (approx.sately a tenfold scale-up) was conducted under
similar conditions, bat no attempt was made to collect the evolved gases.
This reaction yielded approximately 20 grame of the identical iight
brown product.

Purificacion of Fe(NOE)j.xNQOb

Purification of the crude material was attempted by recrystallization
from purified NQOA. A Soxhlet extraction apparatus was modified for
this purpose. Finely ground crude material (0.5 gram) was placed in a
glass thimble and the complete apparatus was assembled in a dry box.

The extraction apparatus was evacuated on the high vacuun system and
N20Q {75 milliliters) was condensed into it. A small deposit of a solid
was noted in the pot after 1 day of extraciion. After 1 week of extrac-—
tion, 20 nilligrams of the purified mater il were collected. The follow-—
ing analytical resulta were obtained for che purifind materii.l: Fe,‘
1.5 w/o; NOxv, 54.9 w/0; Ny0,, 26.1 w/r and un:nown .mpur;.ies, 7.5 wyo.
The theoretical values for (NO*) [Fe(NoO )4] or F@(Nﬁj‘j

15.7 w/o; NC3’ 55.7 w/0: and NQOQ, 27.b‘w/o). it shruld be empbasizd

'NEOA are: Fe,

thut the value for unknown impurities i obtained by diffr -ence. There~
fore. it includes the summnti.on of all :rrors /hich -ay b pre ont i.
the eanalytica, scheme in additicn to ary impurities which actually ay
be ﬁresvnt in the s:-mple. A masr balance of greater tkan 95 percent ie

generally conmidered scceptable ‘or this ty; of anblya‘l.
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The sebond method of puwrification which was invesiigated was the recryst-
allization. from ethyl acetate. Approximately 2 grams of the crude
material was placed in»ethyl acetate and the small amount of undissolved
impurities was filtered off. The filtrate was then concentrated by re-
moving the solvent under evacuation. To the resulting reddish brown

50, was added, An immediate precipitation of

a solid occurred., The mixture was filtered and then the solid was washed
geveral times with fresh N204. The following amalytical results were

syrup, a large excess of N

obtained for the purified material: Fe, 16,0 w/o; N03-, 55.2 w/o; N204;
27.2 w/o; and unknown impurities, 1.6 w/o.

A larger sample of crude iron nitrate (6.5 grams) was similarly purified.
The analytical results on a sample of this second batch of purified
material were as follows: Te, 16.5 w/o; NOB', 55.2 w/o; N;0,, 26.9 w/o;

aud unknown impurities, 0.% w/o.

The infrared spectra, as mulls in halocarbon oil,lof the purified materials -
were identical. Their physical appearances (pale brown powders) and their
reactivities with moisture (rapidly becoming wet and the ev.lution of

gases accompanied by bubbling effect) were also identical.

Analysis of Fe(qu)3 xN,0,

The following analytical procedure has been used in the analysis of the

iron nitrate—N204 compl 2x.,

The weighed sample was dissolved in water, Each N20h forms onc N03"

arl one NOQ- ion, The percent N204 was chtainad by determiuning the nitrite

.ion in the aqueous solution. An aliquot waa iatveduced into a volu~-

" metric flask and acidified. Sulfanilic &cid was added to form the diazo

intermediate. After adjustiag the pH,x-nuphthylamine was added to pre-~
duce the red volored «-naphthylumine-az.t:nzene-p~wulfunic acid. The

concentration nf the red azo dye was measured spectrophotometrically at
520 millimicrons. A calibration curve was obtained using kmown asounts

of sodium nitrite.

W3




The iron content was dﬁterminedfhy éxtrncting a poriion ¢f the sample, !
acidifying with nésok, and boiling to remove nitrous and nit~ic acide.
Stannous chloride was added to reduce irom (Iil) to irom (II}. 1,
10-phenanthroline was added and the red-colored tris-—i, 10 pheuanthroline~

iron (II) chelate was measured spectrophotometrically at 510 millimicrons.
A caiibration curve was obtained with standard iron (II) solutions,

The total nitrate ion was determined by first removirg the iron with acetyl-
acetone and reducing the nitrate with zine amalgam to nitrite. The resulting

nitrite was determined as described previously

The original nitrate ip the material was obteined by difference.

Flow-Decay Compound Characterization

The flow test facility sight valve with its flow-decay deposi’ (PFig.lk)

was emptied of its liquid NéOk content using thke high vacuum system.

To prevent exposure of the solid deposit to moisture,a completely erclcacd
system was required. The sight valve was dismantled in an inert atmospaere

(gloved box) and the solid depcsit was removed. All subsequert hendling

of the solid was accomplished in an inert atmosphere.

An infrared spectrum of the solid (Fig.15) was obtained as & mull ia
halocarbon o0il. Sodiua chloride plates and the infrared spectrophoto-
meter Iufracord 337 (Perkin-Elmei) were used.

X-ray diffraction powder patterns were obtained frow two different sonrces.
One set which was derived using FeK, radiation was obtained from the
Science Center, & Division of North American Aviation. The other using
CuK“ radiation was cobtained at Rocketdyme. The dimensions of the two
cameras used were identical. From the {ilms of the powder patteras, it

was pnasible to calculate the d-spacings using the film meacuring device

P S T e A

and Bragg's Lew: A~ 2 d Sin 6. The d-spacing was calculated using the
procedures outlined in the Norelco pamphlet "Instructions For Operation




Figure 14,

Sight Valve From N0,
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of Lavge and Small Powder Cameras," (Ref. 11) and the appropriate radia-
tion wavelengths; A = 1.539 i for CuE, and A= 1,934 K for FeK . The
calculated values of some of the major lines are recorded in the second
and fourth columns of Tahle 7. There are many additional lines; however,
a match between major lines is believed sufficient. Columnw ) apnd 3 are
obtained from reading the films on the scales available for Cuxm radiation.
However, a close match has been obtained betveen these values (c@iumns 1
and 3) and the corresponding calculated values. It should also be noted

that no corrections have been made for film shrinkages.

The comparisons of the values of d-spacings have indicated that the actual
flow—decay compound was identical to the synthetic Fe(N03}3°N20kin crystal-

line structure.

The crystalline form of the material recrystallized from ethyl acetate - N,0,
27,

mixture was shown to be different from the flow—decay compound by both

sources of X-ray diffraction work. These data (Table 7 ) were obtained

in the same manner as described previously.

in Distilled N0

Solubility cf Fe(Noj)}-Ionzi 0%

The solubility «pparatus censisted of a glass vessel equipped with a
Teflon-covered stirring bar and twe Teflon needle valves (Fig. 16). The
apparatus was calibrated and dried thoroughly prior to use. The suvlid
Fb(NGs)z-NQO& was placed in the apparatus through recedle valve 4 ip an
inert atmosphere (dry box). The Nz“a was distilled into the solubiliiy _
apparatus through valve A using a glass vucuum system. The spparatus

vas then immezrsed in a constant-temperaiure batk in such a fashiun that
only the vaives remained above the liguid level of the bath. Ta: N20§ -
iron nitrate mixture was stir-s1 hy eeans of a sagnetic stirrer. Sampling
was accompliatid by means of a U-shaped glasa veseel equip?ed with Teilon
needle valves (Fig. 16). The inuyler vas directly attached to the solu-
bility apparatus through sn O-ring joint. A Teflon or a Viten O-ring wae
used for this purpenc. The sertion betveen valve B end valve D wie '

evacuated and then refilled ~ith dry nitregen. The presence of the nitrcgen
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Figure 16. Solubility Apparatus ard Sampler
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provided back pressure and thus ninimized the vaporization of the Néoh.

B The sampling was accomplished with e =78 € bath around the sampler. At
low temperatures, pressurization of the solubility apparatus with dry
nitrogen was necessary to force the liquid out through the opening in
valve B. A glass wool plug prevented any solid particles from being
carried over into the sampler, During the sampling, the solubility

; apparatus was maintained in the constant-temperature betk, thus assuring
that & truly representative liquid sample was being taken. The weights
of the Nzoh samples were obtained “y the difference in the weights of the
: U~sampler before (evacuated) and after (GN2 removed) the sempling and the
; hydrolyses of the N204
sampler, by the addition of ice~cold water (deionized). Aliquots of these

samples were accomplished directly in the U~tube
hydrolysates were then submitted for iron analyses.

A modification in the method of loading the solubility apparatus with

N204 was made after the first few experiments. Oririnally, the NQOA was
distilled into the apparatus. By means of a cpecially constructed adapter
which permitted the N20h to be flowed directly into the apparatus, the
loading process was greatly facilitsted. This adapter arrangement is

shown in Fig.17. The section between valve A and B was initially evacuated
through valve C., Then with valve C closed and valve B opered, the N204

was flowed into the apparatus by opening valve A, Upon completion of the
transfer of the liquid NQOA’ valve B was closed and the excess vapor
recondensed into the glass bulb by tipping the entire setup over and
placing the bulb in & dry-ice bath, Tke weight of the NQOM that was trans-
ferred was easily obtained by determining the weight of the bulb hLefore

and after the transfer.

Solubility determinations were madc at controlled temperaturcs of C, 25,
30, and 37.8 C (}2, 77, 86, and 100 F) and the results are presented in
Table 8.
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TABLE 8
SOLUBILITY OF NOFe(N()}‘) y IN N0,
Iron Concentration, ppm
Temperature, | Method of Duration of Studies, days
C Analysis 9 5 9 14 24 28 38
1 n.s 0.6
0 2 0.2 10.3]0,51}0,2 B
3 0.2 1 0.8 (0,6 (0,7 ]
1 » 1 1.6 ‘
25 2 0.1 3
) 0.3 A 2.6
30 1 0.0 * 1.4 L.
37.8 1 0.9 0.1 | 0.5 |0.3 [1.8
3 * 1.2 . * 1.9
NOTE: 1: Colorimetric method ucing o-phenanthroline #
2: Atomic absorption spectrophotometric method at Rocketdyne )
3: Atomic absorption spectrophvtometric method at Space J
Division

*[tesuits were discarded heczuse they were exceptionally high
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NO Additive to N Oa-Iron Nitrate Mixture

Nitric oxide was purified by passing it througha -156 C trap several times,
the purity was checked by infrared and mass spectometry and by vapor
pressure measurements, The solil Fe(NOB)j'N204(63 milligrams) was placed
in the solubility appsratus in the manner described previously. The
gaseous NO (162.5 cc) was then placed in the apparatus by condensing it

in a narrow gidearm added to the apparatus shown in Fig.16. The NQO&
(100.7 grams) was loaded into the apparatus using the adapter shown in
Fig.17 and a cooling bath of ice~brine mixture, With the completion of
the addition, the sidearm vas .lowly warmed, thus allowing the NO to
vaporize and dissolve in the NOOQ. The apparatus was then placed in a

-

constant-temperature bath maintained at a temperature of 25 C,

Solubility determinations were made at 25 C (77 F) and at the following
NO conceutrations: 0.22 w/o, 0.% /o, and 0.99 w/o. The results are

presented in Table 9.

Water Additive to NOOQ-Iron Nitrate Mixture

Water (0,10 gram) and N0, (97.0 grams) were mixed in a 200-milliliter

glass bulb equipped with a Teflon needle valve. This mixture was directly
added to the solubility apparatus containing the sclid P‘(NO- 3 0 h
This was accomplished by affixing the bulb containing the mixture ta the

solubility apparatus by means of the special adapter (Fig. 17).

The investigotions were conducted at 25 C (77 F) and at the water concen-
trations of 0.1 and 0.47 w/o. The oxpvrlmvntnl results are presented in
Table 10. During the first experiment (0.1 v o H, 0; the fine particles

of NOFe (NOB)% remained av discrete scparate partxclos whereze during the

second experiment the particles conglomerated into a smetl bull,

£ o g
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TABLE 9

SOLUBILITY OF NOFe (NO,;) y IN N0, IN THE PRESENCE OF
NITRIC OXIDE AT 25 C (77 F)

NO Method of Iron Concentration, ppm
Concentration, Analysis .

weight (Ret. Duraticn of Studies, days

percent Table 8 ) 2 5 9 | 14

0.22 1 0.6 * * *
3 1.0 |
1 0.7

0,46 2 Nil 0.2 0.3 0.3
3 1.9 0.6 0.6 | 0.4
2 1.0 0.6 0.4

0.99 3 1.2 0.8 0.6

~ihe use of dilute UF solution (5 percent) as a rinse solution has
invalidated these results, Such a Jolution has been shown (o

definitely leach out iron from Pyrex. -
TABLE 10
SOLUBILITY OF NOFe (NO,), IN N0, IN THE PRESE:CE OF WATER AT 25 C (77 F)
wr .
Ho0 Mcthod of | Ironfoncentratxﬁx_, pe |
Concentrgtion, Analysis .
weight (Iict. Duration uf]Studnes, days
percent Table 8 ) 2 5 9 14
1 0.1 0.2
0.10 2 1.5 2.2 NiY 0.4
3 : 0.’;’ GA} ‘4 0.3 696
2 2.9 3.2 3.5 3.6 "
0.47 3 , 3.8 . 3.5 3.8 1 4n
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DISCUSSICN AND RESULTS

é The priwary objective of the investigation was tie preparation of
Eb(NO3)3.xN204, identical in all respects with the flow-decay deposit.
The first step toward such a "standard" Fe(Noj}x-xN 0, vag & more drtailed

, 274 _
examinatiop of reaction i, primarily to ensure t''at no carbonyl species

R

were r¢.ained in the product. This way easily agconyiinhed by measuring

Fe(ca)5 + (3 + x)N20,‘—-o- Fe(N03)3-*Né0Q + 5C0 + 3NO B 1)
where

x = 1 or more

the CO evolved in @ controlled reaction, It was satisfactorily demonstrated
thut no carbonyl species were retained in the product by the fact that
essentially quantitetive evolution of CO (94 percent of thecry) was observed
and the fact that no carbonyl band was evident in the infrared spectrum cf
the product. The empirical formula of the crude material thus produced was
determined to be Fe(N03)2.8'2'5N20A’

The secondery objective was to develop a method of purification for the
crude Fe(NOB)j'xN2OA. Previous work (Ref. 1 ) had indicated that a series
of iron nitrate-N,0, compounds existed and attempts to purify them by

sublimation conveit:d them into an entirely different type #s demonstrated
by gross changees in the infrﬁred spectre. Ubservations very simjlas to
these have been reported by C. C. Addison and co-wyrkers at Nottingham
University (Ref, 8). These authors have recently prepared several iron
ui;rate-NQOA compounds, to which they have assigned ihe structure (NQ‘)
[Fe(Noj)hj and (NOQ’) LE%(Noj)hj. The second “compound™ was prepared by
subliming the firat, snd satructurai sssignments were made on the basis

of infrared spectra.

A review of parnliel wori on this svatem imndicaies that Addison's conclu-
swions ure on oversinplification. The first crude product prepared at
Rocketdyne shows an infrare! spectrws identicai with Addiuoh': first prdd-
uct, and the structurel assignment (n0”) [Fe(NO,}“]— is believed to be

¥
A ]




correct. However, upon repeated sublimmtions, a series of changes ocrurred
in the mater:al and the species that Addison identified as (7) [Fe(N03)q]-, o
by comparison of infrared spectra, appears to be a partially changed mixture
rather than a discrete compound. Spectral data at Rocketdyne indiczte that
in addition to the simple change in cation (NO' to NO,") that Addison sug-
gests, there are alsoc at least one and perhaps several changes involving

the rest of the molecule. Infrarcd absorptioms apprar that are aot attrib-
utable to any of the usual forms of ihe cations, nitryl (NO') or nitrosyl 1
(NOQ*); the anions, nitrite (N02_) or nitrate_(Noj'); the ligands, nitrito ]
(~ONO) or nitrato (—ONDQ); and do not arise from tke degradatior product

FeO(NOx). Possibilities include the participation ol NO, groups in a new

3

form of bridging, tridentat> coordinaticen of NO, to the metal, or the form-

3
ation of new Fer(Noj)y species. The flow-decuy ¢:pv9ic has becn found to
be essentially ideutical to the crude compound of Addison's nitroscnium

+ ’ - )
salt structure, (NO ) [Fe(NQ3)“] (Ref. 1}.

Because sublimation could not be used as a purificatioua method, investiga-
tions involving recrystallization from nonaqueous solvents, including ‘
NOOA itself by cyclic extraction t:chniques,were undertakwa. The cyclic S

extraction technique uring N'Ob involved a Soxblet extraction apparatus -

2
vhich vas modified te exclude meisture and the use of stopcock grease.

Recrystallization did occur and after 1 week of extraction, 20 milligrams
of u pale yellowish solid material was collected, Analytical results ‘ Co
shoved this material to have the empirical formula Fe(NUg)g \o-1.03 N0, oo
This purified solid material was found to match more closely the flow-decay P
deposit in certain properties thau the crude material. The purified ' k
material was much lighter in color, spprosching that of the flow-decay
deposit. Its resctivity in moist uir also wore clusely approximated

that of the s)ow-decay depusit. The iznfrared spectrum of the purified
miterial wus identical to that of the crude and thus to thet of the flow-

!_lci'ay deposit,

Becguse the extraction tecbnique using N0, Lppesred extremely time con-
suming and the yield of the jurified material appesred very low, other

methods of recrystallization were investigated. A second -cthaﬁ, vhich -




invoiver solubilizing the crude material in ethyl acetate and then pre-~
cipitating the solid by the addition-of :«'201‘, proved to be quite conveniesut.
A large amount of a pale brown colored aolid was obtained which was iden~-
tical by infrared spectrum and elcmental analyses with the previously
purified meterial (by cyclic extractior techniques using nzo,‘). Two
separate purification runs produced materials with the frllowing empiricel
formulae: Fe(N03)3.1-1.03 N,0, and Fe(NO,), ,°0.99 N,0,; on 98 to 99

3/3.1
percent mass balances.

During the latter haif of the program, with the flow test facility

(Phase V) in ful! operation, aa opportunity arose vhereby the actual flow-
decay materiel cculd be isolsted, chnractérized, ana directiy cumpared
with the synthetically preparzd material. Flow stoppage was accomplished
in a glaes sight valve which permitted the viewing of the uctual deposi-
tion of the flow-decay material. The sight valve was then isolai:d and
attempts were made to collect the deposited wmaterial, The sight valve was
photograpked with the N2O“ removed and an enlarged version is shown inp
Fig.l4 in which the deposition on the needle and seat is clearly visible.
However, the deposition was present mo{ only on the needle and seat but

oc the entire metallic surfaces. The needle with the heaviesu concentra-

* on of deposit was removed from the valve in an inert atmoziaere and also
photographed (Fig. 18). TLe photograph reveals au obvious cvating of a
s0lid material along the shaft. It was then poasible to scrape off the
deposit in an inert atmosphere aud collect it for furtber characterization.
The psle brown solid appeared to be & dry, bard, crystalline material which
vhen exposed tc¢ the atmosphere reacted rapidly with moisture and evolved
geses ecconpanied by bubbling. Other investigatérs of N20,‘ propelisat
systeme, have veported *hnt the clogging of contrel veives and fillecs

was caused by the formetion of gtlutimm mxtarial "reddish in color, climy,
and extremely viecous to the touch” (Ref. 12). These sorkers may bave
accidentally exposed the soiid to moisture, which would expleir their
cbrervations. X-ray diffraction atody of the present flow-d.Cay material
indicates thei it ig definitciy ~rystallise. The d-epacings frox the
powder pntte:;u of the flov-iriey deposit are presented ia famble 7.
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Infrared spectroscopy, (Fig.15) showed that the flow-decay compournd was
identical chemically to the synthetically prepared iron nitrate, NOFe(N03)&.
X-ray diffraction studies have shown that the flow-decay.compound was
also identical to the synthetic NOFe(Nﬂj}h in eryetalline structure.

204 has the sare
infrared spectrum and X-ray powder pattern as the flcw-lecay compound.
X-ray diffraction studies, in addition, have indicated that rJOFé(NOE)Q

can exigt in at least one other cyrystulline form, When NOFe(NOS)h was

The iron nitrate, NOFe(Noj)h, recrystallized from pure N

recrystaliized frmmethylacetate—NEOQ mixture, it had a different powder
pattern than that of the materiel recrystallized from pure N204. These
materials had been shown previously to be chemicaily alike (infrared and
elemental analyses), The d-spacings from the powder pattern cf this

second crystalline form is also recorded in Table 7.

With the preparation of sufficient quantities of pure "symthetic flow-decay
compound", solubility studies in N204 were initiated, To establish a
reference point of solubility and for purposes of cemparison with propellant.
grade N204, freshly distilled anhydrous iron-free N204 ( <0.1 ppm Fe and
0.01 ppm water) was utilize . The N204 was also pretreated with oxygen

to preclude the pessikle presence of traces of NO.

The solubility dete.minations weve made in specially constructed glass
apparatas, Soiuvility runs were conducted at controlled temperatures
(constant-temperatare baths) of 0, 25, 30, and 37.8 C (32, 77, 86, and

100 F). Sclubility was established by withdrawing liquid samples peri-
odically and then apalyzing the samples for iron. The analytical resulus
have beseu somewhst erratic, probably because of inherent errors in the
sampling pro-~ednres aund the procedures involved in the analysis of a

component which 18 in very low concentrations.

From the results of these studies, it can be concluded thet the solubility
of NOFe(N03)4 in pure N204 over the temperature range 0 to 37.8 C (32 to
100 F) is quite low, on the order of 0.1 ppm to 2 ppm (in terms of Fe con-

centration). A positive temperature coefficieat of solubility apparently




exist® over the range of study as sbown in Fig. 19. ohis is indiceted by
the positive slope of the line drawn through the average valves of the ‘

swlubility data (Table 8) at the respective temperatures.

The data prenented in "able 8 are analytical results derived from identical
ouknown sampleé (aliquots) utilizing three dif?ferent methods. The first

get of resulds (1) resulted from the utilization of the standard colori-
metric iron procedure using o-phenanthrolire as the complexing agent
{(Appendix B), The second set -(2) was derived from the iron analysis using
the atomic absorption spectrophutometer (Appendix c) (AaS) at Rocketdyne.
The third sei (3) resulted {rom a similar AAS work, usiug, however, another

instrument and involving amother operator at the Space Division of North

Americon Aviation.

During the latter part ¢l the solubility studies, the colorimetric methud
was abandoned in favor of the AAS method because of the increased accuracy
of the AAS technique.

g TR L N AR M B

Investigation of the effect of the presence of small amounts of riirie

! % oxide on the solubility of the flow-decay compound in Néoq was conduc#ed
[y at 25 C (77 F). The results, presented in Table 9, indicate that mitric
gi oxide in small concentrations (up to 1 w/c) has little or nc erfect on
é the solubility of the flow-decay compound in NéOh. Iron concent.ution was
?. in the 0 to 2 ppm range.

/ The effect of the presence of small amounts of water on the solubility of
% the flow~decay compound in NQOh was also investigated. Tke results of

this study (Table 10) indicate thet water jin smell corcentrations (0.1 w/o
or less) has little or no effect on the solubility of NPFe(NO3)4 ir N0,

at 25 C (77 F). Only at a 4aigher cr~nceptration of weier (0.47 w/o) is

there a noticea™e increase ir th» solut:litv. This increzase is small
(twofold) in comparison with tbs increaas in tke water comceutration (five-
fold). This water concentration exceeds the limit allowable by military

specifications for propellant uses.
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_ The solubility studies presented in this report would necessarily require

many duplicate determinations to ensure sound ststistical bases for the
couclusions. Such wori, however, would have entailed considerable time
and effort which wecre beyond the scope of this program.

CONCLUSIONS

The anhkydrous iron nitrate NOFe(NO has been successfully prepared and

3)4
purified in sufficient quantities to meet the needs of the entire program.

Byidence has been ohtained to establish wn-~quivocally the identity of this

- raterial with the actual flow-decay (N204 corrosion product) depesit.

The solubility of the flow-decay compound in freshly distilled N504 over
the temperature range 0 to 37.8 C (32 to 100 F), and in the presence of
small concentrations cf itric oxide and water has deen found to be quite

low, on the order of 1 to 4 ppm in terms of iron concentration.
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PHASE IV: COMPOUNL ELIMINATION

INTRODUCTION

Investigation of appropriate ccordinating agents as additives for
eliminating flow decay was the major task of this phase of the program,
The additive approach was based on the concept that it would never be
practicai uc remove the flow-decay compound completely from N204. in
such a case, its effect might be eliminated if it could be converted te¢
a mor2 scluble species, thus preventing its deposition., It is known that
moleculea with basic functions car substitute for the coordinate N204
molecules in complexes of the type uetal nitrate.N,0, (Ref. 13 ). The
£low-decay compcund NO+|?e(N05)&]' may be formulated as Fe(N03)3~N204.
The investigations in the laboratory have produced a number of candidate
additives for the elimination of flow decay. Some of these were subse-
quently made available to the flow test facility (flow bench, Phase V)
for actual testing in flow situatious., The results of the laboratory
tests and the elimination of flow decay in the flow bench have clearl;
demonstrated the feasibility of the principle of the additive (coordin-

agents) appreach,
In addition to the additive work, a small flow system for the study of

flow decay on a laboratory scale has been developed. This device could

prove very useful in e&ay future study.

EXPERIMENTAL

Reactivity of NOFe(NOB)l‘ With Additive Reugents

A saall amount of the NOFe(NOB)h wus placed in a vial and the test reagent
was added to the solid by means of a syringe, The reactivity was noted
visually. All operations were carried out in a dry atmosphere box, The

results are recorded in Table 11,




R
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TABLE 11
INVESTIGATIONS OF COMPOUND ELIMINATION AGENTS
;811‘:?11{(1)1;)' gi Reactiﬁon Thermal
Agent Agent? With N0, | gianility
Acetonitrile G0 App R NR
Acetylacetone Sol R X
Nitromethane Insol R X
Perfluoro-acetic
Anhydride Insol App NR -
Nitrobenzene Sol App NR Mod R
Ethylacetate Sel App NR NR
Hexafluoro-acetylacetone | Sol R X
Pentene Insol App NR X
Freon 113 Insol App NR X
Silicone Fluid XF6100 Insol R X
Trifluoroacetonitrile Insol App NR
Benzaldehyde Sol App NR
Benzophenone Sol App NBR
Benzonitrile Sol App NR
Acetone Sol App R
Hexafluoroacetone Insol App NR
Pentaf luorobenzaldehyde Sol App NR
Hep*afluorobutyraldehyde |
Ethyl Hewiacetal Insol -
Pentafluorobenzonitrile Sol App NB
Perfluorcbutyrenitrile Insol App NR
p-Dioxane Sol App NR
Tetrahydrofuran Sol R
Monoglywe Bol App NR
Diethyl Ether R, precipitate X
Tolylene 2, 4-Diiso- ‘
cyanate R, precipitate X

64
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TABLE 11

(Concluded)
borsaah i | e | v
Agent Agent 24 ey

Morphoiine » " Pumed x ] x
N, N, ¥, N' - ifetra- , ' '
methylens 1, 3 Plashed,
Butanedismine - precipitate X b §
Pyridine J, precipitate X X
Tri-n-Butylamine R, tar X X
Triethylene Glycol 8ol 1 b 4
Diglyme Sol App NB Mod B
Dimethylsulfoxide R, precipitate X X
n-Butyl-p-Toluene
Sulfonate Sol . - -
Diethylcarbonate Sol App NR NR
Diethylmalonste Sol App NBR 81 R
Diethyloxalate Sol App NB -
Quinoline Sol R X
Benzaldoxime R, tar X X
Piperidine Fumed X X
Adiponitrile Sol App NB NR
Ethylene-dinitrilo-
tetracetic acid X Insol X
(1, 2-cyclohexylene-
dinitrile) - tetraacetic
acid X Insol X
2, 2' Bipyridine X Insol X
1, 10-Phenanthroline X R X
Cupferron X R X
Diuethylglyoxime X R X
N-pheaylbenzo-hydroxamic
acid X R X
Decafluorobenzophenone X App NB -
Acetophenone Sol Lpp NBR Mod R

NOTE: Sel =

Insol =

App N =

Mod B =
S1 R =

the compound readily dissolved in the reagent
the compound was insoluble in the reagent
reaction was observed

no appavent reacticn (visual)

aanlyscs (pressure, mass sp,ctral, visual)
indicated no reaction

moderate reaction, reaction products were obierved
slight reaction

indicales no test was planned

incomplete




Reactivity of Ad.itive Reagente With Néok

A sanll emount of the reagent was pluced in a vial and the ﬂéok was added
to it {rom u small sapply buld (50 cc) equipped with a Pischer-Porter
Teflon needie valve. The reactivity was noted visually. All operations

were carried out in an inert atmosphere glove bag. In cases vhere the
resgent was a gas at room tewveraturs, the rcagent was condensed in a
small ampoule and then a small amount of Néoh éonden-ed over it. When
it warmed to room temperature, the resctivity wav observed visually.

The results are presented in Table 11.

The Solubility of NOFe{NQE}k in N,0, in the Presence
of Candidate Additive

the solubility of the iron nitrate in N204 in the présencg of a candidate
coordinating reagent (i.e., acetonitrile) was carried out in tke fullowing
manner, The solid I«l’()!‘e(!d%)ll

with a Teflon-covered stirringbar end a Teflon needle valve, The weight *

was placed in a small glass bulb equipped

: of the solid was obtained by the difference in weights of the evacuated
; buldb before and after the addition of the solid, Néo4 was then condensed : d
over the solid. The mixture was allowed to ware to room temperaiure and

stirred (magnetic stirrer) overnight. Most of the solid was observed

SN

to be insoluble over this period. The reagent (acetonitrile, 0.2 w/o)

BTN A

wvas then condensed into tho bulb and the wmixture alloved to warm to

o

room temperature, After 1 hour of stirring, the amount of imsoluble solid

decreased congiderably, After overnight stirring, all of the sulid had
dissolved. The resulting solution was subjected to a temperature cycling
! by immersion in 0 to 37.8 C {32 to 100 F) baihs.

ar il
NS g

The Thermal Stability Tests

The thermal stability tests were conducted in a small stainless-steel
bomb which was equipped with a valve and a gage. The mirture (25 to 5U




g o

milliliters) of N,0, and additive (1 w/0) was made in a glase bulb, The
aixture was then trancferred to the bombh with the adapter arrengement

shown in Fig. 17 , with the bomb now replacing the solubility apparatus,

The procedures involved are identical, The bowb was then placed in an
oven, the temperature reised to 73.9 C (165 F), ané kept at this temperature
for 24 hours, Any prensuré incresse resulting from the evolution of gazes

MR R  ES TR ES

was noted, After the heating cycle, the vapor above the liquid was analyzed
by mass spectrometry for possible product of reactions such as HQO.‘CQ R

and N2. The liquid wee then vemoved and obaerved for eny visible evidence

of reaction, The results are tabulated in Table 11,

Solubility of NOFe{NO in INTO

3)h

The solubility of zstoFe(No’)ll {35 milligrame) in INTO (4 =m/o rwoz) was
tested in a Kel-F smpoule equipped with a siainless-siezl valve, Under
ambient conditionz, no visual change occurred as the liquid INTO cawe into
contact with the solid. Shaking it had no apparent effect on the mixture.
The mixture was allowed to stand at room temperature for 3 days. There

wasg no appareat change.

The INTC was then removed using the high-vacuum system and the solid
isclated in an inert atmcsphere, It was then noted that the solid had
changed to a wkite s¢lid. X-ray powder patvern showed the solid to be
crystalline but unlike any fluorides reported in the literature, An
attempt was made to obtain an infrared spcctrum of the solid. The auantity

of the solid waz too small for an adequate spectrun,

The experiment was repeated using a larger amount of the solid (150

willigrams), The same cbservations as abeve were noted. The infrared

spectirum of the isolated white solid showed a single peak at 4.25 micrens
[(Noz)*]. The elemental analysis on a sample of this solid yielded the
following resalts: Fe, 27.9 w/o; NOz,.28.3'w/o; F, 40.9 w/o: end unknow:
impurities, 2.9 w/c (theorstical for NO_'FeF,”: Pe, 31.40 w/o; xo2*, 25.87
v/o; and F, 42,73 w/a). o '

2 4




Reactivity of INTO With an Additive : - b
Perfluorohenzonitrile (0.27 gram) was condensed into a stainless--steel - é?.

(30 cc) bomh equipped with a stainless-steel valve., INTO {9.5 grams) was
then flowed directly from the'ltcrage tank to the bomb using appropriate
stainless~steel couplings. ‘The bomb was then heated to 160 F for 24 hourl,
Mass spectral analysis of the anor showed 002, NQ, emall amounts of CFQ,
and HF. Attempts to r=cover 06F50R vere unsuccessfuyl.

laboratory Flow-Decay Apparatus

The small flow-decay apparatus consisted of two (1-liter) stainless-steel

bombs, 1/4-inch stainlese-steel lines. and a small loop (U-trap) made of

glase tubing (Fig.20). The glass was joined to the metal line using

Teflon sleeves. Teflon needle velves were used as part of the glass loop

80 that the loop could be completely isolated, uncoupled, and transferred

to the dry box for the removal of tle solid deposit for characterization o
purposes. The entire apparatus was leak checked and dried by evacuation

using the high-vacnum system through valve E. Propellant grade N, 0, was .
ing the high ystem th h valve E. Propellant d NZO »

&
placed in the apparatus by flowing it through valve A with valve B closed.

An operational run consisted of: heating the N2Q4 supply to 54.L to 60 C

(150 to 140 F) using a heating tape weund around the bomb, flowing the liq-
uid through the glase loop which was kept in a cooling bath, and receiving

the N204 in a catch tank. The heating of the Nzch provided a greater solu-
bility of the iron compound (hcpefully, saturation), and provided the pres-
Bure necessary for the NQOQ flow to take plnce.- The teméeraturg of the NZOA '_
before each run vwas estimated by reading its vapor pressure (gage I) and

usiug the literature vapor pressure-temperature relstionships. A heating
tape also was used around the metal line upstream of the glass loop lo

prevent ﬁbe prelature-deposition of the solid, %The pressure in the line .
during a run ves indicaied by gage 1I. The pressure in the line was found

to be quite erratic during the run. After the completion of a rum,
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tﬁe flow of N0, could be reversed 3imply by transferriné ihe heating
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tapes from one side to the other. A rough, average flowrate of each run
was determined by knowing the starting amount of Néoh and recording -

the time necessary for that particular run,

Several variations were carried out tc¢ determine the‘ﬁest conditions for -
solid deposition, Some of these variation. were: changes in the flowratee ‘ -
(10 to 25 ml/min), use of constrictions in the glass loop; usc of metal B

surface for deposition, use of Fischer-Porter Teflon needle valves, changes

in the temperature of the cooling bath ~10 to & ¢ (1% to 32 F), and use of '

a glass wool plug. R -

During ’he esrlier experiments, any one single run was found to deposit
only a very smil amount of solid material., Several runs were, therefore,

pecessary iu provide even the minimal amount for analysis.

The best conditicnos for the operation of the flow-decay apparatus were
found to be: the use of a loose plug of glass wool (3/&-inch), & flow-
rate of ronghly 15 ml/min, aad preheating the N20& for several days.
Under these conditions, a single run produced enough solid for pesitive
identification, 7The solid thus produced was shown by infrared spectros;‘

copy to be identical te the flow-decay compound.

The effectiveness of an additive in the elimination of the flow decay
deposit was duplicated with the above laboratory apparatus, A built-up
deposit was completely dissolved away by & single pass of N264 containing
0.25 w/o of acetonitrile, Tkis : ne solution gave no deposit after 1 day
of storage at 60 C (140 F).

DISCUSSION AND RESULTS

The search for appropriate coordina'.vy agents for the elimination of
flow decay consisted of subjeciing t'.e materials of choice to three

major tests: (1) solubility of NOFeNO in the materiai, (2) the

3)§
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reactivity of the material with N204 a£ ambient tenperaturé,>and 13) the -
reactivity of the material with N 0 at elevated tenperatnrva 71 to 4 C
(160 te 165 F) (thermul stability test)

-~

-~

The first test involved the addition of the coordinating reugent to the
solid iron nitiate, NOFe(N05)§ ic an 1nert atmosphere. Msny resgents of

diffzrent types, loth monofunctional \unidentate ligands) and polyfunctlcuala

(multidentate ligands) have been found which readily disselvea the irom
nitrate. The reagents that were tested vader thisAprogran and the results

of these tests are compiied in Table 11,

The reagents which passed the first test were then tested to see whetner

they would react wita NéO& under aubient couditicns. The results of these
tests also are tabulated in Table 11 . The reagents ‘hat reacted wlth

N 04 were eliminated from further comsideration.

Investigations of the solubility of the iron nitrate in ?Ok in the
presence of the coordinatiug agents which were designated caadidates from
the results of the first two tests were ther conducted. An example of
this test, a‘comhinajion of the first two is illustrated by the fellowing:
when acetonitrile was added to & mixture of NOFe(NO})h {49 ppm of Fe) and
NQOA at room temperature, it was found to sclubilize the solid NDFe(N03)4
completely., Practicelly all of the solid was insoluble under these con-

aiticns before the addition »f acetonitrile. Such a solution aiso was

found tuv maintain its integrity (no visible change) during a temperature

“cycling over the range of 9 to 37.8 © (32 to 10C F).

Other reagents were found which dic not dissolve the solid NOFe(hoj)k by
cvhemseives, but were found to be cffzctive in solubilizing the solid as

N,0, mixtures. For example, the hOFe(Nﬂj)h was insoluble in CF

but was soluble in a mixture of CF3C2~' and N0, .
&

CN alone,

3

The thermal siability of Néoh with small amounts of coordinating reugents

(no more than 1 w/o)was the third area of investigation. These tests were
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conducted at 73.89 C (165 Fj over a peziod of 24 bhours in stainless-steel

‘bombs. The last colusm of Table 1l indicates the resulta obta\ned tten
these tests‘

The maxiomm amount of additives ceed for tesxis was arbiirarily set at
1 u/h of the Néﬂh-nlxtnre because it was believed that a. greater a-ount

might causc significant chkang=s ia the propellant propertxes of N h'

The reagents that had pa:sed the three tests were chen cousidered as prime

candidates for use as additives to Néok These prime candidates were

finally scheduled {: “e tested im actual flow situation in Phase V FPour

of these reagenis, acetonitrile, ben:onltrile, ethylacetate und perflucrc-
benzonitrile, wer= provided for this purpose. All of these reagents were

effective in the elimination of flow decsy (for details see Phage V).

The solubility of NOFo(Nﬁ ) also was tested in INTQ (N o0y, + FNO ) vhen
the possibility arose that INTO could substitute for N204 1tse1i Visnal
examination indicated that the solid watz insolub.iz in L¥TG ucday awmbicut
coeditions. Opon isclation, however, it was noted that tne color of the
80lid had charged from ligkt brown to pure white. Analyses (infrared and
elemental) indicated ihat the new solid had a composition of FeF, N02F

(equivalent tn NOzFeF 7).

The resctivity of INTO with one of the prime candidate additives {porta-
fluorobenzoniirile) also was tested. Apparently, pertafluorobenzomitrile
is not compatible with INTO. Mass spectral data indicated the formation
of CF&, N2, aad HF, The parent compound was not recovered,

A small fiow—decay apraratus was built to facilitate the study of the
flow-decay phenomenon on a laboratory scale. After pumerous explcratory
experiments, i} was possible to preduce enough of the depcsit for identi-
fication purposes. The infrared spectrum was found to be identical to

that of the flow-decay compound (Fig. 15).




- vos “wiped clean in a smgle pﬂst aﬁter the adﬁtim of 0.25-” v,/o meﬁhi—»
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The teasxhxlity of tke princxplA of ellnlnntxnn of flew-decay deposit hw
the additive approach has beenﬂdamonstrated Baagenta with different
fupctional grqvps have been aiscovered as effect1ve uouplexing agents
R '1n.Né04 and, thus, prime candidates in the ellzmnation of flow—docay
deposits. A converient tasl for the study cl-the !low;decay phenoneaon

on a laboratory scale has been developed
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PHASE V: EFFICIENCY OF ELIMINATION

INTRODUCTION
The primary objective of this task was to determine the feasibility of the
chemicel additive approach to eliminating flow decay. The secondary ob-

jective was to determine the influence of various operating parameters on
the rate of flow decay.

EXPERIMENTAL

Experimental Flow Bench

Based on prior knowledge of the conditions which lead to the flow-decay
phenomenon, an experimental flow bench was designed and built to use in
studying flow decay. A basic outline of the system is shown in Fig. 21,
Two 5-gallon stainless—steel tanks comprise the endpoints of the NéOh
flow path, The main tank or delivery tank is contained within a tempe
ture-conditioned stirred water bath. No temperature control was provid
for the catch tank. Both tanks were connected to a pressurizatioun aund
vent system which supplied gaseous nitrogen for pressurization., The pres-
sure control system allowed both the tank beirg emptied and the tank being

filled to be maintained at constant pressure throughout any flow process.

Although many changes in detail were made during the course of the experi-~ .
mental work, the flow path remained essentially as shown in Fig. 21,

Afier leaving the constant-temperature main tank, N 04 was cooled by

passing through a heat exchanger, then flowed throuih a turbine flowmeter
before entering the test section. A remote-control metering vaive was
present in the line, but ordinsrily was used only to start and stop flow
and was corpletely open during the run. A bypass loop allowed the 1205

to be returned to the main tank from the catch tank without flowing through

the test section. The return flow could be filtered or not, as desired.
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All materials uaed in constructing the flow bench were new 300‘series

stainless steels, not previously exposed to N204.

Heat Exchanger Designs

The original heat exchanger design consisted of a long (100 feet) coil

of 1/4~inch tubing placed inside a stirred constant-temperature bath. The
purpose of the long coil was to providé suffiéient heat exchange surface
to ensure a constant N204 temperature at the exchanger outlet, regardless
of flowrate. Although the exchanger worked well from this viewpeint,
other shortcomiigs appeered, It became apparent that the heat exchanger
surface was influencing the outcome of flow-decay experiments because

some material was being precipitated within the exchanger,

The second heat exchanger design consisted of a short length of conrcentric
tube exchanger, with N204 flowing through the annulus and cooling water
flowing through the middle. This exchanger made it possible to vary the
temperature during a run, a desirable test wvariation which was impossible
with the original design. However, the small surface area meant that
equilibrium teomperature was not reached in flowing through the exchanger
and therefore the N204 outlet temperature varied with changec in the N204
flowrate. Also, the flowrate was limited to much smaller values than it
had been previously because of the small cooling capacity. With the
original design, the N204 wac never in contact with a temperature much
below its final outlet temperature. This was not true for the small-
surface—area exchanger. In sumary, each design had disadvantages and

no method of simultaneously achieving all the desirable characteristics

could be determined.

Instrumentation

Nitrogen tetroxide flowrates were measured with Fischer-Porter radioc-

frequency-type turbine flowmeters, Readout appeared on a Leeds and
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Northrup stripchart rgcorder; Some of the runs at low flowrates

the type of experiment conducted, pruviding the output was constant ét‘ B
.given flow, T o i )
Tank and vent pressures were obt i3ed vv observation of bourdon tube
pressure gages, Differential pressure drop across parts of the test sec-
tion could be obtained with two Pace differential press .re transducers
having readouts on Foxboro circular chart recorders. Differential pres-

sures were not monitored for most runs,

Temperatures were derived by means of iron-constantan thermocouples
placed inside the main tank, in the constani-temperature biath, and in the
line both before and after the test section. Temperatures were recorded

in Fahrenheit degrees. Centigrade values are included for clarity.

Operating Procedures

Typical flow~decay runs were initiated with NQOQ in the main tack at the
temperature of the surrounding bath., All manually operated line valves
viere positioned as desired before any pressurization., The catch tanf

vent was opened and the vent pressure regulator was adjusted to effect

the desired back pressure in the catch tank, The main tenk pressurization
system was then set to obtain the desired tank pressure. Heat exchanger
coolant flow was initiated if necessary, and the remote meteriug valve i &
was opened to allow flow through the system to begin. If reguired, the
flowrate was adjusted by changing the setting of the test valve under

flow conditione.

After completing the run, the main tank was vented, the catch tank was

pressurized, and the N204 returned through the filter loop.
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DISCUSSION AND RESULTS
Flov Decay Behavior
Characteristic Apprarance.

/ Slow Decrease in Flowrate, In the most comnonli observed type of

flow-decay behavior, the flowrate in a fixed-geometry, constant-pressure
N20& flow system gradually decays toward zero. Complete stoppage of

fiow occurs eventually, but required several minutes at typical run condi-
tions, The cause of the decreasiang flowrate is e buildup of solid deposits
at the minimm £low area in the system., Flow decay is norwally induced

by heating the N204 at a temperature above ambient, then cooling rapidly

in a heat exchanger before passing through a flow control valve. Some
typical flow bench runs, chosen to illustrate various points, are pre-
sented in Fig, 22.

For Run 148, the N,0, was heated to 120 F (48.89 C) in the main tank,
then cooled to 60 F (15.56 C) by passing through the heat exchanger.
Pressure in the main tank was mai-tained at 250 psig and in the catch
tank at 30 psig. Almost all of the pressure drop occurred in the test
needle valve., After 19 minutes of run time, the flowrate decreased from

0.2% to 9.15 gpm.

The effect of cooling in the heat exchanger was evident in Run 134, Ran
temperature and pressures were approximately the s;le as for Run 148,

but the rate ¢f flow decay was noticeably faster, dropping from 0.22 to

0.1 gpm in 9 minutes, After 9 winutes of run time, two ball valves wese
actuated to shift the N Ok tlow path to a line bypassirg the heat exchanger.
Bot N 04 then flowed directly froam the main tank into the flow bench.

2
The bot N2Oh
causing the flowrate to recover to its inmitial value and then remain
constant. Run 149 dewonstrates the reversibility of the effect. During

eme continuous run, the N,0, fl0w path first led through the heat exchauger,

quickly redissolve’ the solid deposits xn the flow valve,

then was shunted around it, and thea returued pdacing'through'the exchangor,
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B8everal other characteristics of typical flow decay are apparent in

Fig. 22. The rate at which the flov-decay depoiitl redissolve in hot
Nzo,‘ is considerably faster than the rate at which they are formed.

Also, althiough the test temperatures and pressures are approximetely
ideutical for all three runs, there are large variations in the rate of
decrease in flovrate. !Miese differences arise principslly from the use
of different batches of NZOk and subjecting the KQO,‘ to heat soak periods
of different lengths prior to the ruz. If these variables are aiso main-

tained constant, the rm~to-run vafiatiom in rate of flow decay are small,

Some of the deposits formed in the valve during Bun 148 were still present
at the initiation of Run 149, spproximately 1 hour later. Thus, vhen
hot Nzo,‘ was floved through the system during Bun 149, the flowrate
recovers: to a value greater than that at the start cf the run, The
slight disagreement betweer this value and the initial value for BRun 148
is due to small changes in the run pressures. No special attempt vas
sade to keep these conditions exactly the same during thi.l series of runms.
The initial flowrate for Run 149 was bigher than the final flowrate for
Bun 148, This also is typical and hes been observed many times. Part of
the flovéiecny deposit appears to redissolve on standing. Also, some of
it may be removed if the main tank is ex, ied completely during a run

and pitrogen pressurization gus i» 2llowed to flow through the system for
a short period of time.

b.nally, comparing the first few minutes of each run, (Pig. 22) Bux 143

is perfectly linear vhile Run 134 is slightly concave downward and Bun 149
is com{ex. A considerable number of runs conducted under a variety of
conditions have demonstrated that the flowrate va time curve for flow
decay under steady-state condilions is approximately iinear to zcro flw.
An appreciadle nonlinearity vhich is apparent in the fira£ 2 or 3 minutes
of runs conducted wiih the heavy sight glans valve is due to teapersture
changes during the time regnirid for this component to approach the line
tesperature. ’

8l




Flov decay is the buildup of solid deposits at the peint of mimiwwm -
cross-sectional area, In additicn ito the origin and cemposition of the
deposit, the reasons for the deposit forming at this particalar place

are of particuler interest. Because this is the point of highest flew
velocity, it should be the point least susceptible Lo a buildup of selid
film. However, it would be the most likely loecation for entrapmen’ of
solid particles large esough to bridge the annuler gap in a neodle valve.
Inspection of the flow iraces reveals that this camnot be the process
occurring. The flow vs time curvys are smooth and continwous., HRuploying
Run 148 as an example, it io possible to use the pressure drop across the
valve, flovrate, and density to calculate an approximate walue for the
minimum cross—s=ctional area. This, aloug with the kuown valve orifice
size, indicates an amnular area with m'outb.er dismeter of 0,065 inch and
an inner diameter of 0.057 inch. 7o bridge the gap, a solid perticle

must, therefo:re, be a miniwue of 0.004 inch in one dimension, The average
length of the perimeter is 0.190 inch. Thus, il spherical particles are
assamed, only 50 particles of the ainimum 0.004~inch size would be required
to completely block the flow passage. Thg flov trace should theu decrease
from its initial value t¢ zero in no more than 50 discrete stepa. Sudden
changes of this magnitude were clearly not oczurring during the flow tests

presented,

The ability of the solid depoﬁtu to adhere to the surface at the point:

of minimux crose section deapite the high flow velocities at ‘thét point
could be expecied to vary vith different valve geqéetriss and flow condi-
tions. 1o s¢me cn:én, pieces of the solid deposit {lake ofi from tiwe to
time, causing sudden imcroises in tle flowraie. A typical ram illustrating
this behsvior is presented in Fig. 23. The sudden increasss at three
different points during the run result from ssall portions of the flow-
-:lecsb.\r deposit breaking loore. The taicker the d!f)olita:d fiim becomss,

the wore susceptible it is to hx‘ehk(i‘u laa&e.." Suiden devrenses iu £lowrate,
as vould be caused by solid particles bridgivg Q.te annular gap, were mever

obaserved.
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Rapid Tecrease in Flowrate. The rrtes of deacrease in (lowrate during .

typical flow bench runs, as seen in the previces section, Honldﬁokviunsly -
aftect g&atem operation but might not be considered a serious hazard in
normal rocket engine applicetions. Total operating time of & rocket
engine seldom approaches the 15 to 30 minute run times studied here.
ﬁbvever, on certain cccasions, extremely rapid decreases in flowrate can
‘result,.with complete blockage of a 0.25 gpm flow in as little time as

1 minute. This behavior has been termed "caetaatrophié flow decay” and

- is illustrated in Fig. 24 The instantanecus increases in flowrate

illustrated in Fig, 24 are the result of manually widening the needle
valve opening to maintain flowrate. After 26 minutes, the ¢alve opening

had been increased 14 times so ihat the valve minimum flow area was approx-

_;imately 10 times its initial value, but flow was completely stopped. The

total temperature drop from the main tank to a point downsiream of the
needle vaive was only 10 F. Obviously, a condition which required only

a 4 to 10 F temperature change for initiation and which can completely

.stop & 0,25 gpm flow presents a poﬁéntially extreme hazard in the opera-

tion of small rocket engines with Ngob oxidizer. Thiz "catastrenhic

flow decay" behavior appears to arise from a supersaturated condition,
bu£ the exact factors reépousible are still unknown, Almost all possible
ranges of flow-decay rate have been observed from this maximum oi approx-
imately 0.25 gpm/min to the smallest practically measurable value of

approximately 0,00025 gpn/min.
Dencsits observed on the valve needle after Run 113 are illustrated in

Fig. 25. The deposits were typically a pale yellowish-waite and disappeared

rapidly when exposed to air.

Effect of Flowrate and Pcessure. The flowra’e vs time curves in

Fig. 22 were cssentiaily linear to zero flow. This will become more and
more apparent in succeeding illustrations. These runs all involved a
nearly closed needle valve with pressures cn both sides of the valve held
conatant. The minimum flow area is annular in shape with an annular gap

width that is small in proporfion to the diameter. For a constant pressure
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drop, flowrate is dircctly proportional to the area of a comstriction.
Therefcre, a linear decrease in flowrate with time indicates a linear
decrease in area and a linear increase in thickness of the film deposited
at the minimum area, Because the deposition rate is constant with time
and is not a function of mass flowrate, this would indicate that only a
small part of the total material which could be deposited, actually
accumulates at the point of minimm area and that the deposition rate is
limited by local trarsport processes (i.e., because linear velocity is

approximately constant).

The magnitude of the pressure drop across the conmstrictivn in which flow
dquy is occurring has ar importani effcet on the rate, but the absolute
preégure does not appear to be inflvential. One early hypothesis was

that the absolute value of the pressure downstream of the vaive would be
important from the standpoint of whether or not cavitation were possiblc.
It was thought that cavitation boiling within the valve could be respons-
ible for the accumulation of solid deposits ai that point. Numerous
experimental runs were conducted to verify this hypothesis, one of which
igs skown in Fig. 26. Run 132 was conducted with the sight gage valve

3o that visuel confirmation of the presence or absence of cavitation

wag possible. The run was initiated with 250-psig main tank pressure

and O-psig vent pressure. The N204 temperatvre was reduced from 125 to

60 F (51.67 to 15.56 C) by flowing through the heat exchanger shead of

the valve. Under these conditions, extensive cavitation was visible
within the valve. After several minutes of flow, the pressures both up-
stream and downstream of the valve were increased hy 100 psi. At the same
time, the valve opening was increased to partially restore the flowrate.
No cavitation bubbles were visible under the higher pressure conditions.
However, the rate of flow decay was not significantly affected. These

and similar results have established that cavitation is nnt of appreciaole

importance in producing flow decay.

The pressure drop across a valve determines the flow velocity at the

minimmn cross section for flow, It was expected that the velocity would
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influence the deposition of a solid film at this point. During Run 135
(Fig. 26) the differential pressure at start was 220 psi (30 psig down~
stream, 250 upstream). The differential pressure was then lowered to

50 psi by decreasing the upstream pressure while keeping the downstream

pressure constant at 30 psig. The valve opening was increased as necessary

‘to yield approximately the same initial flowrate at the lower pressure

drop. A marked change in the rate of flow decay resulted, A large part
of this change must be attributed to the fact that increasing the valve
opening changes the ratio of the length of wetted perimeter to the cross-
sectional flow area. Therefore, a much thicker film is required to effect
the same fractional change in area. Because the pressure drop changed‘by
a factor of more than 4, the area must have increased by more than 2 and
the perimeter/area ratio by even more. The rate of flow decay should thus
have decreagsed by a factor of approximatel} 3 because of this effect alone,
However, the observed change was even greater, If the concentration of
flow-decay material in the flowing stream were constant, a higher precipi-
tation rate at the lower pressure drop would be expected because of the
lower velocity through thc minimum area. In fact, the decay decreased
substantially indicating that the pressure drop in some way influences

the actual formation of the solid material, yielding a higher stream con~
centration of material for higher differential pressures. This effect

was not observed for differential pressures higher than those in Fig. 26.

Initiation of Flow Decay.

Tuitial Reactisn Vime., At the initiation cf this investigation it

was assumed that flow decay could be produced simply.by heating N20‘l above
some minimum temperature and cooling it before flowing through a valve.
The flow bench and test plan were designed accordingly. After building
the system and loading it with N20h, a series of exploratory runs were
conducted at various ~onditions thought to be tavorable to flow decay.

N¢ evidence of the {low-decay phenomenon was observed. Over a J-week

period, runs were conducted with the Nzoh heated over the range of 100
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to 140 F {60 C), with tank pressures of 100 to 500 pszi,- vent pfebsures of
0 to 250 psig, flows from 0.1 to 0.5 gpm, slow batch cooling rather than
‘sudden heat exchanger cooling, and with any combination or change of vari-
ables which might possibly affect the process. No discernab}e decrease in
flowrate occu;red during any test during this period. A new batch of Néoh
vas loaded into the system, but there was atill po flow decay. Finaliy,
after discovery of the boiloff effect (discussed in the following section),
it became possible to cordition the N,0, for flow decay. Then i* was deter-
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mined that boiloff was no ionger necessary. Fresh Néoh could be loaded inte

the flow bench, be heated for 1 hour, and effect immediate flow decay at a
variety of run conditions. Therefore, it appears that an initial aging

or corrosion of the tank wall must occur before a system becomes subject
to Zlow decay. During the present investigation, the time required for

this process was on the order of several weeks of exposure to N20h'

Boilofi Effect. After the initial period of unsuccessful flow

bench operation, the investigators on this task visited the Special Pro-~
pellant Flow Facility (SPFF) at Bocketdyne where the flow-decay phenomenon
was first discovered aud studied. A demonstration run was conducted which
resulted in ilow decay when using the same sight gage needle valve that

had been used for the fiow bench teats., Juring the demonstration, it was
observed that the ncture of the SPFF operation (short-duration flows with
rapid recycling and continuous operation) resulted in the loss of signifi-
cant gquantities of N204 from the system. The tank pressurization aud
venting process carried out on each flow cycle was certain to result in
some N20ll loss with each tank vent, and the cumulative effect over a

large number of cycles could be substantial, It was postulated that this
~ould be the missing factor necessary to produce flow decay in the flow
bench. Testing with the flow bench was then resuwed after deliberately
allowing an appreciable fraction (greater than 10 percent of the N2Oh)to
boil off by venting the hot main tank to the altmosphere for several minutes.
This resulted in the first experimental observation of flow decay in the

flow bench.
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After emptying the system and loading with a new batch of NéOh, it wus
again necessary to boil off & portion of the Nzoh to produce fiow decay.
This behavior vwas repeated with three succeeding loads of Héﬂk.u Therefors,
it appears that boiling away a part of a given mass.ox Nﬁﬁh,will dilppie

& flow system tuward flow decay when it would not othsrwise be susceptible.
The exact mechanism by which the boiloff influences flaw.dicly is stiil
not known. It could be simply a concentration of some critical nondistil-
ling chemical species of low volatility, or it could be the result of

some reaction which occurs more favorably at low pressure, perhaps due

to the greater dissociation into NO2 at lower pressures. Further obnerya-
tions of this effect were eliminated when increased aging of the flow
bench made it unnecessary to boil off any Néoh before obtaining flow-decay
bebavior. The test history eof the flow bench system, illustrating the

change in behavior with increasing system age is summarized in Teble 12,

Nucleation Effect. The formation of a solid precipitate from a

saturated or super-saturated solution usually begins at certain microscopic
nucleation sites. If the initial nucleatior step iy difficult or slow,
there may be a pessibiiity of utilizing this knowledge to delay or imhibit
the precipitation., In the course of the experiments performed during

this task, the deposition of flow-decay material was olserved on steel,
aluninum, glass, and plastic. For this reason, avoiding flow decay by
control of construction materials does rot smeem promising. However,

there appeared to be some differences ir the ease with which the molid

deposit adhered to different gurfaces.

The existence of a specific surface nucleation effect was délonatiated
during parallel flow tests. Identical valves were placed in a parallel

flow circuit, with common inlet and outlet lines. Separate flowmeters
monitored the flow through each valve, The results obtained with two

needle valves, both of which were new and had been subjected to the same
cleaning treatment before plaéing‘in tke system, are illustrated in Fig, 27.

~ During the first run (180), a low rate of flov decay began immediately

in valve No. 1, but the initial nucleation etep did not occur in valve

g1




T'ABLEF 12

~ INITIAL FLOW-DECAY CONDITIONS

Buns

N Ok Batch Eesult

1 1 to 48 |No decay nndof‘any conditions

2 4 to 73 |Decay only after extensive boil-off
3 74 to 100 | Decay ouly aftervboil-off '

4 101 to 112 {Dacay only after boil-off
5 113 to 131 Donay after soaking for 3 deys at 130 P'

(54.4 C), no boil-off

6 132 to 145 |Decay immediately after loading into -ystel
7 146 to 167 | Decay iauediatcly after loading .
8 168 to 191 |Decay after soaking for 3 days at 120 F (48.89 ]
9 192 to 226 | Decuy iumediately after loading

10 297 to 238 |Decay immediately after loadiug

11 239 to 240 | Decay immediately after loading

12% 241 to 245 | No significant decay obtained

13 246 to 254 | Decay irmediately after loading

14 No ruwis o | |

15 255 to 259 | Decay irmediately after loadiug

16 |'260 to 266 | Decay immediately after Loading

17 .267.tu 268 Decay imnediately after ,oadxag 

*Refer to nectxae S apeclal *asia,ulth tha Geuzni eugine
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closed, the minimee cross section %o flow was a thin apnulus in all cases

No. 2 until after more than 20 minutes of flow durirg two separate runs. S - .
After .he initial nucleation had cccwrred, the rate of flow decreass (rate ' :
of buildup of deposits) was the same 'n both valves, This is farther
discussed in the foliowing sectio;., The indications are ihat the initial
nucleation s‘ep is influenced by ~icroscopic factors, giving wmpredictable
nuc.lelficn delay times; but once nucleation has occurred, the rate of
deposition of flow decay material is & function of the relevant thom—-
dynamic variables. The rate of flow decay in Fig. 27 is very amall; a
long nucleation delay time was never observed for ruas vhich resulted in
appreciable rates of flow decay, L

Geometric Effects,.

Parallel Valve Flow Tests. The parallei flow circnit was uged for
a number of cxperiments to determine the effects of valve design on 7
susceptibilily to flow decay., With pacrallel flow through identica! valves,
aprroximately equal rates of flow decrease are cbtained. Two such runs .

are illustrated in Fig. 28, In tke first csie, the rate nf flow decay in

oae valve cons.antly leads that in the other veaive by a small amoumt .
In the other run shown, the relative rates were reversed each time the

valve openinga were increased to restore a completely stopped flow,

Although tbe rate of flow decay through two identical valves is seldoa

exactly identical, the variations shown in Fig. 28 are sufficienily small

te allow meaningful comparisons to be made between nonidentical valvas

‘on the basis »f observed differences in parallel fiuw Jdecay rates.

- Four miniature valyzs were gelected for paraliel flow comparisons. These

_valves, shown in Fig. 29, were standard cuweercial 1/5- and 1/A-inch size
stainless—steel valves with globe—patterr. flow patho. The stex design
varied from straight vee to a blunt ves to s blunt stem with = nlastic
insprt. Siace the .f_lgii tertﬁ'tl were wode vith ithe valves almost completely

" and the stim deaym is not likely to b connequential. - The orifice diuﬁ» :

" aters ware 0,065, 0.120, 0.170, and 0.215 inch, An szample of the parallel

9%
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- Lflaw comparzsona ia pre&entad in Fig. 30 Thczo three vns cnuparevﬁhe

T AR s et Y e el S

c. 065—mch orii'i.ce mrr the 0. 120—mch orzhcs nlve. ‘For ik m, ;

decay.. Thia was aacertannmd for all hllateral eomparisann batreen.ths
vulves in Fig. 29. In every case, “the valve with the ’argnr nriiice
diameter was the more sumceptlble to ilow decay.!;jt o

The results of these parallel valve flow’taata confonz to expeetatzonag;,ig
based on the fact that the rate of. bu11dup of ?11m thzckness &t the :
minimus flow area is constant for a given set of fiow cond1t10ns“\ihe- .
larger the diameter of the valve orifice, the larger will be the ratzo |
of length of wetted perimeter to cross-secticnal area for a g1ven areaﬁ{
{i.e., the smaller will be the annular gap between the orlilce and the;:
valve stem). Therefore, the same film thickness will have a larger

effect on flow through the valve with the larger diameter orlxlue.“

Variations in Valve Design. In the course of the nearly 300 experi-

mental runs conducted with the N204 flow bench for this study, a wide
variety of vaive types were determined to be susceptible te flow decay,
Either the specially designed sight gage needle valve or a 1/8—inch
nminiature steel needle valve were used for the majority of rums. However,
flow decay was experienced at least once with & number of different
needle valves and with such other diverse Zlow vestrictions as were
presert in a pnevmatically operated proportisnal countrcl valve, a filter,
and a complete feed system for the Cemini S%~7, It app2are that any
point of area constriction in an N'20,i feed line will be sabject to flew .fé
decay if the minimum flow area is sufficiently small and a large enough

pressure drop across the constriction js presenc.

Point of Origin of Solid Deposits. A questicr of primo iuwportance comcerns

the point of fermation of the solid flow-dncay precipitate. At tue start
of this investigation it was not known whether the s1lid waterial was Y.
actually precipitated out at the valve or whether it wes fermed in the
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bullc'l\72()lk as a reault of température cycling, and merely ac‘emlated at
- ‘ the velve as the N2°lt flowed through. Three ceparate types of experimental

evidence help clarify this particalanr guestion.

The first and most definitive type of evidence is illustrated in Fig. 3L
In runs with the glass wall valve in waich a viaible dapoait wes obtained,
this depouit was alimyg breaent dmstrem of the valvev orifice, never
upatream. This would seem to be a positive indication that the precipitate
wag being formed at the valve and was not pi'esent in the form of solid
material upsiream of the valve orifice.

The sccond set of dbservntiona resulted from & series of runs conducted
with 4 metal cold finger placed in the flecw line. lLocations both upstream

and downstream of the flow-conirolling valve were tried. It was found
that & deposit could be obtained on a cold surface upatream of the valve,

This provided, for the first time, proof ‘hat a pressure drop is not
necessary to form the precipitate., However, it was observed that the

deposit was always heavier with the cold finger in the downstream positicn
than in the upatream position. Because the total amowmt of deposit was
extremely small in all circumstances, the comparisons were only qualitative,
based on visual observation. Nevertheliess, the large magnitude of the
differences waa believed to be quite significant, Thus, these expeximents,

1

while proving that a pressure drop is not essential to formation of the
aolid flow-decay deposits, still suggest that most of the material comtribut-
ing to valve plugging is actually formed at the valve rather than upztream.

A third set of data was derived from a set of il runs which were conducted
with two needle valves in series, The differential pressure &cross one

of the valves was munitored as well as the pressures upstream and down-
stream of both valves, If solid flow-~decay material were present in the
flowing stream before reaching the valves, the upstream valve would be

) expected to plug up first. This would be indicated by a rising differential

pressurs across the downstream valve (pressures upstream and downstream

; - Feru— - W, et - AR :
AN St ' : ‘




Figure 31.

Deposits

100

1X265-2/14/67-C1A

in Sight Gage Valve
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of the two valves are regulated to constaﬁt values). Conversely, if

solid deposits are formed only as a result of tne pressure drop or some
other process occurring in the valves, sbme of the material formed at the
upstream valve could be expected to remain in the streom and contribute

to plugging of the downstrecam valve. In this case, the downstream valve
would be expected to plug up more rapidly and exhibit an increasing

differential preseure.

During G of the 11 runs conducted with valves in series, the differential
pressure across the downstream valve increased as flowrate decayed (with
a corresponding decrease in the difierential pressure across the upstream
valve). During three runs, the differential pressure across both valves
remained constant. Two runs exkibited & decrease in pressure drop across
the downstream valve. Three different pairs of valves were used. The
positions of each pair of valves (i.e., upstresm vs downstream location)
were also reversed for at least one run with each pair of valves., 1In the
two coses where a decreasing pressure drop acress the downstream valve
was obtained, reversal of the valve positions resulted in either a constant
pressure drop or an increpsing pressure drop across the downstream valve
during succeeding runs. In other cases, with increasing downstream pres-
sure drop, reversing the valve positions bad no effect or the results.
One set of such data is illustrated in Fig. 32. A4s flowrate dropped, the
pressure diffeiential across the downstream valve increased and that
acrose the upstream valve decreased, regardless of the position of a

particular wvalve.

The results of the series valve flow tests, while not entirely unambiguous,
tend to support the formed-at-the-valve hypothesis rather than the formed-
upstream hypothesis. Becausc many other factors {absolute pressure and
temperature levels, individual valve differences, etc.) could influence the
outcome of these tesis, it is not surprising that the results vary from
run to run. It is apparent that either a decrease in tcmperature or a
decrease in preasure (some decrease in tenmperature will also accompany

a pressure drop) ir a flowing stream of properly conditioned NQOQ can

101
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result in a precipitate at the site of the temperalure or pressure change.
All of the cxperimental evidence available to dale indira*s that the bulk
of the material contributing to flow decay through a valve or other flow
constriction comes ont of solution at the poini of pressure drop and dves
pot exist es a solid, upstream of this point. This conclusion imnediately

infers that the flow decav cannot be prevented by means of a simple filter.

Temperature Effectis.

Cold-Finger Experiments. Experiments with a metal cold finger placed

in the flow line were dimcussed in the previous section. These experiments
eatablished that a drop in temperature alone is able tuv cause deposition of
flow-decey material on a cold surface. This would suggest that, in any
N2ﬂ& storage tank subject to slow thermal cycling, a dvposit would be
formed on the wall surface during any decreasing temperature period.
However, the extremely small bulk concentration of material, probably no
more than 1 or 2 parts per million, make it unlikely that such & deposit
would ever be detected. These experiments =uggested the duilding of the
laboratory-scale flow system for visual detection of deposits which was

discussed under Task IV.

Min.uum Temperature Requirement. It is of considelable importence

to determinc the minimum temperature to which N204 mast\be exposed to
effect flow decuy. If tbis minimum temperature were quide high, then
flow decay might never be a problem in normal systems. ause the
phenonenon of flow decay was first discovered during norma{ ambient
temperature operaticn of a flowmeter calibration facility, gxcessively
high temperatures are obviously not necessary. However, storage tanks
exposed to the sun can easily reach temperatures well above the measured
ambient air temperature and no preciese knowledge of the necessary tempera-
ture was available. Conclusive evidence of flow decay starting with a
bulk temperature of 90 F (32.2 C) was obtained during severai;runs. Cne

such run is illustrated in Fig. 33. A new batch of N'Q()li wag loaded into the
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sysiem with the main tank at 90 F (32.22 C). At no time after lsading
into the flow bench was the Né04 subjected to a temperuture in excess of
90 F. Approximately 24 hours .fter loading, the experiwmental run was con-
ducted. Strong flow decay was produced by cooling to temperatures belowf
75 F (23.89 C) in the heat exchanger. Coolant flow through the heat' ex—
changer was reduced in several steps. Flow decay at a reduced rate was

still occurring when the temperature drop through the heat exchanger was.

only 5 F. At a 3 F temperature drop, the flow decay disappeared.

?low decay was also demonstrated at 80 F (26.67 C) soak temperature. How-

eifr, this wos accomplished with a2 batch of Néohvwhich bad previously been
rup at higher scak temperatures. It was uncertain wbether the same result
wo&id be obtained with a new batch which had never been heated above 80 F
(263?7 C). The only attempt to demonstrate flow decay with a new load of
N,0, ‘at 80 F (26.67 C) wos made during the Gemini flow tests. This attempt

20 |
failef for several reasons (refer to Section VI). Following these tests,

an iobroved heat exchanger system (uscd for the run in Fig; 33) was con-
structed but insufficient time was available for furthe: runs to locate
um temperature. However, the existence of a temperature limit .
some lpwer temperature would probably be of little value. It would be
difficglt to limit the maximum temperature of 2 practical éyetem to lec

than 80:F (26.67 C).

Effect of Heat Exchanger AT. Because of run-to-run variations in

flow-decay rate, it was possible {o determine the effect of hecat exchanger
AT only with the variable temperatwre heat exchanger. 'This hent.exchunger
was specifically constructed with as low a surface area as possible, and
therefore was limi‘ed as to cooling capucity. By reducing the N'20zl flow-
rate as much as possible, snfficient heat exchanger AT was available to
demonstrate some of its effect on the rate of flow decay. One such rum is
illustrated in Fig. 33. A similar run in Fig. 34, again at a 90 F (32.22-0)
soak temperature, was conducted with decreasing instead of increasing
temperature drop through the run. Because of the low floﬁrates used

during these runs, several minutes were required to attain temperature
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equilibrium in the lire when a change in the heat exchanger coolant flow

was made. The linearity of flowrate vs timo was extremely clear during

" most runs conducted with this heat exchanger system. A run in which the

heat excheanger ocutlet temperature was first decriased and then increased

is illustrated in Fig. 35. | §

Data from runs such as thnse in Fig. 43 through 35 provide an important '}
clue as to the actual wméchanisw by which iflow decay occurs. If, for
instance, the formation of the solid depositvs im accomplished through an
equi'ibrium phase change, then a plot of flow-decay rate against heat
exchanger outlet temperature should reveal a maximum outlet temperature
above which flow decay does not cccur. If a lower temperature limit to

the solubility of fiow decay meterial exists, then flow-decay rate should
be a maximm at this heat exchanger outlet temperature, regardless of ihe
initial soak temperature. If flow decey is simply a solubility phenomencn,
and if the solubility increases linearly vith temperature at all tempera-
tures of interest, then a plot of flow-decay rate agains? heat exchanger
AT sheuld be similar for all runs. Becausz the variable temperature

heat exchanger was installed late in the program, only approximately 10
runs with this type of heat exchanger were conducted during which the
‘exchenger AT was deliberately varied during the run. The data from _;
balf of vhese rung yielded only widely scattered points with no apparent :
currclation when decay was plotted against either heet exchenger outlet
itemperature or AT. Deta fr. the remaining five runs are ypresenied in
Fig. 36 and 37. Initial soak temperatures varied from 90 t> 120 F (32.22
to 48.89 ¢) for these runs. Wheu plotted as a function of AT (Fig. 36j,
the maximum decay rate for all runs can be included within a temperatnre
span of approxi wv 15 ¥. VWhen plotited vs heat exchanger outlet temper- ;Q
ature (Fig. 37), a 36 F span js reguired to encompass all the pointe of ~
maximum decay rate. Thirty duvgzrees is exac .'y the range of initial soak
temperature involved. Also, the borizontal displacement of the curves in

Fiz. 37 is eoxactly ordered with respeci to initial temperacure but thosc

in Fig. 35 are not.
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These data are obviously too scattered to enable drawing precise conclusions,
but they reveal nv evidence of either upper or lower adsolute temperaturs
limits to flow decay. This would appear to rule out the presence of any
process involving an equilibrium phase change (i.e., a freezing or melting
point, etc.). The data tead to support ihe hypothesis of a solubility
phenomenor, with solubility increasing as a function of temperature.
However, if changes in solubility with temperature are the underlying
cause, a constantly increasing rate of flow decay with increasing heat
exchanger AT would be expected. The appesrance of an apparent optimum
in the curves is diffienlt to rationalize. It is possible that once a
given temperature drop o~curs in the exchanger, nucleation on the heat
exchanger surface occurs arl sufficient material begins to deposit at

that point to reduce the deposition rate in the valve downstream. Addi-
tional data over a wider range of temperatures must be obtained before

whe existence of an optimum point can be verified.

fffect of Aqgitives.

Acetonitrile. The first additive tested in the flow bench system was
acetonitrile, DNuring all additive tests, the procedure was to estah-
lish reproducible flow decay during a series of runs at constant condi-
tions before injecting the acditive. After injection of the additive,

additional runs were conducted under the same conditions.

Two batches of N204 were tested with acetonitrile, as shown in Fig. 38"
First, a series of runs (123 through 125) was conducted to demonstrate

that the Nzoh and system were subject to Ilow decay, at the run conditions
chosern: (N204 soek temperaturc of 118 F (47.78 C), heat exchanger outlet
temperature of 60 F (15.56 C), 250-psig tank pressure, and 0-psig vent
pressure). These runs utilized the sight-glass needle valve with steel

stem and sent. The flow-decay rat: obtained was approximatoly 0.005 gpm/
min (Fig. 38). During run 125, acetonitrile was injected into the flow line
downatream of th: needle valve (Fig. 21). Sufficient acetnnitrile wus

added slowly, over a period of approximately 5 minutes, to yield a {inal
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concentration of approximately 0.25 w/o. The Nzoh wvas then recycled

to the main tank and allowed to reheat for 1 hour before the next run.

During the firet run (126) after introducing the additive, the initial

flowrate was identical to the flow before any of the flow—decay ruus,

and it remained perfectly steady throughout the duration of the run.

Five more runs conducted at the same conditions over a 2—day period ﬁ%
\

revealed no evidence of flow decay. !

The flcw aystem was then emptied and oaded with a new batch of N0

The first run with this new NEOh asupplyywas conducted less than 1 h;u:

after loading and immediately exhibited ¥low decay. This was the first .
time that flow decay had been observed tf§is brief a period after loading. /
Thus, it appears po-~sible that although fhe ecetonitrile effectively
inhibited flow decay while present in ti system, it way have affected /
stem more susceptible to flow /

the system between Runs 140 and ;

the w~all in such a way as to make the
decay. Acetonitrile was again added t
141 (Fig. 38). As before, the flowrafe immediately recovered to its
initial value and then remained censfant. Continued flow tests were

conducted over a period of 1 week with no evidence of flow decay.

Benzonitrile. The effect of ben¢onitrile was determined during a seri

of experiments similar to that used with acetonitrile. Six runs, at
l-hour intervals, were conducted during a single day with the results
shown in Fig. 39. A flow-decay rate of approximately 0.0023 gpm/min was
observed during the first run (159). The rate of flow decay decreased
s}ightly during the following three runs, in accordance with the nor-
mally observed pattern of behavior. 9One hour of reheating the N20h
between runs is probably not quite sufficient to restore the equilibrium
concentration of flow-decay material. During all these runs. the posi-
tion of the flow—controlling needle valve, in which the deposits were
being formed, was left unchanged. Because the pressures in the main
tank and the catch tank were maintained constant for every run (250 and

30 psig), the initial flowrate was lower. for each succeeding flow—decay

run, because of the accumulation of deposits in the valve. Part of the
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- decay during suvcceeding tesis.

‘Pentafluorobunzcnitrile (PFEN). The final ndditive to be tested in the
flow bench wyatem »as PFBN &t a U,25 percent concentration. The pre-

RGBS i L e e © L et e

buildup of flow-decay depogit in fh& valve ordinarily redissolves during
the l-hour interval between runs; therefore, the initial flowrate may be
higher than the flowrate at the end of the preceding run. Most runs were
a;lowed to proceed until the entire contents of the main tank had been
transferred. Thus, tﬁe decreasing flowrate level for runs 159 through
162 is also reflected in the increasing run time seen in Fig. 39.

During Run 162, 0.23 percent benzonitrile was added downstream of the
flow—controlling valve. The subsequent run (163) exhibited « gradual
recovery of flowrate throughout the run. During Run 164, flowrate had
recovered completely and was constant throughout this and all succeeding
runs. Benzonitrile clearly caused a re~aoclution of the flow-decay depecsits
present in the valve and the elimination of flow-decay behavior {rom the
system. However, the efficiency of this process appears to be markedly
different than with acetonitrile. In beth trials with acetonitrile,
flowrate recovered completely and almost inatentanevusly at the beginning
of the firat run with additive irn the system. In c¢he case of benzomitril~
flowrate recovery was slow and gradual, ead ww3 still not complete at the
end of 14 minutes of flow during Pun 163. Acetonitrile in evidently

auch more efficient in dissolving the flow-decay deposits. Continued
teste over a 10-day period with the benzonitrile-added system revealed

no evidence of flow decay under any conditions.

Ethyl Acetate. Using the same test procedures as with ecetoaitrile aad

benzonitrile, the effect of ©.25 percent ethyl acetate was observed,
Recovery of flowrate was immediate, a8 iv the case of acevonitrile,

This batch was then maintained in the avetem for 4 Jdays wita nc flow

viously estublished test procedure vas smgain utilized, A sories of

three runs (220 shrough Q?ﬁ)‘van conducted to demonstrate the flow-decay
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characteristics of the particular lcad of Ngoq and test conditions used
(Fig. 40). After adding the PFBN, the flowrate recovered slowly during
the following run {223). The rate of recovery was at least as gradual as
that observed with benzonitrile. Runs 220 through 223 were completed on

April 7. The Nnoh, with PFBN added, was maintaincd at a constant tempera-

ture of 130 F over the weekend. During the next run (224), April 10,
rapid flow decay occurred, resulting in complete plugging of the valve
after 6 minutes of run time. The valve opening was increased to restore
flow, and rapid, somewhat erratic, flow decay continued at approximately
the same rate for the duration of the run (Fig. 40). Succeeding runs all

resulted in approximately the same flow-decay rate.

Although PFBN wos temporarily effective in dissolving the flow-decay de-
posits, 1its etfective lifetime at 130 F (54.4% C) is apparently very short
for the additive concentrantion used. This contrasts to the unfluorinated
benzonitrile, which remained effective for at least 10 days at approxi-
mately the seme conditions and concentration. The rate of flow decay

was much worse after the additive had deteriorated than it waa before

the addition of PFBN. This difference in decay rate may be due only to
the longer soaking time at constant temperature. However, during the
acetonitrile toets, the use of an additive appesred to muke the system

zore susceptible to flow decay, unce the additive had been removed.

"low Tests With INTO

Because of the interest in developing inhibited nitrogen tetroxide (INT0)
as a standard prepellant, it was highly desirable to determine what effect
the INTO addivive (FNOQ) would have on the flow-decay phenomenon. Approxi-
mately 12 gallons of INTQ containing 2.6 percent FN02 were obtained from
the storage program under a current Air Force contractual effort. This
propellant was contained in a 347 stainless steel tank which had been
stored at awhient tewmperatures for approximately 1 month. The FN02 had
been produced in situ by btubbling gaseous fluorine through the liquid

N‘zo!‘ L]
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fue fivst batch of INTO loaded into the flow bench was nintained thoro
for 2 weeks at 120 F (48.89 C). Several flor runs were conducted duringv_
thil time interval with no evidence of flow decay. At the end of the 2-
week period, a sample was extracted from tho system and analysed for m
It was found that no FNO,
system was then dumped.

2 remained, it having been converted ta IE. The,

A second batch of INTO was lcad2ed and maintained at 125 F (51.6? C) overmvf'
night. During the first run with this batch, & very slight decrease in
flowrate was evident, dropping from 0.100 to 0.085 gpm over 22 minutes of
run tire. A second run on the following day yielded approximately the
same results, decreasing from 0.108 to 0.090 gpm in 29'linutes,

Batch No. 3 was loaded into the flow bench, alluwed to soak for 1 hour &t

125 F (51.67 C) and then run immediately. No meosurable decrease in flow-

rate occurred. Alter teing maintained overnight at the same temperature,

an extremely small rate of flow decay appecred (0.120 to 0.113 gpm in 25

minutes). This rate of change in flowrate was about the smallest change | -

detectable with the instrumentation used.

The fourth and final batch of INTO was loaded inte the flow bench aad main- -
tained overnight i i25 F (51.67 C) before running. All previous runs with

INIQ were conducted using the normal procedure of cooling through the heat

exchanger te approximetely 75 F (23.89 C). Foer the last run, the INTO waa

batch cooled in the main tank to 40 F (5.44 C) before flowing through the

asystes. The flowrate decayed from 0.103 tuv 0.09C ,pm in 19 mivutee. After

this run, the INTO in the aystem was analyzed amd found to contain 1.5 per-

cent EN’O?. Because of ite grenter vo’lntility, !"Mﬁ:2 is ropidly lest from

the sysiem during trausefer and venting operations.

Because the first baich of INTQ, which was found At_o c&ntnm only YF and

no m,,, did not reveal sny evidence of flov decay o'_vwr. an estended ‘

period‘of time, HF may b: an effective decay-inhibiting additive. o .
_Mt;!wu;h the later ruas vith fresh batches of INTO did reveol some .
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decrease in fiowrate, the magnitud: of the effect (less than 0.C0l gpm

per minute) was so small as to be negligible for practical systems.

Special Tests With Gemini Engine

At the request of NASA-Houston, a series of runs was conducted with a
25-pound-thrust SE~7 Gemini engine in the flow loop. The objective of
these tests was toc determine whether flow decay could occur in the
Gemini fecd system and whether conditions in the Gemini capsule during
crbital missions could result in flow decay. To install the engine oxi-
dizer feed system in the flow bench, the chamber was cut off and a
stainless-steel fitting was welded to the front of the injector. The
reralting configuration is shown in Fig. 41, with all ports cappeda off,
When placed in the teat section of the flow bench, the oxidizer inlet
and injector fittings were connected to the N204 flow line. The chamber
pressure tap was capped off and the back side of the fuel valve was con-
nected to a 150-psi nitrogen line to prevent any NQOA from leaking past

the poppet into the fuel valve. To simulate spacecraft temperature condi-
tions during orbit, a new batch of NQOM was loaded into the system and
heated to only 80 F (26.67 C). The N,0, was cooled Lo approximately 60 F
(15.56 C) in the heat exchanger before flowing inuo the Gemini oxidizer
feed system. The production of flow decay with this lew an initial soak
temperature had not been attempied beforc; the.efore, it was not too sur-
prising when the phenomenon failed to zppear. A repeat run, in which the
heat exchangev tempcrature was reduccd to approximately 40 F (4.4% C) by

adding ice, was also unsuccessful in producing flow decay.

It was then decided to determine whether the absence of {low decay was sim-
ply due to the low sonk temperature or to some special feature of the Gemiai
feed system, which included an orifice, filter, valve, and injector. The
Ngoh was heated to 100 F (37.78 C€) and allowed to soak overnight. On the
first run of the next day. with cooling to 0G F (15.%6 C), a small, barely

detectable decrcase in flowrat? occurred. Succeeding runs revealed no cvidence
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of flow decay. Then, the NQOll in the flow bench was dumped and a new

batch waas loaded. The soak temperature was increased to 120 F. After

an overnight scak, a run with cooling to 60 F ir the heat exchanger
resulted in only slight flow decay, but switching the flow to bhypassing
the heat exchanger resulted in steady flow decay. On succeeding runs
with the same conditions, the flowrate rec: ~red to its initial value.
The last day of testing occurred aftoer the NQOh wes allowed to msoak over
a weekend at 120 F, Again, flow decay was apparent only on bypassing the
heat exchanger. While these experiments demonstrated that flow decay
can occur in a G:mini feed syaten, (with proper NQOh conditioning), they
failed to produce any evidence that normal spacecraft conditions (80 F

maxioum temperature) would result in flow decay.

The results of the flow tests with the Gemini valve weire confusing at the
time for scveral reasons. Although flow dccay had heen obtained on sev-
eral previous occncions with flow bypassing the heat exchanger, these
cases were the exception, and flow decay always resulted also when pass-
ing through the heat exchanger. During the Gemini tests, flow decay
occurrea only when bypassing the exchanger. An explanation for this
behavior was sought. It was noted that the Gemini flowrate (0.15-gpu
flow at 300-psi tank pressure, 135-psi vent pressure) was slightly lower
than that normally used in the flow bench during previous runs (usually
0.2 to 0.25 gpm). Thercfor: after removing the Gemini engine from the

system, a check run was cniducted with the same batch of N 0‘, a steel

)
needle valve, and 0.25-gpm flowrate. No flow decay occurred vhen bypasa-

ing the heat exchanger. Flowrate and N0, temperature at the valve inlet

j
are plotted in Fig., 42, The line tempera:ure rose quickly to within
appruximately 3 F of the NQUQ bulk temperature, The run was terminated
after 0 minutes and the line was allowed to reapproach ambient tempera-
ture. When the run was restarted at a lower flowrate (flowrate was
decreased by partially closing the needle valve), steady flow decay ini-
tiated., The line tcmperature in this case began to rise much more slowly

at firat and then ceased rising altogether ae the flow decayed tuv zeoro.

when the needle valve wvas opened wider to restore flow, the line temperature

1-;‘--av-ynqnsu:ﬁ.lllﬂlliﬂ!l!ll!ﬁﬂll!ll’
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again began toc rimse but soon reached a maximmm approximately 9 F below the
bulk temperature and then declined as flowrate again approached zero,

Many previous runs, in which flow through the heat exchanger resulted in
a constant line temperature regardless of flowrate, had demonstrated that
the rate of flow decay was always essentially linear with time, regurdless
of the magnitude of the initial flowrate., Therefore, it was obvious that
the behavior shova in Fig. 42 was causcd by the increased iemperature

drop in the line at lower flowrates when bypassing the heat exchanger,

At 0,25 gpm, th? temperature drop of 3 F in the line from the tank to the
valve was not sufficient to induce flow decay, H wever, at lower flow-
rates, a loager time is required to heat iritially cold line components
and a greater temperature drop will remain at steady state. This addi-
tional temperature drop was sufficien! to induce flow decay with the par-
ticular batch of NQOH being tested. Further runs verified that, when
bypassing the hent exchanger, initial flowrate alone (with a correspond-
ing temperature drop in the line) would determine the appearance or
absence of flow decay whea varied between 0.15 and 0.25 gpm.,  This pro-
vided an explanation for the Gemini tests in which flow decay occurred

whien bypasring the heat exchanger, . in contrast to normal experience.

The moat puzzling aspect of the Gemini tesais was that no significant f

decay occurrcd when the Nuoh was coolea from 120 to 60 ¥ (18.89 1o 13.50 ()

by flowing through the heat exchanger. Although no quantitative cevidenece

was avoilable, it had been believed for some time prior to the Gemiri tests

tha*. the heat cxchanger surface wos becoming more activated aml perhaps

causing much of the flow decay material to precipitate out in the cxchanger.

For instance, runs had been observed in which a higher rate of flow decay
resulred when bypossing the heat exchanger than thn flowiag through the
exchanger. FEarlier cold-finger experimente had clearly established that
the moterial could be precipitated out on o coid surface and the large
(100 feet ot i '=inch tubing) heat v!ch&ngvr surface ares wos obviously

a likely wrca for precipitation tv occur. During the period prior to

the Gemind tests, while the SE-7 engine was beng modified aud installed
in the flow loop, the svater remsined idle for approximtely 2 woeks.

Conatdering all factors, 1t was thought that perhaps a combiniation of

ey
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such variables ar the increased aging of the surfac:, unknown chemical
differences in the new supply of NQ”&’ greater precipitation at lower
flowrates, 2tc, had resulted in most of the flow-decay material being
trapped out in the heat exchanger, To verify this hypothesis, the heat
exchanger was removed from the system and a temporary low-eurface-area
heat exchanger was installed, Again utilizing the same load of NQOA and
same run conditions, strong steady flow decay resulted on cooling from
120 to 80 F (h8.89 to 26.67 C) in the exchanger. This completed the ex-
planation of the anomnlous behavior observed during the Gemini tests.
Flow decay was obtained when nypassing the heat exchanger because of the
lower flowrate and increased temperature drop in the line. Flow decay
did not resuit with flow through the heat exchanger becouse of precipi-

tation on the heal cxchanger surface.

Based on the previously discussed results, the low--surface-arca variable-
temperature heal exchanger for the flow bench was then built. With this
improved system, flow decay was demonstrated in a stondard valve with

80 F (26.67 C) initial N0, temperature. It was originall; planned to
return to testing with the Gemini engine in the new system after comple-
tion of the rest of the program., Further testing is obviously required

to delincate c¢xact conditions for which flow decay may occur in the Gemini
system. However, insufficient time ¢nd funde prevented Gemini tests in

the new flow bench system.

CONCLUSIONS

Mechanisms of Flow Decay

The experimentel behavior observed during this phase of the program suggests
that flow decay occurs as 8 four-step process. An initial long-terrm step
is required for reaction with the tank wall before flow—decay material i

produced in sufficient quantities to present problems.
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A second step, which reaches equilibrium in a matter of hours, may be a
farther reaction or simply a solution process. This im the step which
causes gradually decressirg 1ates of flow decay on succeeding flow bench

runs erpaced at l-hour intervals.

The third, oxr precipiteting otep, is the creation of a saturated or euper-

raturated sclulion by a sudden decrease in temperature or prescure.
The feurth and final e#tep of the preocess is the initiation of precipivaticn

on suitable nucleetion sites at the point of temperatoure and/or pressure

change.

Susceptibility to Flow Decay

The buildup of flow-decay deposits is linear with time, regardless of fiow-
rete. Because the total omount of maierial present is extremely small,
only flow systems with a very small crons section to flow will be appreci-
ably affected. Relative susceptibility of valves to flow decay éan be
eatimated from the ratio of length of wetted perimeter to cross-sectional
flov area at the point of winimum area. A plain orifice is the least

susceptible shape for introducing pressure drop.

Flow-decey material can be deposited on a wide variety of materiala, bat

material and design influence the ability of the deposit te pdhere.

Effect o[ Additive

Acetouitrile, benzonitrile, ethyl scetate, asnd pentafluorobenzunitrile
were all effective in dissolving fiow-decay deposits in the system when
used at 0.29 percent concentrstion. There were marked differences in the
speed with which the different additivex dissolved the deposits. Fenta-
fiyorabenzenitrile lost its effectivennsu ta preventing flow decay after

@ relatively short period of time.
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Flow Dec: - With INTO

The addition of HF to NQOA may cffectively inhiva. flow decay. Extremely
; emal] decreases in flowrate were chserved with new betches of INTO. This
nuggests that, although INTO is not completely immune to flow decay, it

may never be subject to disestrous flowdecay occurrences.
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CONCLUSIONS

The anbydrous iron nitratc NOFe(NO has been successfully prepared and

3)‘&
puirified in sufficient guantities to meet the needes of the entire program.
Evidence has been obtained to establish unequivocally the identity of this

material with the actual Yiow-decay (NQOA corrosion product) deposit.

The amount of iron that cun be dirsolved in anhydrous N204 from iroc powder,
iron oxide powder, or stee! alloys it only 0.5 to 1.5 ppm. The iron con-
centration is apparently limited by tne molubility of the iron compound(s)
which forms in NQOQ; a completely irsoluble passive film does not form on
the iron surface. The additi~r of 0.y v/o water to the NQOA increases the
iron golubility liwit somewhat and 8 second liquid phase is formed after

prolonged contact of the "wet” N O, with iron powder.

4

A sample of propellant-grade N O, which kad veen stored in a small steel

laboratory coutainer for more thzn |l year was repeatedly found to contain
about 1.5 ppm soluble iron. Filtering and heating of this propellant-grade
NQOA’ ander the limited conditiuns employed during thie study, did oot
affect the concentration of soluble iron.

The solubility of the flow-decay cowmpound in freshly distilled NQOA over
the temperature range 32 to 100 F, and in the presence of small conceptra-
tions of nitric oxide end water has been found to be guite low, on the

order of 1 to 4 ppm in terms of iron concentration.

The feaw.bility of the principle of elimiuation of flow-decay depoeit by

the additive approach has been demonstrated.

Heagents with different functional groups nave been discovered as effective

complexing agenta in N O, and therefore are prime candidetes in the eliumi-

4
nation of flow-decay deposite.

A convenient tevol for the study of ‘he flow-decay phenomenon on & laboratory

sci.e hi* be 1 developed.

127

e R NRAES:




The experimental behavior observed during this phase of the program suggests
that flow decay occurs as a four-step process. An initial long-term step
is required ivr resction with the tank wal) before flow-decay material is .

produced in sufficient quantities to present difficulties.

A second step, which reachee equilibrium ia & matter of hours, may be @
further reaction or simply a solution procese. This is the siep which
causes gradually decressing rates of flow decay during succeeding flow

bench runs at l-hour intervals.

The third, or precipitating step, is the creation of a saturated o super-

saturated eolution by a sudden decrease in temperature or prescure. 4

The fourth and final stey of the process is the initiation eof precipitation

on suitable nucleation sites at the point of temperature and/or pres :ure

change

The buildup of flow-decay deposits ig linear with time, regerdless of flow-
rate. Becouse the total amount of material preseat is extromely amall,
only flow systeme with a very small cross-section %o flow‘vill be affected
appr~ciably. Relative susceptibility of valves to flow decay can be esti-
ma.:d from the ratio of lenpth of wetted perimeter to cross-sectiopal flow
area at the point of minimum area. A plain orifice is the leaat susceptibie ]

shape for irducing pressure drop.

Flow-decay material can be deponited cn a wide veriety of msterials. Kate-

rial and design influence the ability of the Jeposit to adhere.

Acetonitrile, benzonitrile, ethy] ascetate, and pentafluorobenzoniteile were
all effective in dissolving fles—drecay deposits in the syestes when used at
0.29 percent concentrations. There wvere msrked ¢. ferences in the spred
with which the different additives dissolved the depunite. Fenliafinere-

benzonitrile lost its effectiven =+ in preventing flow decay sfter a

refatively shert period of Zimy.




The addition cf HF to N204 may effectively inhibit flow decay. Extremely
small decreases in flowrate were observed with new batches of INTO. This
suggests that, although INTO is not completely immune to flow decay, it

ray never be subject to disastrous flow-decay occurrences.

The NUi p.m.r. spectrum of solid iron nitrate is too broad to be useful,
unless a single crystal of the material is avaiiable. The le n.m.r,
spactrum may yield useful information on the structure of the flow-decay
solid material. Techniques have been partially developed which will
likely permit the sensitivity of the le n.m.r. technique to be increased

5

to the peint where the natural abundance of'N1 in the solid becomes ob-
servable, The n.q.r. spectrum of le may permit the various kinds of
nitrogen~containing groups to be identified in solids. Considerable addi-
tional effort would be required to increase the signal-to-noise ratio of
the broad-line Hl n.m.r. spectrum of iron nitrates to a useful level for
detailed structural studies of water—containing iron nitrates. The tech~
nique of e.g.r. spectroscopy is apparently sufficiently sensitive for
stractural studies of iron nitrate species even in dilute =olution. Un-
fortunately, the iron resonance is masked by the N02 resonance in Nzoq
precluding the use o9f e.p.r. in these studies. Mossbauer spectrometry
has shown that the iron site(s) in syrthetic anhydrous iron nitrate has
rather undistorted octahedral or tetrahedral symmetry, and that all of
the iron si” 3s are quite similar. This technique 18 capable of determin-
ing if the iren atoms in the actual flow-decay material exist in environ-

ments similar to those in the synthetic flow-decay material.
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‘ APPENDIX A 4

. AMALYSIS OF IRON IN N,0, BY 4,7 DIPHEN'L 1,10-PHINANTEROLINZ !

(BATHOPHENANTHROLINE)

' SPECTROPHOTOMETER

A Cary Model-14 Spectrophctometer was employed for this study.

LR T Loy (e
P SEA

¥
i Ik

GLASSWARE . f J

50-milliliter beakers, one for each sample

i - 125-milliliter extraction funnels, one for each sample
25-milliliter volumetric fiasks, one for each sample i
] ;» . pipettes, funnels, etc,
i l-centimeter or lO-centimeter Pyrex absorption colls é ;

NOTE: All glassware should be cleaned
theroughly and soaked several hours in

1:]1 HC1 prior %c use. The glassware em-~
ployed in this analysis should be employeu
only for +his anelyveis

T g RGN i S TR D e SR O S
T, ST R0

e S e R

__ REAGENTS
? " Ino-amyl alcoiol, C...; absolute Ethyl Alcohol

Concentrated HQSOA’ C.P.
6oncentrated HC1l, C.P.

Concentratesd ENO;? c.D.

- Coacentrated NHhOH, 6.P

-ﬁ;?‘"ﬁiéi;*g{.? ‘",.‘1:,;,:};5_5,;‘ J e

Yeionired K20 :
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10 Percent NHQOH‘HCI

Dissolve 10 grams of NH20H'H01 in 50 milliliters H20 (deionized) and dilute

to 100 milliliters volumetrically.

2 M Sodium Acetate

Place 272.18 grams of Na02H302-3H20 in 4 l-liter volumetric “lask, dissolve,

and dilute to the mark with deionized H20.

0.8 Tercent Bathophenanthrgline

Dissolve 80 milligrams of 4,7 diphenyl 1,10-phenanthroline in ethyl alecohol
and dilute volumetrically to 100 milliliters with ethyl alcohol.

16,000 ppm Fe Stock Solution

Harleco atomic absorption standard solution was used.

PROCEDURE

Hydrolyze 10 milliliters of N204 (15 grams) in 50 milliliters of frozen
deionized water. When the hydrolysis is complete, fill a 50-milliliter
beaker approximately half full wiil the sample and place the beaker on a
hot plate set at approximately 350 to 400 C. Add 2 milliliters of concen-
trated H2504 and 2 drops of concentrated HCl to the sample. Evaporate
slowly, adding more sample and finally washings, until the sample has
boiled down to ~5 milliliters. Raise the tcmperature of the hot plate

f and evaporate to SO3 fumes. Cool the sample 2nd add 10 milliliters of

L H20 and 2 milliliters of 10 percent NH20H HC1 (durizg some of the early

work Sn Cl2 was used). Place the sample on the hot plate and bring to a

boil. Cool to room temperature and adjust the pH to 4 to 5 with 1:1 NHAOH

R i e e e
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and 2 M NaAc. Transfer the sample to a 125-milliliver extraction fuunel
and add 5 milliliters of 0,03 percent Bathophenanthroline and 10 milli-
liters of iso-amyl alcohol. Extract for 10 minutes and tranefer through
filter paper to a 25-milliliter volumstric flask, Fill to the mark with
iso~amyl alcohol, mix and age 15 minutes, and read the absorbance at 533
millimicrons against a reagent blank. |

STANDARDS AND BLANK
- . ' 4+ 444
Stendards are prepared by micro pipetting Fe fror the 10,000 ppm Fe

standard solution into 1:1 HNO3 (20 milliliters)in a 504ui11i1iter beaker

and proceeding as with the samples.

SENSITIVITY

Using the method as described and a I-centimeter cell, a total of 6.25

micrograms of Fe yields an absorbance of 0.1. This corresponds to 0.42

ppn Fe in a 15-gram Nzok sample. Using S0-milliliter final volumes and

a 10-centimeter cell, 0.08 ppm Fe in & 15-gram Nzok sample should give

an absorbance of approximately 0.1.

* S A AR K
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APPENUTX B

ANALYSIS OF IROY IN Ngoh BY 1, 10-PHENANTHROLINE

SFECTROPHOTOMETER

A Cary Model 14 Spectrophotometer was used for this study.

GIASSWARE

A R P R R R e O

50~milliliter beakers, one for 2ach sample and standard
50-milliliter volumetric flasks, one for each sample and standard
105-milliliter volumetric flask, on2 fer bilank

l-centimeter or l0-centimeter Pyrex absorption cells

LA R wv;",f?’“‘z

NOTE: Refer to unote on treatment of
glassware in Appendix A.

RS el e

RFAGENTS

TR

Absolute Ethyl Alcohol

o PR e

Concenirated NHhOH

Concent. ated HQSCA

Concentrated HNO.5

Deionized H2O

e R T

0.5 Percent 1,10-phenanthroline

By

Dissolve 0.125 grams of 1,10-phenantholine in 2.5 milliliters of absolute
: ethyl alcohol und dilute to 25 milliliters volumetrically with deionized
£, H2O.

e
]
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10 Percent NH20H'HCI

Dissolve 10 grams of C.P. NH20H-HCI in deionized H20 and dilate to 100
milliliters,

2 M Sodium Acetate

Dissolve 272,18 grams - * -5 9

. 5«2-3H20 and dilute to 1 liter volumetrically
with deionized HQO.

10,000 ppm Fe Stock Solution

The Harleco atomic absorption standerd solution was used.

PROCEDURE

Hydrolyze 10 milliliters (15 grams) of N20h in 50 milliliters of frozen

deionized H20. After hydrolysis is complete, place ~ 20 milliliters of
the hydrolyzed sclution in a 50-milliliter beaker and add 2 milliliters

of concentrated H2SOA. Place on a hot plate set at ~ 400 C. Evaporate
the samples adding more sample and finally washings as the volume decreascs,
When the sample has evaporated t¢ ~ 5 to 10 milliliters, raise the tem-
perature of the hot plate and evaporate to SO3 fumes. Transfer the sam-
ple to a 50-milliliter volumetric flask and add 1 milliliter of 10 percent
NHQOH-HCI. Heat the sample in a water bath at ~ 60 C fer 10 minutee. Cool
the sample and adjust the pH to 3 to 6 with 1:1 NH,OH and 2 M NaAc. Add

1 milliliter of 0.5 percent 1,10-phenanthroline and dilute to volume with
deionized wacer. Mix and age for 30 minutes. Read the absorbance at 510
millimicrons against a reagent blank. Compare the absorbance with that

o? standard solutions.
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STANDARD SOLUTIONS AND RFAGENT BILANK

Standard solutions are made hy adding Fe from the 11,000 ppm Fe solution
' to 20 milliliters of 1:1 HNO3 in @ 50-milliliter heeke™ and proceeding as
with the hydrolyzed N204 samples. '
The reagent blank is 40 milliliters of 1:1 BNO3 treated as the hydrolyzed
'?’ N204 samples except that twice as much of each reagent is added cnd the
blank is diluted to 100 mill:iliters in the final step.
SENSITIVITY
f An absorbance of ~ 0.1 cen be obtained with tke procedure described pre- f
i viously with a 15-gram N204 sample that is 9.15 ppm in Fe if 10-centimeter {
f absorption cells are used ;
; 3
e
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APPENDIX ¢

BY ATOMIC ABBSORPTION

ANALYSIS OF IRON IN Néok

ATOMIC ABSOHPTICN SPECTROPHOTOMETER

A Pevkin-Elmer Model 303 Atomic Absorptisu Spectrophotometer was used for
this study. - |

GIASSWARE

100-millititer volumetric flesks, one tor each standard and one for
the reagent hlank

~ 100-milliliter—capacity cylindricel Pyrex glase hydrolysis vessels
with balil and socket cap

1 NOTE; Refer tc ucte on treatment of
% glassware in Appendix A’

BEAGENTS

Concentrated HN05

10,000 ppu Fe Stock Solution

The Hirleco atomic absorption standard was used.

FROCEDU: S

Fisexe B0 milliliters of deionized Béﬂ in_hydrolyaie vessel, Add 10 milli-

’ . litors (15 grems) of Ny0, und allow it to slovly hydrolyze. Wien hydrolyeis
§ ’ has be=pn complutgd, place the hydrolysis vessels in a hot water bath (~90 C)
bo? | »
% o] ey S K.
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until the coloz changes to a light blue and the vigorous bubbling has
ceosed. (ool the sample and mark the liguid level on the outside of

the hydrolysis VEI‘Q}. Aspirate the samplcs into a Czﬂ2~air fleme on

the atomic absorption spectrophotometer and read the percent absorption
at 248.3 millimicrens using a Boling burner. Standards and blanks are
made up in 10 perceunt (v/v) H.N()3 by micropivetting stock Fe solution into
100~gilliliter volumetric flasks containing 10 milliilitere of cencentrated

ENO3 and diluting to the mark with deionized H20.

SENSITIVITY

For e final hydrolyzed volume of 70 milliliters, 10X scale expansion and
manual operation of the spectrophotometer, the limit of detectioz in a

15-gram N,‘,Oz‘ sample is ~ 0.1% ppm Fe.
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