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ABSTRACT

| Study of the phenomenon of flow decay, bagun on
earlier programs, was continued with & change to

M8C “PD-2A propellant (Ng0, + 0.6 percent NO). Plow
decay coccurs with this propellsct, even when dry
(1ess than 0.l-percent water equivalent), as a result
of depcsits of the solid corrosion product, NOPb(N03)h.
It wvas found that the presence of excess water in
amounts up to the goneral use limit of 0.2 percent
changed the characteristics of the deposits forwed
when titrogen tetroxide is heated, then cooled prior
to or during flov. Instead ¢! the crystelline solid
(No¥e(NO3)y) which is deposited from dry propellant,
gelatinous or viscous ligquid phases are formed in
wet propellant.

The appearance of these deposits is governsd by an
equilibrium solubility limit similar to that cbserved
for the solid deposits in dry propellant. The gels-
tincus or viscous liquid deposits were not observed
to adhere to and plug velves and orifices, as does
ND!b(ND))A, bat they did clog filters. Chemical
additives previously chown to be effective i dis-
solving and eliminating NOFe(NO3)\ were not atiective
against the deposits obtained from wet propellanmt.
Traces of aluminum and titaniun wvere detected in flow
drcay deposits obtained from flov systews vith
aluminswm and titaniom tenks.

111/iv




CONTENYS

Foreword e £
Abstract T £ 8
Phase I: laboratory Testing . . . . . . . . .+ « .« . .
Introduction e & s s e s s & & s e o = 8 s & a
Experimental System . . . . . . . . .+ ¢ o 4 e s
laboratory Depositor . . . . . . . . . . . .’ .
Resuits and Discussgion . . . . . . . . « « & o . .
Deposition of Solid Flow Decay Material . . . . . . . .
Deposition of Liquid Flow Decay Material e ¢ & a4 o s e
Additive Effectiveness and Life B
Effect of Water Equivalent Concentration on NO!‘e(N()’),‘ e e
Attempted Removal of Chloride From Nzo,. s e e e s e e e
Amalyses for Water Bquivalent Concentration in N20,. s e e e
Phase 1I: Engineering Evaluatiom . . . . . . . . . . .
p Introduction © o s & e & s s e s s s s e e & =
Bxperimental System . . . . . . . . . ¢ 4 4 e e
Flow Bench e e 4 s e s 4 s s s s e e e e e s

@ B QO K e e

Instrmmentation . . . . . . . . . . . . . . .
Operating Procedures . . . . . . . . . . . . .
Results and Discugsienm ., ., . . . . .+ . . . .+ .+ . .
. Flow Decay Witu Dry Propellamt . . . . . . . . . . .
Effect of Water . . . . . . . . .« .+ «+ « + o« + o« b2
Pilter Bffects . . . . . . . ¢« + 4 « & o o« « « W
Additive Bffects - 5 |
Coupon Corrosion Tests -
Flov Decay in Aluminmum and Titanium Systems . - ]

B3R ARIBER

Conclusions aud Becommendations . . . . . . . . . . . . 65

The Basic Chemistry of Flow Ducay c v e e e e e e . . 68

Physical Manifestations of Plow Decay . . . . . . . . . 66

v The Prevention of FlovDecay . . . . . . . . . . . . 67
Porification and Analysis of Nitrogen Tetroxide . . . . . . &9

. Flov Decay and Corrosion of Nonferrous Metals T 4.
n

Beferemces . . . . . . v v v e v 4 e e e e e

v/vi




ILLUSTRAT IONS

1. Ilaboratory Depositor Schematic . . . . . . . . . . . 3
2. Liquid-Solid Mixture Flow Decay Deposit . . . . . . . . 11
3. Experimental Plow Bemek . . . . . . . . . . . . . 36
k. Flov Decay and Clesmout in Values With PPU-24 Propellant . . 4l
5. Bffect of Water . . . . . . . . . 4. 4 4 . . . . b5
6. Plov Decay and Tempersture Reversal in Filters |
VIthWet K0, . . . . . . . . .. ... .. . 46
7. Flov Decay and Cleanout in Filters With Dry Nzo,‘ e s o« o . U8
8. Flow Decay in Tvo Filters With Wet li’zt),l e e s e . .« <« %
9. Flow Decay in Filters With Wet Propellants . . . . . . . 52
10, PFlow Decay With Picric Acid Additive ., . . . . . . . . 54
11, Bffect of Dimethylsulfoxide on Flow Decay . . . . . . . 57
12. Aluminum, Titanium, and Stainless-Steel Parallel Flow System . 60

13. Plov Decay in Aluminum, Titanium, and Stainless Steel ., . . 62

vii/viid




TABLES

1. Deposition of "W'(’“’;)x. T
2, Annlysis ef Propellant e o o & o s o & s & & s a
3. Deposition of Liquid Flow Decay Material . . . . . ., . 9
4, CuKyX-Ray Diffraction Povder Data of nore(nos),‘

Before and After Exposure to Greem O, . . . . . ., . - 13

2%

5. Composition of Additive-NzOh Solutions . . . . . . . . 18

6. Additive Effectiveness and Life B
Interaction of NOFe(NO,),‘ With Green N0, of

-3

2%

Various Water %quivalent Concentrations . . . ., . . . . 258
8. Preparation and Analysis of 520,‘-110-&20 Mixtures . . . . . 28
9. Removal of Chloride Prom Green Nzo,. c e e« s s s s e . 32
10, Analytical Methods and Results for 1120

hﬂi“lent ill N2ok » . . - . . . . . 3 . . . . » }’
11. &.idue mly'i. ° . . . . » . . . . * . . . - 61




e R R . R

PHASE 1: LABORATORY TESTING
INTRODUCTION

The phenomenon termed "flow decay” has been umder investigation at Rocketdyme
under both company-funded and AFRPl-sponsored programs since November 1964.
The process of flov decay is defined as a spontaneous dacrease in the flow-
rate through a constant pressure flow system. "Brown" nzok propellant
defined by MIL-P-26539A and MIL-P-26539B was found to be susceptible to

the flow decay phenomenon. The cause of the phenomenon was st first elusive
but subsequently was sho- .y both physical and chemical means to be the
result of deposition in valve orifices of crystalline uore(no})h formed

by corrosion of iron alloys by the nzok propellant. lsboratory reproduc-
tion of this deposition is now routine (Ref. 1).

The e:fect of low concentrations, 0.25 weight percent (w/o), of selected
additives on the solubility of NOFe(NO})A vas also investigated. This
study identified four additives, acetonitrile, ethyl acetate, benzonitrile,
and perfluoroacetonitrile as being effective in dissclving flow deeay
depusits in a flow system, although there were marked differences in the
speed with vhich the different additives dissolved the deposits.

iIn this program, the objectives under Phase I, laboratory Testing were
first to cxamine the four above mentioned cindidate additives with respect
to their ability to dissolve !EG'Q(NO})‘.‘ deposits arising from “green” N,0,
containing 0.6 weight percent NO and a use lixit of 0.2 weight percent water
equivalent. Yo be determined vere the best additive, the effect of addi-
tive concentration, and the effective life of the :&itimlﬂo‘ solutiem
under accelerated aging by elevated tomperature storage. Seccnd, the
chemistry of the Mditivc—"o(ﬁ,)i interaction was to be examined by

both synthetic and amalytical techniques an’ ~orrelated vith results ob-
tained for removal of deposits in the laberatory flow systes. Thinrd,

the effect of NOC1 content on corrosion of iron in !120~ propellant was

to be investigated by comparison with chloride—free propellast.
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About midway through the cemtract period, it wes found thai changes in

‘deposition techuiques {psrticularly ithe tempersture of the propellant
during réeycle) resulted in 2 change in the physical and chemical nature
of the irun~cunﬁaiﬁiﬁg depoaits. Viscoua liguid deposits were obtained
vhich failed tu dissolve in the additive-conmtaiping aclations previcusly
found to be cffective for dissclution of crystalline §0F§(}§03)A deposits,

Accordingly, work on the origical foar additives was left incomplete and

the objectives of Thase T were modified.

The new ghjectives were first to exemine four new casndidate additives with
respect to their ability to dissclve the viscous liguid depesiis in greem

N,0, (0.6 percent N0, 0.2 percent B,0 equivalent).

The new additives which were chosen on the basia »f bsing strorger com-
piexing'agents for ircn and being scluble end stable in N20& were hydro-

gen fluoride, phospioruwe triflueride, picric acid, nitrofor ., and dimethyl

A AL N I RPN AT R RN

- sulfoxide. Nitrof~wm was later excluded for reasoms of safety. Aygsin
 the best additive, the effect of additive concentration, and the effective

iife were to be determined.

Seéand, ap investigatiun of the formation of the viscous liquid deposit
frow solid'NOFé(Noj)k in green N,0, was to be undertaken. Four variables
wers studied; water equivalent comcentration, NOFe(NU})& level, tempera~-

ture and time.
EXPERIMENTAL SYSTEM

Laboratory Depesi‘or

The laboratory depositor was n modification of that previously used
(Rez. 1) and is depicted achematically in Fig. 1. The system consisted
¢f dwo pairs 0f l-liter stninless-steel tanks wrapped with heasting tapes v

and equipped with O fo 100-pei pressure gages. Fach pair of tanks, a

FAIRT 37 PN
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sup tenk () spd a cateh tank {C), was conmected in parailel tirough
common glass U-irap. Back of the run tonks wes fitted v.ish a 40-35 microa,
eyiiadrieal stainless-stesl filier welded to ihe tank outlet bushing. Hs-
eycle lipes led from the bo*tom of the cateh tanks to the top of the respec-
tive run tanks.

The &;nilliaetar GD glass U-trap was repleced by & 0.25-inch Teflon bellows
trep with heat shrinkable Yeflon-te-wetsl seals for experiments invelving
bdoth BF and P?S solutions, Botk trap systems were testsd pneumatically at
160 psig befora unse with No0j.

RESULENS AND DISCUSSIGN

Duposition of Bolid Flow Dacay Material

Deposition of m«(ms)& from ¥,0, had been demonstrated previously in
the laboratory depositor {Bef. 1), but the best conditions found were
heating the propellani for 3 days at 130 to 140 F (55 to 60 C) in a
stainlens-stesl coyliniar followed By passing the liquid through an ice-
ceoled glass tub- t reughly 15 mi/min. Cleariy, a less time consuming,
higher yield , roredure was required to produce deposits to study the
effsctiveness of additives eithe- for disselution of these deposits or
for prevention of deposition. Because it appsared that deposition of
NDFh(NDS)k from the N0, was & simple crystallization from « saturated
solotion, resultins from & temperaturs differential between the bulk
propellant and the deposition site, synthetically pvepared NDFe(N03)b
vas stlacted as the "moluble iron" source for the current pregram. An
importaet, though not imitially recognized, difference between the
pre.ious work {Bef. 1) and the present program was the chenge in the
propellant frow dry brown Néoh of 0.] persent Héo equivalent to wet green
Réﬂﬁ'of 0.2 percent Eho aquivaient,

: S \‘.;T&' s
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A 3.84-grsm quantity of synthatically prepared ramr\:(m}),,l (B2, 1) vas
used without purification 16 saturate a 770-milliliter guritity of H&Q*
(0.9 w/a N0 and C.2 w/o B,0 equivalent). The solid meterial responsibic
for the flov decay &nd previously ideantified as Nﬂ!h(ﬂﬁ3)& was depositod
from this solution in the glass U-trap where Lhe ability of sdditive ﬁéo&
sclutions te dissslve it subeeguently could be visuaily cbserved. All
runs which produced &« good depesit of NDE%(NGB)& were made with the
solid NQF%(Nﬁj)g unimewingly ratained in the ullsge in the improperly
iocated filter (see Fig, 1), The exporimental conditione used in esch
of the N9F°(N°3)a deposition runs are summarized in Table 1.

The procedure for a typical, suceessiunl run was as follows. The RQO&
contained in the insulated tamk Hl vag heeted to pressurise it to ap-
proximately 100 psig, and the temperature of the iulet line to the glase
U-trap vas maintained slightly above that of the rui tsuk to prevent
depoaition ir the inlet, During s rum, sll valvea bsiwesn tln?l Bl end
C1 were wide open with the exception of tiie Teflon needle valve on the
U-trap outlet. Although some of the mn(m,),‘ deposited aloag the walls
of the ice~cooled U-trap, most of the solid waec cellected oa the cutlet

glass wocl filter

Although unknown at the time, the szolid NOYe(Nﬂj)h thought to ke
saturating the propellant was retained ia the ullage space by the im-
properly located filter (see Fig., 1). All tranefers of the heated
N’20Il vere made under autogenous pressure. Duiing vhe reecycle of pro-
pelient through the NOFb(Noj)h in the filter ts the run tsnk Rl' which
was ccoled, sufficient solid dissolved to form a good depocit in the
subsequent run. After five successful depesition runs, the catch tank
C1 was o longer heated during the recycle proceas aad snbsegaent
deposits Hecame smaller and more difficult to observe. Disassewbly sf
run tank AI revealed the mechanicel cause of the trovblie ari the fiiter
was properly located at the tank outlet. This meshenical errvor, rlthough
costly iu time, vroved to be serendipitous in that it aelped to slarify
the relationship of the selid and liquid flow decay depozits {vide iufra).




. ’ ¢ » »
surredoad o3 poppe "(LoN)adOK oN (P
%igON pInbIT y3TA 30wjued AT OF yBnoxyz [ sunt uT pesn sw 1(L0N)IJON PI[os ameg (o
01 W¥noaqz 1 swna uy ePwyin ur Y(ioN)240K (q
%00K 4saIy QITA PI[[TJ NUW) urgy (%
*aayea Burpyq0a] ur Ledep
=017 ou ‘pamicl 3rsodap oy -dexy
ucyjay u¥noayq una 03 xotxd gsnl .
sanoy G°T I6F A GLT ' PajweH | 06 ©3 OL €3 861 9. 93 0l €1
3180dsp [Teag (v ‘®») (119 1L1 201 o3 O0T{ 31
pnbyy aveay snyd j1sodep ywaroyn (> ‘u) £ L9T o1 8CY €01 144 )
_ Bl 29T 03 84T | OIT °% 0OY
(8L eun 1t 691 03 861 | 501 °3 001
233y Burnivwss uolnos WOON T 2Lt °3 T/T | GOT ©2 001
70 y/1 o wes; jiscedsp adexy | 06 0% O 11 %1 GOT 03 56 | o1 P
yreodep Trems A1ap | 06 °3 Ol e €91 €01 °3 %0Y| 6 I
3180dsp TTewg | 06 03 Ol L€ L9T ©3 £91 | OTT ©% 00Y] 8 M_u
pmbiy aowxqy angd 3iscdep [Yemsg | 06 53 0L 2% L9t 807 Z | w W.
qisodop (1AS | 06 % 0L Y L9t CoT o7 ODT) 9 w
q1esdsp yemacy | 00T ©3 06 oy ¢51 IR} g ¥
piusdep [Waxeq | %1 0% 03I L] €01 01} m iE
jyeodap [wakoy | o1 °3 0T 0% - 86T 1 40T o3 067 £
syeodep yewrel | 04T 0% 051 cn 8eY { &7 e2 o01) T
jiscdap oy (4 °%) a7 175 9% 02 0L %
pp—— P seymeTa i | %@ | ‘oN|
‘aaIn}BIocma] _ ‘(12 6Ll) |‘sanyeasdmay | ‘sanssesy | uny
ogaho0y smyy unyg | sav] 3syuy | mwl uny
Uy §o3e) ,
a3pmmrxoaddy
Y(“ox)oaN 46 NOILISOIE
1 FIEVI




Before it was determined that the differevmace in the quantity of the
m!'o(m}),i Aaposit in the first runs (1 through 6) and those imwedictely
following (7 through 10) was due to the combination of the lower recycle
temperature and the improperly loceted filter, an analysis of the N20‘
solution was underisken. After removal of an estimated 10 to 12 milli-
moles of CO (identified by vapor pressure messuresents, 400 millimeters
at -196 C), the residual vapor above the NQO& solution was ahovn.by nacs
spectroscopy to contain 1.1-percent 002. The CO and 002 przsumably arice
from incompletely reacted Fb(CO)S, which had been used to prepare the
crude NOFb(NO,)k. The analytical data obteined on the N,0, solutiou,
when compared with the data obtained before contecting it with
NOFQ(ij)A, showed nothing which could account for the observed behavior
Table 2). Noteworthy, however, is that a high value was obtained for

water equivalent based on the observed NG value (cf. Table 10, page 33 ).

TABLE 2
ANALYSIS OF PBOFRLIANT

Calculated | Found After
Pound After H,0 rm'.(rmj),b
As Received Addition Treatment
v/o Nzoa 99.36 98.88 98.97
%/o NO 0.63 0.91 0.78
v/o Hy0 equiv 0.03 0.20 0.15%
w/o NOC1 0.01 0.02 0.01
ppa Pe — -— 1.5

_*Calculated to be 0.12 to account for moles of
NO present




sition of Liguid Filow Decay Material

The same 20lid iron sompound used to deposit muro(mj),I was transferred
from the filter into the tenk Rl whizh was recharged with fresh green N20k
of 0.2 ./o H0 equivalent. The first run in the reassesbled depositor,
with the filter nov properly located, prcduced & normel deposit of
mn(mj),‘. but in subsequent runs the deposit consisted of a mixture of
a dark brown viscous liquid and a light beige seclid chemically unlike

the initial mre(no'j)‘. The liquid appearsd to be the same as that de-
sceribed by THW (Ref. 2).

The etperiwental procedurs for deposition of liquid was the same as had
been used previously for formation of solid Nor.(nos)§ deposita. The

- tewperature of the catch tank C1 wes 70 to 90 F in all experiments.

Reperimcatal c.adilions used in each run are suwmarized in Table 3. The
liquid-s01id mixture {Pig. 2) from rume 1A through 17, collected in an
appevdage downstrerm of the glass wool outlet filter (see Pig. 1), was
used for snalysis. The 0.00800-;..- liquid sample anslyzed 16.6-percent
Pe, 68.6-percent N‘O.;, and $6,%3-percent N02' (equivalent to 17.1-percent
NO+) and the 0.0165A-grar solid sample with adwixed liquid analymed
17.7-percent Peo, 62.9-percent .‘3)3", and 6.8-percent NO~ (equivalent to
A,5-poreent HO+).

l’nn the fomoing snalyses, rativs of h/m3 /Nt) were for the liquid
1/3.72/1.98 (102 percent materia. bdalance) and fcr the solid-liquid

. mixters l/‘).ﬁl/ﬂ.\? {85 percent uateria’ balance). These Jata do not

lﬁ!*diﬁctlyte rationsl ewpirical formulae, dat speculative compositions
wxy be suggested such as sn squimelar wixtare of Mh(m}) and BNO, for
the 1iquid (retis 1/8/2) and Pe(B0) **‘ru(xo’)‘ (W03), for the lolid

(r:tiu 1/3.95/0.50 for 3:1 mixture of sclid and liqnid) X-ray dif-
frastion powder data (Tadle A) sboved thai the deposited solid vas not
- ;n!h(nn§)‘,
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TABIE 3

DEPOSITION OF LIQUID PLOW DBCAY MATERIAL

Bun Tank Inlet Line | Mun Time
Run Pressure, | Temperature, | (770 ml),
No. peig F minutes Remarks
14 1035(2) 149 to 167 33 Liquid plus solid
15 | 115 to 120 167 to 171 36 Liquid plus solid
16 110 167 te 171 36 Very little deposit
17 {115 to 120 i67 te 171 46 Liguid plus solid
18 | 95 to 100 151 to 160 55 Small liquid deposit
19 | 94 to 101 165 to 169 70 Small liquid deposit
20 96 to 100 163 to 163 72 Seall liquid deposit
21 | 96 to 100 156 to 160 45 Small liquid deposi:
22 1100 to 105 1% to 160 30 Small liquid deposit
23 {100 to 110 156 to 160 20 Small liquid depos:i
2% {102 to 110 160 to 163 P Saall liquid depesit ,
25 | 165 to 108 167 to 171 36 Liquid plus eolid j}
26 |102 to 106 158 to 165 31 Small liquid deposit 8
27 105 to 110®)] 154 0 167 36 Liquid depoait A
28 110 to 115(8)| 165 to 169 A2 Liquid deposit p
29 |10 to 115(°)| 160 to 167 L3 Liquid deposit .
30 120 to 15| 156 to 169 | a5 Liquid deposit :
51105 to 1150°)| 163 to 169 A2 Liguid depoait %
32 {110 to 115(%)| 163 to 169 A2 Liquid deposit g
33 | 96 to 100 149 to 160 51 Liquid deposit 3
* 115 | 171 d Liquid deposit 3
3" 115 154 to 163 M Liquid deposit d
% 115 1A9 to 163 3 Liquid dejosit g
37 11% 163 to 171 39 Liquid deposit
58 1112 to 115 15 to 169 | 36 Liquid deposit 5

9
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i
TABIE 3
(Concluded)
Run Tank Inlet Line | Run Time
Bun | Pressure, | Temperature, | (770 ml), .
No. paig F minutes Remarks
39 112 to 115 156 to 162 33 Liquid deposit !
50 115 163 to 169 42 Liquid deposit 3
hl 115 156 to 169 50 Liquid deposit
52 116 to 115 158 to 165 44 Liquid deposit
43 112 to 115 153 to 163 38 Liquid deposit
Lfi 110 to 115 162 45 Liquid deposit

(‘)In.dvertently heated to an estimated 175 F just before run
(b)ﬂeld at temperature for 16 hours before run
(°)n¢14 at temperature for 1.5 hours before run

2
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A 0.01440-gram sample of the residual yellow solid recovered after rum 11
from the run tank R, apeiyzed 25.)-percent Fe, 62.1-percent NOS_' and
0.1-percent NOQ—. This gives a FQ/N03" ratio 1/2.16 with N,
suggestiag an oxynitrate such ss FeO(N03)2'520 . The X-ray powder :
diffroction data for this residual sclid sre contrasied with those data -
for Lo original mr.(m,)h in Tatle &.

absent,

Duplicatic~ of the deposition of a liquid-solid mixture was achieved
using the same quantities of fresh NOPe(NOB)& and N0, as vere vac.
initially in the NGPQ(§93)§ deposition. Thus, contact time, as well as
water equivalent concentration, was indicated to be an important variable
bearing on the physical and chemical nature of the irop-ccaotaining

deposits.

Additive Effectiveunsss and Life

A oumber of Levis baees had been shown previcusiy (Ref. 1) to be effec-
tive additives both for preventing deposition and for dissolving deposite
of NBPc(ﬁﬂj)i. In all of these earlier studies, a single additive con-
centration of 0.25 w/o vas uzed and the studies of the effective 1ifo of
the additives vere rudiwentery and incomplete. Accordingly, each of the
additives in this program vas to be studied ai three concentratioens,
0.25, 0.10, sod 0.0% w/o, and tested periodically until they failed to
diliolvt-ﬁﬂ!o(ﬂ03)§ under accelerated aging at 150 to 155 F. The four
candidate sdditives were acetonitriie, ethyl acetate, benzonitrile, ond

perfluoroacatonitrile.

| When it was found that the wet, green N0, gave liquid deposits (rather
than solid Nﬂ?b(ﬁ03)~) that did not dissolve in the additive solutions
under investigation, the study was restricted to 0.25 v/o additive
solutions txccpt for mscetonitirile. Another series of four additives,
kydrogen fluoride, phosphorus triflu.ride, picriec acid, and dimethyl-

sulfoxide, wvas selected for investigation at 0.2%5 w/o concentration to

T — "




TABLE &

CuKy X-RAY DIFFRACTICN POVDER DATA OF NOFe(NO,), BRFORE
AND AFTER EXPOSIRE TO GHEEN N,0, (9.2 w/o K,0 BUIVALE 1)

d-spacing, A (intensity) .
Nore ), ”| Heating in He Green Mo, | 501" Codeposited With Liqusd

6.3 v 6.40 s - 6.40 w

5.8 vvs 6.00 & 5.80 mv

5.3 = .40 ww 5.10 mw

.20 m 4.05 ms 4.%0 ms

3.70 s 3.68 vw 3.71 ms

J.48 o 3.39 w 3.39 ms

%.20 » 3.30 s 3.30 ms

3.10 va 3.10 x i 3.20 ms

5.00 vs 2.79 vw 2.79 ms

2. 44 m 2.0% §u 2.51 mw

2.%% v 2.3 w 2.38 w

2,28 m 2.0 w 2.28 w

2.17 w 1.79 vw 2.20 w

1.98 w 2.01 vw

1.88 v 1.88 vwv

1.78 w

*Ref. 1




Jotermine il these materials could dissolve the liquid depeait or preveat
its foreation, The results for sash of the eight additivey are diszussed

separsiely,

The compositions of sdditive-containing selutions in wet, green N
o

prepared to evaluate the effectiveness of these addiiives im disselving

0

the deposits, ars listed in Table 5. Table 6 summarizes the experimenial
conditivas used in each of the runs testing the effectiveness of each of

the additive-containing solutions together with the resulis ebserved.

The depesition of a dark brown viscous liguid from the acetonitrile
solutione (runa 48, 50, 53, and 54, Table 6) prompted = detailed amalysis
of the 0.2% w/o solutisn (4-1, Table.5) to detevmine what chaoges in
cowposition had eccurred as a result of heating for ik days at 150 to

155 F. Found (in weight percent): N20k, 96.73; NO, 0.85; NGCl, 0.01;
H20 equiv, 0.0%1; Fe, 0.00104 (10.% ppm). Mass spectrometric analysis

of both 1°guid cnd vaper phases of solution A-1 showed N2 (trom air),

2.8 percent {in the liquid} and 3.1 percent (in the vapor); 002, 0.7 per-
cent (in the liqui¢ .nd 1.1 percent (in the vapor); CH,CN, absent

(both 1iquid and vepor). -

The molubility of the liquid depozit (from F-3, Table 7) in 0.25 w/s
HHSO~N2O& way studied in a static sysiem by decantipg the NQOA phase
grom the visecous %rown iiquid and replacing it with 38 miitliliters of the
DM30 solution {H-1, Table 5), No change was apparent in the viscous
liquid, but on standing several days colerless crystals were observed in

the NZQ& phase.
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Acetonitrile. Acetonitrile solutions at 0. 2%, 0.10, and 0.05 w/o in
green N20§ were equaelly effective in dissclving dcpﬂpltu of NOFe(NO )i‘
The fresh solutions were heated in tank HQ (Pig. 1) to develop a drzvia;
pressure of 100 tc 107 )sig and passed to catch tank 02 througi the

glesa U-trap containing the brown solid deposit at flowrates of 27 to

28 ml/min. The NOFQ(NOS)A was solubilized in the first 1 to 2 minutes

of the 27 to 28 minute runs., The 0.2h4 w/o acetonmitrile solution remaiped
effoctive after 7 days storage at 150 to 155 F; after 14 days it appeared
by visual observation no longer to be effective. However, this test

was made on a very small ceporit and consequently the resclt is somevhat
uncertain. The same uncertainty is to be noted in the apparent loss of
effectiveness of the 0.10 and 0,05 \fo acetonitrile solutions after

heating for 7 days at 150 to 155 F.

Each of the acetonitrile soluvions, after the period of accelerated aging,
deposited a second liquid phase when passed through the ice-cooied glass
U-trap. The most concentrated solution gave the largest droplet of the
dark brown viscous liquid, which was shown to be slightly soluble in ]
0, (no deposit without cooling) snd water soluble. However, the

quantity was too small for further direct charccterization. The analysias

of the propellant (described below) gave indireet evidonce for the com- F

position of this liquid deposit,

Mass spectrometric analysirs of the 0.2k w/o acetouitrile solution (A-1,
Teble 5) indicated the complete abseace of scetonitrile in both the liguid
and the vapcr phasen, with CO2 and N2 as the major impuritiss in the vapor,
Comparison of the analysis of A-1 with its calculated composition {Table 5)
suggests that corrosion of the stainless-stesl tank wust have sccurred.

The dramatic decrease in B0 equivalent (from 0.20 to 0.01 v/o) would
require a corresponding decrsase in NO concentration (from 0.91 te 0.59
v/o) according to Bq. 1.
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'_5N20“ A fm\INO3 + 2NO (1)

| h20

W0, + Fe o 2CHON -(Cuch)QFE(Nﬂg)x. xi,0 + N0 (2)
Corrosion of the cylinder (approximately 0.0002 inch), presumably enhanced
by the acetonitrile (Bq. 2), could supply the necessary NO to bring the
concentratir + the observed 0.85 w/o. The amount of cascu required
(Bq. 2) c..reletes well with that actually uced: 6A smoles (required),
65.8 wmoles (in A-1). The concentration of iror in the N20A~acetonitrila
solexion sfter heating vaas found to be alwost an order of magnitude
grﬁ.tof (10.34 ppe) than in ﬁgek alone {Ref, 1).

Although the direct study of the stcichiometry of the reaction of aceto-
nitrile with ND!%(NO’)‘ wvas deleted when the nrogram objectives were
ehanged, the ratio of 2'1 was obtained indirectly from these arcalytical
data. Also inferred is zn enhanced corrosivity for the additive-
containing sslution as long as free acetonitrile remains (Bef. A reports
thie system uonreantive, however). Because acetonitrile appears to
disselve Nﬂ!b(ﬂnj)‘, only to substitute another slightly soluble iron-
contaiving compound for it, this sduitive offers no solution to the
preblen of decreasing flowrstes in N20~ eystems caused dy deposition of
serresion producta,

Bhyl Acetate. A solution 0.25 vw/c ethyl acetate effectively removed a
deposit of xcr-(ue})i in ca. 2 to 3 minutes vhen passed through the
U-trap at 40 ml/min. This sdditive appesrs to require a longer time to
diaselved the =olid EEF%fNOS}. Jtposit whia compared with acetonitrile.
This experimeat wvas not definitive, however, because of the presence of
s trece of liquid codepesited with the solid. Tnis liquid may be indi-
cative of partial hydration of the iron compound vhich could change 1ts
solubility or rete of selution in the additive solutioi. Purthar
eviluation of the othy! acetate solution after 7 days storage at

»
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150 to 155 F was suspended hecause furiher attempts to deposit molid
NOP'(NOE)h produced liquid deposits instesd, and ethy! acetate was
ineffactive in dissolution of the liquid depesit.

Beasonitrile and Trifluoroacetonitrile. Solutions of 0.26 w/o bensonitrile
and 0.25 w/o trifluoroacetonitrile (both of which solubilize NOF-(Nﬂj)&
(Ref. 1) in N0, were found to be ineffective in dissolution of the vis:ocus

2%
liquid deposit. No further evaluation of these additives was attempted.

Hydrogen Fluoride. A preliminary run wvas wade in the glass U-trap on the

assumption that any gross effects that 0.31 w/o HF in Np0, might exhibit
on contacting a liquid deposit would not be obscured by the HP-glaas
interaction. The HF appeared not to have any effect on the liquid deposit,
but the pattern of glasa stching whick resulted ieft considerable doubt
as to the HF concentration in the vicinity of the liquid depoait. Ac~
cordingly, the glass U-trap and glass wo.l filtcr plugs were raplaced hy
& Teflon U-trap with carbon felt filter plugs. The experiment was
repeated using & liquid deposit which had been mechanically introduced
into the Teflon U-trap. No visual change in the dark viscous liquid was
noted during the rum, but cn subsequent evacuation of the trap the liquid
bacame colorless and theu crystallised, suggesting perhaps forwation of
NOF.PQ (et. NDQFaFA, Ref. 1). EF appears unsuitable as #n additive for

dissolution of liquid flov decay depoaits.

A series of three ruue wvas made in the Teflon U-trap to determine vhether
0.35 w/c HF would prevent deposition of sny irou-containing waterial
(liquid or sclid) from NgO, containing nnr-(unj)& in 2 to & tines exccse
of the ambient temperature solubility. No depasition was observed in any
of there runs, each of which wers made under conditions less drastic than
the ususl deposition run. A deposition run, made as a control under thase
wors wmild cenditiocns, using the N20~ asturated with a large exceas of
RO?:(N03)~, alsc was upsuccessful, Tha liquid deposit appa.-ntly either
fails to forw under the less drastic conditions or fails to adhere ty the

Teflon or carbon surfaces the way it does to glaes.

21
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Picric Acid. Contact of a 0.25 w/o picric acid-N,0, solution with the
liquid deposit in the ice-cooled U-trap resulted in partial crystai-
lization of the liquid droplets, A second run without cooling produced
no further change in the crystalline solid, but the liquid portion of the
deposit wa: soluble in the hot (150 F) picric acid»NQOQ solution. Duriang
storage at ca. 150 to 155 F, the pressure over the 0.25 w/o picric acid-
N20h sglution increased slowly over 80 days, amounting to an ilncrease at

ambient tezperature of about 15 psi. This oxidative instability plus

conversion of the liquid deposit to an insoluble 30lid eliminated picric

acid from further consideration as an effective additive.

sphozus Trifluoride. A 0.25 w/o PF3»N20k solution was tested twice by

passing it over liquid deposit which had been mechanically introduced into

a Teflon U-trap. No further evaluation was attempted after no visual

change ic the dark viacous liguid could be detected.

Dimethylsultoxide. In a preliminary experiment, a 0.25 w/o dimethyl-

sulfoxide-N,0, solution (5-1) was stored at 150 to 155 F for 13 days.

Wheu the solution was subscjuently coeled te ambient temperature, no

pressure increase wvas cbserved demonstratiug the stability of the ad-

ditive in Nzﬂhﬁ

Anothar 0.25 w/o dimethylsulfoxide-N,0, solution (H-2) was passed over a
liguid deposit and was observed near the middle of the run to have dis-
solved the deposit. A confirsatory run was termipated abruptly when the ;
deposit disappeared completely in the first 15 seconds and the mixture ] }
wae placod in an oven to sccelerate aging of the solution. The additive- _

containing solution, after atorage at 150 F for 17 days, was passed over

ascther ligquid deposit and found to dissolve it in 30 neconds 1ndicating
that DMBO wvas an effe~tive additive for dissolving liquid flow decay

deposits.
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An attempt to confirm the so.ubility of the liquid deposit was made veing
0.25-percent DMEQWNQOA {0.23 «/o B0 equivalert) solution sod the liguid
deposit formed from NOFe(Noj)h and wet Nﬂﬁg {expariment ¥-3, Tabie 6,
0.503 w/o water equivalest). Iu this case the iiquid appeared not to
dissolve, put after .»versl days at ambient lemperature, coiorlesa
crystals depozited from the Nzﬁ& phiase. These observations iend to
substantinte the postulated forwe'ion (f twn liquid depouszts of differeat
chemical composition which is dependent on *he walter eguivalewt concen-
tratiou of the N20b’ and ouly the first 5f which is soluble in the DD
solution. Further evidence for the 2ximtence of two visually ip' 8-
tinguishable but.  chemicaliy different liguid denoeits 18 =et forth im.

the next mection.

Bffect of Wate: Zguivalent Conceniration on l\éﬁi‘u(“}d’l},&)!3

Previons investigations of the flow decay phenomenon zt Hocketdyne using
brown 3205 of 0.1 w/o HQO equivelent indiceted that observesd decrisses
in flowrate were causal by the deposition of srystallipe NO?e(Eﬁj)&

(Bef. i). Other laboratorizs using green SQO& (0.6 w/a N0, 0. w/o _
H,0 equivalani) reported clogging in dycamic systems caused by & viseaus
da.i 1iguid co.taining both zinc and iren {Hef. 2}. Each of these wetais
had bevn introduced ints the propeilani as the crude product forwed by

resction of the meisl chleride with N B, in the presesce of 2thyl acetets,
-~

§

3 W2 . od- o 'H_¢OD ¥ YT
and thus couid have been solvated; e.g., (FHEQﬁtCQHS)ng?e(N»SE& or
CHCOBG %) Pe{NO_ ) . ) | ‘
(L-ﬂ,_i(.()l ¢ ?}»5; 21-\-,( NO 3 i, (

In the deposition 2xpsriments repsried hereisr, gresn Q20§,5f bigher water
equi%alent concentration (1.e., 0.2 w/o) wvas fzund te dvposit either ¢
crvs‘aliiné svlid heviag the same chemica! hokavior as NQF!(NO3)& toward
Lewia base~type additives or & dark visceus liguid. At this pnrtxéular

B, 0 equivslieut concen.ratica, the iype of déposit sappeared to depend on
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the contact time beiween the propeilant snd the NoFe (NG 374 used te sat-
wrate the soluticu. After contact times longer than a few hours, the
iron-contsi ning material which deposited frow the solution was a dark
viscous liquid semetimes accompsialed by a crystalliice solid diffsring in
botk physicai and chemical properties froa HOFe{Nf'),";)A_ Thevefore, in
gddition to the w«ffects of contact time and H20 suivalent concentration,
on NOFh(Eﬂ3)§, the effects of tnipeyaiﬂre apd ir 1 levei were includaed
in the atudy of the parapeters responsibies for the propertics of the
iroa-coala niung depeaits.

The effect of water eguivaieal concentratisn on the physical stnie of
EOFo(ﬁoj)‘ and the degree of hydration of ‘N()!?e(}iﬁs)ii whith ssuses thess
changer of stave was studied in s sevies of experimenis at five water
equivalent concantretions, ivn'irqn Yovels, and two teap@t&ﬁﬁrés.

Weighed amcuntn of HﬁFe(Nex}é wire piacad in 10-mifliliter, Besvy-wal!l
tubes closed v Teflos ueedle valves. Approximately 7 williliters

(10 gra-l) of g?aan N 0 (9 58 u/o NO) of varyin, knowr water «qulgaleat »
roncentratxon was vtxghe& iato eoc& tube. % tubes were imsersed in comstant
conatant t&-peraturn oi} haﬁﬁn tor lb& ‘hours during wvhich time changes

in the shysical ngpe:ra%La of ﬁge miztures ware noted. At the conclusion
of the heating poried, the tub@: were cailed fo Babx&n iemperature sad
innﬁéiutsiy €t§t§a!ter fbe N A phusses were sanptvé tor ' a&r-mualyaisf>
in precisien nmr subsa. Furt§gr changss in the appearaace of the wixtures
at ambient Camperaturc wexe écted$rlfhe eip%fiqrmiﬁi-data and ohserved

changes sre listed in Table 7.

?hc RQOA tclutipngvsf‘varyin;,?&iar'agaivaltni Qﬁ}ﬁ&nt:&iiﬂﬂ vere pre-
paryd;;u gﬁi;s by mixing weighed amounts of %wdist¢a& aeigti@wa; ons

dry and one wvet, the ﬁrcpifatiog.gf which are-éahcrib@é as follews. The
dry steckap@!uiidn vas pf§§§rvé 1o glass by stirring spproximstely |
1 liter of groen N0, {0 59 w/o N2, G.05 w/o K T eguivalent) with
10-groms P Ok,at anbieut ts&ynrature Tss'iixzare w#a‘nliswed {o risad
evt'nignt ano lnbrtqvautxy distiiled at a-bxs b tnn?erstw?@ inta an 1ee-

cenled rnce&wgrﬁ The wer, stock solution woe prepared in glusy bv
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oxygeuating approziwately 1 liter of the aame green NQOQ fellowed by
similar drying and distillation. A pertion of the dry brown NQﬂh was
comkined with encugh watesr to cause separation of a second iiquid phase.
After oxygenation of this two phase mixture a weighed portion of the
"water phaie” was mixed with & weighed portion of the dry Lrown NQOé and
water was added to raise the water equivalent concentratisn still higher
while geperating M0 {or HNOQ} as well, The preparative and analytical
data for the various N20Zl solutions are showa in Table 8§ together with
the standard solutions used for "H nor calibration.

In Table 7 are listed the data and chserved changes for a aeries of
preliminary qualitstive experiments (6-J} and another series of semi-
yuantitative experimeris (A-Fj. These are interpreted in terms of two
processes involving water in the NQOQ propellant system, Firat, the
overall reaction fe¢r the hydrolysis of NQOA is a complex equilibrium
vhich may be simply represented by Ey. 3.

3N20!* + 23{20-?;’_': QHNO_S + 2NO \3)
In N2°4’ the concentration of free water is quite low because of the mass
action effect, but it is increased with increase in temperature (Ref. 4).

Second, the dehydratisn of a 1alt hydrate, represented in Eq. % and 5,

proceeds to & greater degree with increasing temperature.
Fe(mj)3 Y O Fe(}J03)3.xH20 + (y-x)H,0 (&)

Ny0, + Fe(No3)3,m20@wre\N03)l‘ + 0 (5)
The phase separation phenvmenon which occurs in the Ngoknﬂéo systew would
be expected to occur in the presence of the iron salts which should

dissclve preferentially in the "aqueous" phase.

27
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TABLE 8

FREPARATION AND AMALYSIS OF N0 —N0~E20 MIXTURES

g 24

N,0, Solution Description w/o Hy0 Bquiv (*H gor)

Green dry stock solution (D) 0.017

{see text for preparation; (.58 w/o NO 0.0i7

0.017

¢.0¢19

Brown wet stock sclution (W) 1.87

(see text for preparation) 0.5% w/o NO 1.31

$6.2124 g D + 1.5786 g ¥ 0.045

53.6003 g D + 4.0596 g W 0.098

0.100

i; §0.2827 g D + 8.2629 g ¥ 0.192

E5.3143 g D + 12,0871 g W 0.293

38.7465 g D + 21.8515 g W 0.50%

10.14388 g D + 0.01254 g H,0 0.127

0.125

0.131

0.123

0.129

8.66622 g D + 0.02643 g H,0 0.321

© 0.321

0.296

0.322

0.329

0.318

0.321

9.73619 g D + 0.05068 g Hy0 0.535

0.556

0.579

0.539

9.61245 g D + 0.10057 g E,0 1.010
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In they prpiiminery experiments, an unweighed quantity (esstimated to be

3 e % milligrame) of NﬂFe(NOs)& wvas placed in an mmr tube with about 2
Goser of Ngoh, the water eguivalent concentration of vhieh was measured

myr owar spectroscopy botb before and after comtact with NOFb(NOE)k.

fsrtisl hydration cansed agglomeration of the soiid (experiment G) foliowed,
2t lnereassing initial water equivalent concemtrations, by what has been
iwtsrpreted as a separation of ar acid solution of the "hydrated" salt
{experiment H) and ciystarlizetion of a higher bydrate from this

"sque~us” phase {experiments 1 and J).

lne effects of temperature caw be noted qualitatively by compa;ing paira
of experiments such as D-1 and D-2, E-3 and E-4, etc. In every case, as
expected, the changes have occurred more rapidly av the highef temperature,
The time required for a given change, such as liquifactisn of the solid,

roughly correlates with the initial amount of so0lid used.

An inapection of the data for experiments A-F indicates that experi- 4
mental errors (particularly moisture pickup from apparatus and possible

weighing errors) have rendered the experiments semiquantitative at best,

with those at the higher "iron level" Heing more self-cousistent. The

sicies of experiments (D-3, D-&, E-3, B-4, F-3, F-4) suggest that, at

an initial water equivalent comcentration approaching 0.2 w/o, NOF%(N03)&

forms an an'-drous or partially hydrated {posuibly & uonohydrate) ferric

nitrate which, between 0.2 w/o and 0.3 w/o Héo equiv. 'ent, precipitates

a second liquid phase that can yield a crystalline hijgher hydrate

(possibly a trihydrate). Dissolution of this solid hydrate cam occur to ;
give another liguid phase on raising the Héo eguivalent to approximately
0.5 w/o.

Attempted Removal of Chloride From 1*1'2()1l

Metallic iron is reported to be nonreactive with liquid N20& either

alone or in mixtures with ethyl acetate, acetonitrile, or dimethyi-

sulfoxide (Ref. 4). Rsaction of N,0, with iron is initiated in the

SRR 1




presence of NOCI (RBet . 5) or when a NOC1 source such as Fell
acetate (Ref, €) is present, although the rate is slow at low NOCl con-

3 plus ethyl
centrations. The FeCl3 generates NOCl, which is known te react with

metallic iron (Ref. 5) to form NOFeCl,, which then undergoes solvolysis

}’7
to give the flow decay compound, NOFE(NOS)Q'

Fe + 4NOC] ————NOFeCl, (6)

NOFeC1, + mzo&:-_—__—-__,..——nox«‘e(uoj)h + BNOC1 (7)
The equiiibrium (Eq. 7) lies far to the right so that nitrosyl chloride
i regenerated and in effect acts as a catalyst for corrosion of the

iron.

Thus, the trace amount of NOCl in propellant N204 was suspected to be
the cause of NOFe(NOE)h formation. Accordingiy, ar attempt to prepare
chloride-free Ngok was made so that a compasrative study of the iren
corrosion rates {es indicated either by coupon tests, conductivity
measurements, or deposition of NOFe(NOz)k in a dynamic system) could
be undertaken., After a single prelimimery experiment was completed,
together with the development of a suitable analytical procedure, re-
orientation of the program objectives led to termination of the study

ol the effect of NOC1l content on the corrosion rate of iron.

An analytical method was developed to ascertain the effectiveness cf

A¢N03 as A precipitent for chloride in N2OA’ after determining that the
large reagent blank (ca 100 ppm) in the MSC-PPD-2A method for NOCl in
Néok made it unsuitable for very low concentrations of NOCl, The pro-

cedure involved hydrolysis of N204 samples in pure water in an oxygen

atmosphere followed by treatment with AgNO3 and turbidometric deter-
mination of AgCl.

Py




A 770-milliter quantity of N,0, (0.63 w/o NO, 0.0% w/o Hy0 equiv, 0.01
w/o NOC1 analyzed in accordance with procedures specified in MSC-PFD-2A)
was heated in a 1000-milliliter stainless-ste 1 cylinder with 1.0 granm
(3.5-#11d excess) of finely powdered AgNO; =t ca. 65 ¢ (150 F) for 168
hours, Analytical samples of treated propeilant were withdrawn through
an integral 40 to 55-micron stainless-steel filter and delivered inte
tared fragile glass ampoules which were sealed with a torch and weighed.
Similariy contained samples of the same propellant without AgNﬂS treat-
ment were prepared as a check of the analytical methed described below
against the MSC-PPD-2A procedure. As a further check a (9.740-gram
quantity of the untreated propellant was doped with 0.00252 gram of
NOC! (36 ppm) and snalyzed as outlined below.

The ampoule containing the N20A was cooled to freere the comtents and
placed in a 500-milliliter iodine determination flask together with 40
millilitera of ice-cooied deionized water. The flask was swept with
oxygen for 4 to 5 minutes, atoppered, and shaken to bresk the ampoule.
The glass stopper was sealed with water. Afier about 15 ainutes, the
mixture became colorless and it was then heated gently on a hot-plate
with frequent shaking tc complete the hydrolysis. The solution was
filtered through thoroughly prewashed filter paper aad diluted to

100 milliliters. To a 25 milliliter aliguot of this solution was added
1.5 milliliters of AgNO3 golution (17 grama/liter), the volume was
brought to 50 milliliters, and the solution was aged for 25 wminutes in
the dark before the absorbance at 535 millimicrons was meacured in a
10-centimeter cell. The sample absorptions were converted to chloride
concentrstions by comparison with a standard calibrstion curve. The

dats, shown in Table 9, indicete only e partial removal of the NOCl as
AgCl by treatmeat with AgNOS.

B, K AR, RO ok A ' v - SO e SRR G




TABLE 9

REMOVAL OF CELORIDE FROM GREEN N20

h
Sample NOC! Concentration )
Weight, | C1” Found, (cor),

Source grams Y* ppa

As received 2.524 30 15

Ag received 2.91% 28 11

AgNO3 treated| 2.775 22 6

AgN05 treated] 2.841 20 b

. NOC1 doped 3.174 110 66
NOC1 doped 2.980 108 (7

*Reagent blank 14 YC1™

The AgNO3-treatad propelient also was analyzed by the MSC-PPD-2A procedure,
which indicated nc change in the 0.0l w/o NOC1 content.

Analyses for Water Equivalent Concentration in Néok

The MIL-P~-265739C method, which depends on the separaticn (at 1.6 w/o
520 equivalent) of a second liquid phase during isothermal evaporationp
of a mample of NQOQ at 32 F, has been found unsatiafactory. The
analyses listed in Table 10, including comparison of results by dif-
ferent methods, illustrate the problem. The iron materials dissolved
in the aqueoua phase cause the phase separation method to give an

erroneousiy high value for the water equivalent.,

32
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TABLE lvu

ANALYTICAL METHODS AND RESULTS FOP 820 EQUIVALENT IN N2G§

Propellant Description and Troatment

w/0 H,0 Equivalent
Fonnd

Analytical Method

As received

H,0 added to 0.2 w/0; intermittant
contact with NOFe(NOE)k when Lot

H,,0 added to 0.2 w,/0; stored and
contacted with same NOFe(NO_)
{now partially hydrated) uséd
above

0 added to 0.2 w/o; heated for
3 "days at 150 F in stainless ateel

Dried, 0, treated in glass and dis-
tilled from P,0.; Hy0 added to part
tc cause phase geparation followed
by excess Og; some of this acid
phase plus H20 added to remaining

dry NQOQ

0.03

_ 0.15
\calculated 0.12
from NO)

0.39

b6, 0.u6
0.11

>1.6
1.351, 1.27
(omr tube shows two
phases at 32 F; alss
similar bebhavieor in
tube &t 1.0 w/o H,0
equivalent)

Phage Separation

Phase Separation

Phase Separation

Phase Separation
Turner Buldb

hase Separation
H nmr

S
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PHASE II: ENGINEERING EVALUATION

INTRODUCTION

This task was desigued tc study the effects of various parameters on tae
rate of precipitation of the metal complex, NOFG(NOX)Q, in a bench scale

flow system. Successful additives identified in the iaboratory study wei=

to be tested for effectiveness and lifetime. The possibility of flow decay

in aluminum and titanium systems was to he investigated; almo the effect of

water, of valve geometry, and of various materials.

EXPLIIMENTAL SYSTEM

Flow Bench

An experimental flow bench system was huilt and used for study of the {low

decay phenomenon under contract AFO4(611)-11620 {Ref. 1). For chis program,

although the baric concept af the flow svstem remained the same, the f{low
bench itaelf wae completely refurbished with a number of improvemeats over
the old system. In general, smaller and shorter lines, smaller velves,

and more insulation were used to reduce thermal lags during start o1 flow.

Improved instrumentation and control were aleo added.

A schematic of the flow 2ystem is piesented in Fig. 3. The main tank, ur
run tank, is contained within a temperature-regulated water bath. Both
the main tank and the catch tank are S-gallon stainless-ateel cylinders.
The tanks ore connected to a pressurizatiou and vent system which wain-
tains both the tank beéing eapties? and the tank being filled at conatant
pressure during a.> flow process. All controls, including the setting

of pressure levels, are operated rewotely.
Two parallel test sections are provided. The {lowrate through each in

set hy a servo-operated remote-control valve. Between each test scction

snd the main tank is a heat ex hanger. The hest exchangers consist of a

35
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length of 1/4-inch stainless-steel tubing in ap oper weter bath. Each
hect exchanger bath ie agitated and the + .perature is held constant by

an on-off controller wnich regulates e flow of 1ce water fruom & refrig-

erating bath. A standpipe returns the overflow from the heat exchanger
bath to the refrigerating bath. Ball valves are provided to route the
filow either through the heat exchangera or aronod them before entering

the test sections.

Afier completing a ruu, propellant is recycled to the maia tar™ through

a bypass line whicu can « filtered or not, as desired.

Instrumentation

Nitrogen tetroxide flowraies were m.asured in eacu of the parallel test

sectiors by Fischer-Porter radio-frequency-tvpe turbine {lowmeters, Fro-

pellant tewperatures were measured in the main tank aud in the line

between the heat exc.anger outlets aad the test seciions by iron-ceustaotan
the rmocoupies and a Pace 150-degree reference junction. Pressures upstream
and downstream of one teat section were determined with two Taber pressure
travaducers. These flowrates, lemperatures, and presaures we o recorded

on four Hewlett Packard Mosely dual-pen sirip-chart recorders,

Pressures in the main tank, catch tank, and pressure regulat:ng systems

vere obeerved on bourdon-tube pressuare gages.
Heat exchanger tewperstures were read dirsctly from the contenllers, and

the secvocontrol units for the metering valves pro..ued an indicat:en of

the valve position.

Operating Procedures
Before making a run, the propellant was allowed to souk in the maio tank

and squalire to the temperature of the surrounding water bath. The heast

exchanger controllers wers also turmed or to bring the heat exchanger

37
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" baths to the dezired temperature. Final prerun preparationz censisied

of setting the ball valves in the flow system To achicve the desired

flow path,

To begin a run, the mein tank was pressurized to the selected level with
gs20us nitrogen. The catch tank was then pressurized and the vent regu-
lator set to the proper pressure, Flow was started by actuating the
remote-operated ball valve at the catch tank inlet. Individual flowrates
chrough the test sections were adjusted, as neceseary, by means of the

metering valves.

Mnst runs were carried to propeliant depletion, After the run, the pro-
pellant was returned to the main tank through the bypass filter line,
The majority of the runs were con. -xted with a main tank temperature of
approrimately 125 F and s heat exchanger temperature of about 60 F.

RESULTS AND DISCUSSION

Flow Decay With Dry Prepellant

An extensive characterization of the phenomenon of flow decay in "red"
or "brown" pi-pellant-girade nitrogen tetroxide (MIL-P-265394) was reported
in Ref. 1. It was found that precipitation of a solid material, identi-

fied as NOFe(N03)4 could be induced by heating N in contact with iron,

2%
then cooling p -ior to, or during flow. This material is extremely adhesive
and accumulates at all points of flow constriction such as valves, filters,

and oririces.

The solubility limit, in dry propellant, of NOFG(NOS)A has been shown to
be on the ovder of 1 to 2 ppm as iron. It has alse been determined that
a nositive temperature coefficient of solubility exista. This provides a
basically simple mechawnism for the occurrence of flow decay, When N0

274
has been in contact with iron for & sufficient length of time, a saturated
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solution of NOPe(NOS)Q will be produced. Rate-of-scluticn experimenta
indicate thst equilibrium comceatration is reached ir no mcre thep a few
hours at tewperatures of 100 teo 120 F. If the aclution is them cosoled,
it will pecome supersaturated with resgcet te the fiew decay material
and ordinary precipitation will occer, Deposite of the material bave

been obtained by simply flowing hot N2C’Ii past a cold surface (Ref, 1}.

Because equilibrium sclubility is reached quite rapidly, it ie expected
that any batch of propellent will contain flow decay material that can

be precipiteted out by cocling. If the solution is saturated, the amennt
of cocling neceasary for precipitation can bt~ very small. Flow bench runs
have been made showing large rates of flow decay with a temperature drop
of less vhan 5 F. Although temperature drop alone is sufficient to pre-
cipitate some material, much more precipitate is obtaimed if the pressure
is alsc decreased during flow. The magnitude of the pressure drop across
the constriction in which flow decay is occurring has an important effect
on the rate, but the absolute pressure dees not appear to be influential
{(Ref. 1),

The buildup of flow decay deposits is approximately linear with time,
regardless of flowrate. Because vue total amount of material present is
extremely swall, only flow systems with a very small cross section to

flow will be appreciably affected. Because the underlying process is
based on an equilibrium temperature solubility curve, the effects of flow
decay are reversible (i.e., if the N204 is heated rather than coole? while
tlowing, it will dissoive previcusly precipitated deposits in valves, fil-

ters, orifices, etc.).

At the start of this program, it was agreed that all tesuing would be
limited to the use of "green" propellant (MSC PPD-24) containing 0.6-percent
NG. Therefore, the first task of the flow bench testing was to verify that

the same type of behavior as had been chserved with brown Néoh would &lsec

39
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seour with the green propellant. The system was loaded with NQGQ + 0.6 w/o KO
+ 0.06 w/o H,0 equivalent (PPD-24) and allowed to soak for 3 daye at 110 F. |

0n the fir~t flow vun, flow decay was procured in the iLest orifice. This

is in contrast to the :xperience on th¢ previous program where approximately
3 weeks of operation v:re required before flow decay appeared spountaneously.
One important factor is that in this case the tanks were not new; the tanks

from the previous flow bench were cleaned and reinstalled.

Typical flow decay behavicr with the green propelisnt (PPD-24) is presented

in Fig. 4. The effect is seen te be temperature reversible. After previous

rung with propellant fiowing through the heat exchanger had resulted in par-

BB oIl m i s

tial plugging of the meteriug valve, the heat exchanger was bypassed during
run 64 and the hot N204 dissolved the so¢lid deposit. It should be noted
that the scak tewperature of the propellant was 116 F and the temperature

of the propellant flowing through the test orifice was 113 F, a measured

b IR AL s A

J-degree decrease in propellant temperature. At first glance theese results
appear anomalous in light of the above discussien. They are, however, com-
pletely consistent with physical chemical primciples; i.e., solubility

eguilibrium is reached quite rapidly (Ref. 1) between the tank walls and i
the propellant adjacent to the tamk wall (with respect to the soluble

iron species), Iu a relativ:ly large-volume quiescent system under iso- §
thermal coonditions. the diffusion of the solnble iron species from the pro- §
pellant adjacent to the tank wall to the bulk of the propellant is neces-

sarily a slow process.

The maximum concentration gradient, which provides the only driving force
under isothermal conditions to achieve complete equilibri. with respect
to the soluble iron speciezs, is something less than that caused by a dif-
ferential concentration of 2 ppm in terms of iron. Although the exact
molecular structure of the soluble iron species has not been ascertained,
it must be relatively heavy on the atomic scale resulting in a propor-

tionately low diffusion coefficient.

G e ean o e
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Figure 4. Flow Decay and Cleanout in Valves With PPD-2A Propellant
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On the basie of t.e measured data and the above discussion, it is apparent

that the bulk of the propellant had not achieved equilibrium with regard
to the solubility of the irce species after a 24-hour scak at 116 F. As

a résult, the solubility of the iron species in the flowing or mixed pro-
pellan. \1.2,, the bulk of the propellant plus the propelilaut adjacent to
the tank walls) was not exceeded at the flow temperature 113 F. As a conm-
seguence, the deposit in the valve dissolved. The experimental results
were similar to those cbiained on many runa with brown NQQV MIL—P-26539A/B
(Ret. 1). After making several flow bench runs with varying experimental
gonditions, it was concluded that the behavior .f Ngok, as defined by the
MSC-PPD-2 specification which contains 0.06 w/o water equivalent, was
identica. in all respects to that of brown Néok as specified in MIL-P-
26536B which contains lass than 6.1 w/o water equiv.lent

Effect ¢? Water

Apalysie in accordance with procedures specified in MSC-PPD-24 of the

bulk prepeilant used in this program indicated a water coutent of 0.06 w/o,
approximately the same as that of the brown propellent used in the previocus
program. Although it had been suspected that water concentration might

be a variable of interest, there was no evidence to suggest that flow
decay behavior would be influerced in any particular way by changing the
water content, However, it was fel: that high concentrations of water
wvould provide the most unfavorable conditions because of the known increase
in corrosivity of N20& with incréu;e in water content, Therefore, it was
egreed that the flow bench tests would be couducted with propellant con-

taining 0.2-percent water, the upper liwit of the use specification.

After establiehing baseline behavior with the as-received propellant con-
taining 0.6-percent NO ard 0.06-percent H,0, water was ndded to the flow
bench to increase the water content to about 0.2 percent. Succeeding
runs produced uc evideuce of flow decay behavic °., This result was totally
uncxpected. Fropellant smuples were then removed from the flow bench and
reanalyzed. The analysis showed a water conteut of aboat 0.44 percenti.

Attempts were made to discover the source of the excess water, but analysis

-

s ity SRR

T AN e W A TR CDHET A

i 4 i S S b0,




R SRS e T e R ALl o

contfirmed thet neither the bulk N20& supply mor the nitregen pressurant,
the omly oiher system input, were excessively wet., It was the. postu-
lated that water from the temperat ve-control baths surroundiag the
main tank and the heat exchangers somehow ccntaminated the system over

a period of time.

The flow uench vas emptied, purged, and reloaded with propcllent, Fiow
decay resppeared immediately. Them a number of runs w..e made to see if
the water concentration woul? change with time. However, the analytical
results were counstanv at 0.06-percent water, Water was then added as
before, to briog the concentration up to 0.2 percent. After thoroughly
mixing the propellart by recirculation, a sawple removed from the system
yielded an analysis of 0.39-percent water. At about this time, a series
of similar experiences in the laboratory effort c.nfirmed the obvious
conclusion: the phase separation methed for vater analysis cau give
highly incorreci resuits when the propellant bas been heated anﬁ/or

saturated with irom corrusion products (see sectien om Laboratory Effort).

Although the water snalysis was shown to be inaccurate, the original flow
bench observation remained as before: increasing the water cootent from
0.06 to 0.2 percent in a aystem experiencing flow decay through u valve
results in the elimination of flow decay. The fiow decay deposits are
removed and flowrate is completely vecovered. Ib this respect, water at
firat appeared to be as effective an additive in preventing flovw decay as
those discovered in the previous effort (Ref. 1). However, the observa-
tion of gelatinous or viscous liquid deposits in wet propeliant ia the
laboratory scon led to the fellowing hypothesis: The addition of wauer
to the system converts NOFe(N03)h to a gel-like material as observed by
TRW (Ref. 2) in their flow bench experiments. This material will not

stick to or clog a valve, but would be removed by a filter.
To test the above hypothesis, a flow bench experiment was set up with a

needle valve in one side of the parallel flow circuit and & filter in

the other. The filter was stainless steel, with a 2- to S5-micron pore
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size, The velve setting vas adjusted to provide the sawe initial flow-
rate through valve and fi'ter with a pressure drop of 60 psi. A fresh
load of propellont wes placed in the flow bench and "normal” flow decay
behavior ohkserved. Flowrates through both filiter and valve decrrased
slowly with time. Then wate: was added to the system te bring the coun-
centration up to 0.2 perceps. On the following rum, the deposits in the
valve were immediately remcved; flowrate in this avm of the test section
returned to ite initial value and remained steady for the duration of
the run. The fiiter, in the other arm of the parallel flow circuit,
with inlet and outlei conditions identical to these Ffor the walve,

showed & higher rate of flow decay than before. These t.» rans are
shewn in Fig. 5. It should be noted in run 36 that the metering valve
(i.e., the test orifice) haé to be closed sharply to maintain flow within
the desired rauge. The conversiow »f the crystalliae NOFe(NOB)A to
ancther form, presumebly a viscous liquid or gel-like material, is
extremely rapid under these experimental conditions.

in repeated runs over a 2-week inlerval after the additicn of water, uo
flow decay through the valve was observed. Deposits coniinued to accum-
ulate on the filter, hut at a very low rate as compared to the first run
after water was added. Later runs were made with hot propellant flowing
through <bz filter. bypassing the heat exchanger. It was found (Fig. )
that kot N20k disaclved the filter deposits; thus the deposition of gela-
tinous material on filters in wet NQOh is temperature reversible, as is
the deposition of solid NUXU(N03)k in dry N,0,. As discussed previously,
the preopellant had not reached equilibrium with respect to the soluble
iron species., In tuis instance, a socak time of only 1.5 hours was used
and the gel-like deposit dissclved when exposed to hot propellant. This
suggeats that &: equilibrium aslubility is involved in both cases, with
the nature ¢f the inscluble material being a function of the water con-

tent of the propellant.

Ly

it A1 4 23 o

At

o e b 2R T A P OIS S oA




¥
g

e it N

LR L

R C

s
i
£
3
#
:

3298y Jo 309J3y ¢ eandig
SALANIW ‘3wl

9
r
T

INET NI ¥3LTId NOWIIW $-2 Muw:::::::::::;f

|

G300V ¥ILVA ¥314Y MYDS HACH |
‘4 78 IUNLIVYIINIL MOT4

‘4 911 IWNIV¥IAWIL HVOS
*$02°0 CL GISVIUINI YILWA
‘8961 Lsnenv €7

)
ATNO 3ATVA HNIN3ILIW l\\‘

M »qmm{:mqmmoauw.:.}; mz.mw»mt (\
i

‘of NNy
{
! i
INIT NI N3iT1d NOWJIM S-27 -~
Il ~ \
f” " H
; O | : | -
IATYA ONIYILIN HLIM
TITINYA NI ¥3LTEd NOWIIW §-Z A6 IATVA uhumm.wx..\\ TN
“HNY 0L ¥OI%d LVIH AVQ | , -
‘4 7S NLVHIWIL MO | _ ,
‘4 6ii JUNLVYIGWIL WYOS | ‘

“(6%H 290°0) To awe
‘896t 1802y 67
* ;e NNY

e L T A R To Y iy Ky DINEPPI s (TP

_ .

170

Wd9 ‘' I17IMDTS

{°9

20

£°0

.

. i 500 YU SR G RS

45




e e

o PSS DA T N R O PR

'Y san3iy

Jooz 3aM 41iM SI8]3[T ] UT [Bs8Id493Y aingjedadia] pUB ABI] MOT4

SIINNIW “IWil
i £ Zi il Cl € & I4 9 ] ki

I AT

WdJ

L £
| _ L I
SYILTI4 KO¥IIW §-2
1371IVHYd HONOMHL MOT4 |
‘NOY IW0438 SUNOH T/t | Q4490S ﬂ
'3 071 UNLYYILWIL 0TS | A
*4 €71 JYNLIVHMIAWIL WYO0S
“(0%H %02°0) "oln 13m "
‘78 NNY
8 \\\\\\ * Az o
1 umremY f |
J S
| | /.
|
!
H 4 L*r #-O
| i T 0
SY3ILT14 NO¥IIN S-2 | "
137IVHVd HONOYHL MO1d |
‘KROY JU0436 SHNOH 1Z ¢INVOS i _
‘4 19 JYNLVYILWIL MO1S i .
‘4 €21 WNLVYISWIL NVOST - ; w t'0
. . 2 .
(0% 2oz 0) To*N 1am :
‘18 NN ﬁ ~
m 1
1 = m z°0
i
!

Nd9 IIVEPrO;




%
k3

R R

All the above experimeats were repeated over a 2-wonth period wilk iden-
tical results. The dimensions of the flow decey prcblem, as perceived
at the beginning of this program, were thus greatly changed. Instead of
a single, well-characterized depcait, at least twc entirely different

vypee of deposit are formed, depending on water conceutration.

Filter Effects

Because the deposits formed in N0, containing 0.2-perceni water do ast
LY

adhers to normal valves and orificgs, it wae lmpossible to use the
expe.imental techniques which were used in studying the deposition of
NOFe(NOS)QV It was necessary tc use filters instead of valves as the
teat yestriction for detecting the occurrence of flow decay. This caused
certain difficulties in flow bench experimentation because flow area
through filters cannot be adjusted easily as it cen wi#i valves, The
design principle on which the flow hench operates requires that the
pressure drep acress the test restriction bhe at least of the same order
of magnitude as the pressure loss through the rest of the flow systes.
If it 18 not, then sweil changes in the flow asrea of the test resiric-
tion, due to flow decay deposits, will not appear as siguificant changes

in flowrate through the bench system.

The filters usell in this study were madce of sintered 307 stainless steel,
with a thickness of approximately 0.460 inch. The five aifferent pore
sizes used were 2-5 (2 micron nominal, 5 micron absolute), 5-9, 10-153,

3
20-30, and 40-55 microns.

Runs 78 and 79 (Fig. 7) illustrate the behaviar of flow decay in 2-5
mic-on filters using dry propeilant. The flow traces resemble those
obtained with a valve as the test restriction, but the decrease of f'low-
rate with time ic less linear and uot as reproducible on succeeding ruans.

When the water concentration was increased to 0.2 porcent, resulting in
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clanpge du the chaovaeteristicuy of the depesit produced, the cupcrimentnd
Loiwior Beenns legs peprodeeible cod barder to analyze. It woo generally
vhucrved thot the first ren after adding water preduced au approeiably
Targer rate of flow decay then ilomediately suvcceeding runs., This is
tllustrated by the data for the 2-5 micron filter in Fig, 8. It would
fave been iopractiecal to conduct every run with a new load of propellant
co ohtain the higher, more useful rate of flow decay on each run.
iewefore, 1¢ was necessary to try to compare data from runs showing

voald oand nonreproducible rates of flow decay.

“he waterinl deposited from wvet N,,Oz1 in the fir.t filter experiment

5) did net clog the valve which was in parallel with the 2-5 micronm

IS
fittsy. This suggested that it might be possible that a filter could be
found with a pore size large enough to let the gelatinous flow decay

depouins paey through, but still small cnough to perform most necessary

filtering functions. Baseline ruas w: tvo 2-5 mitron filters in par-
allel varied appreciably but showed » oximately the same magnitude of
fiow decay in each (Fig. 6). Obe of - filters was then changed to

the largest pore size available, 40-° _icroms. Parallel runs then gave
tite wame decay rate as before in the 5 mieron filiter, but no discern-
‘hile Plow decay in the side with the %0-55 micron filter. Am uncon-
trolled paraseter in this experiment was the pressure drop across the
filter, Because the pressure drop throvgh the large-pore-size filter
wan wuch smaller, a valve upstreem of this filter adjusted the system

flowrate and pressure drop to be the seme im both circuits.

‘e nbove experimeintal! arrangement resulted in the type of unsatisfactory
cendition discuased ecarlier; smail amounts of deposit on the large-size
¢ilter would not cause appreciable changes in flowrate. Therefore, the
crperiment was repeaited uaing a 40-595 micron filter with ouly one-ilenth
vie surfaece arca. In this case, fiow dccay was ohserved at approximately
L same rate po for the 2-% miecvon filter (Fig. 8). For fil% ra in
ttoa srve range, it appears that the rete of decrcase in flow area

iovroveh Lhe filter 1s independent of the size of the individual pores.
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An attempt was made fto determine quantitative relationships between fil-
ver gize and ares and the wagnitude of flow plugging to be expected in a
gi en system., Data from filters with different pore aizes were corre-

isted by.means of the flov coefficient, Cv, defined as:

B | liquid 5pecific4graviﬂy
Cv - (flowrate)\/pressure drop across filter

Figure 9 is a plot of the sbserved Cv values for a2 series of ruas with
different filters. The abascissa on this graph is the volume of propel-
lant flowed through a filter divided by the surface erea of the filter,
All rune were made with tvo filters in parallel having different pore
sizes. The total run time remained approximately constant, so that the
filters with the smallest Cv velues had a smaller guantity of propcllant
flowed through them. As flow decay deposits accumulate on the filter,
the cross section available for flow is reduced, and the effective Cv
is reduced., When changes in Cv values due to flow decay deposits are
given, it is then pussible to compute either the decrease in fleowrate
whichk would occur in a constant pressure system, or the increased

resistance and its effect on [low in a pump-fed system,

The objective of plotting the data in this fashion was to make it pos-
sible for a system designer to select a filter pore size and be able to
compute the filter area needed for a given total quantity of propellant,
to keep the possible effects of flow decay within the specif..c iimits.
However, the data obtained were not reproducible and consistent emough
to develop definite guantitative rclationships. For instance, run 13%%
showed approximately the same rate of flow decay in a 2-5 micron filter
as in a 10-15 micron filter, but in run 138 the 10-15 micren filter
showed a higher rate of flow decay. This nonreproducibility eof rates
made it impossible to make meaningful comparisons between filters on
individual runs. The data in Fig, 9 show clearly that, the smaller the
initial Cv for a filter, the higher the probability that it will be sub-
ject te flow decay when used to filier a given volume of propellant.
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Therefore, filter pressure drops should always be kept as low as pos-

sible. If filter size or area is fixed by other constre:nte, then the

flow ceefficient should be as large as possible (which usuvally, though i

not necessarily, means using the largest pore size which is acceptable),

Additive Effacts .

The primary objective of this program was to demonstrate the elimination

of flow decey through the use of chemicsl additives. After discovery of

the effect of sater in changing the nature of the flow decay deposiia,
it was soon found that the additives which had previously proved effec-
tive in disszolving NOFe(NOB)& were not abie to dissolve the gelatinous
or viscous liguid deposits obtained from N0, + 0.6-percent NO + 0.2-

274
percent Héo. Therefore, & search for new additivee was conducted in

the laboratory effort and two of the materials tested were carried into
flowv bench tests,

Picric Acid. Although it was not effective in dissolving tke liquid

deposits, picric acid (2,4,6-trinitrophenol) was o:served to cause a

i BRI 5 46 7 PRI el 0. 20 AT o o,

erysiallization of the liquid. This did not provide the hoped-for pre-
vention of deposits, but it was thought that the characteristics of the
crystalline material might be such that it would not cauce plugging of
the filters. If a porous filter cake were produced, the effect on sys-
tem flowrate might be negligible even though substantial quantities of
the material were present on a filter. With this in wmind, 0.25 weight

perceu. of picric acid was added to a new load of N 0& and allowed to

heat in the main tank overnight. The first flow rug was made with a

2.5 micron filter in parallel with & reduced-area 40-55 micron filter,
both of which conimined some flow decay deposit from a previous run.

The result was a flow decrcase acrosz both filters (Fig. 10). ‘Midway
through the run, rlow was switched to bypass the heat exchanger and send
hot propellant through the filters. At first, flowrate sharply increased,

indicating a dissolving of the deposit; but then flowrate again began to
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drop, ,°rticulariy in the reduced-area filter, These results appear to
correspond to the laboratory observations, where only a part of the
deposit was affected by picric acid and the remainder was soluble in kot
propellant. Thus, on bypassing the heat exchanger, the unaffected por-
tion of the deposit was first redimsolved, then additional precipitation
of the picrate caused flowrate to decrease again, Additional runs

resulted in more deposition and a further decresse in flow (Fig. 10).

Next, water was added to the system tr bring the concentration to 0.2
percent, Foliowing runs showed no significant increase or decrease in
the fiocwrate, The filter deposite did not redissolve &s when water is
added to 2 system with deposits o¢f solid NOFb(NOB)&. When the filters
were removed for cleaning, a thick leyer of yellow zolid was observed
on the 2-% micron fiiter, but none on the 40-55 micron filter. It is
poseible that the plugging of the larger filter occurred within the

pores rather than on the surface.

The flow bench wae emptied and reloaded with propellant. This time the
propellant, was first brought to 0.2-percent water content before adding
the picric acid. The behavior obeerved was essentially the same as
previovsly when the picric acid wvas added before the water. Flow runa
vare made with & 2-5 micron filter in parallel with a needle valve. On
the first run, flow through the filter decreased sharply, but the valve
ves unaffected. Succeeding runs over & period of 2-1/2 weeks showed no
appreciabl: further dapcsition in the filter. These data suggest that
picric acid in wei HQGh forms an inroluble precipitate with any flow
decay materiel in 2olutican, but then inhidits the formation of additional
material from the task wsll., Thus, the use of picric acid as both an
additive and a passivation or pickling treatment might preveat flow
dacay. If picric scid were added to a system, and the propellant then
filtered to remove the precipitats initially formed, flow decay might not

occur in that system as long a¢ aome picric acia remained in the propellant.
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After completing the second series of runs with picric acid, the flow

bench was emptied and reloaded with new propellant adjusted to 0.2-percent

H20. The first tltree runs, with a 10-15 micron filter, exhibited a mod-

erate rate of flow decay. However, the next few runs shewed increasing

flowrates, both when going through the heat exchanger and when bypassing

it, It was hypothesized that this behavior was due to an inhibiting

layer formed on the tank wall by picric acid in the previous experiments

and the addition of fresh propellant without picric acid shifted the

solubility equilibrium. Therefore, the system was again emptied and !
wvashed with deionized water. After drying and refilling with propel~ :

lant, normal behavior was restored.

Dimethylsulfoxide. Dimethylsulfoxide (DMSO) was observed to dissolve
liquid flow decay deposits from wet propellant in the laboratory depos-
itor, It was the only material discovered to do so. Before testing
IMSO in the flow bench, a new load of prupellant (NQOA + 0.6-percent NG +
0.2-psrcent 320) was placed in the bench and flow decay demonstrated with
a 2-5 and a 10-15 micron filter in parallel (run 143, Fig. 11). Then

0.25-percent DMSO was added to determine whether the previously deposited ) %
materisl would dissolve, Instead of flow recovery, sharp flow decay was
observed in both filters (rum 144, Fig. 11). Switching the flow to
bypass the heat exchanger did not dissolve the deposits. Additional

runs continued t- reveal flow decay.

A pew batch oi propellant was then loaded into the flow beuch and water
and DMSO added. ' Again, flow decay appeared, both when flowing through
the heat exchanger and when bypassing i1t. A third propellant lecad alse

produced the same results.

At this time, the flow bench was again emptied and then reloaded with
dry propellant. Only a moderate rate of flow decay was ohtained with
the dry propellant; a secoud load alao failed to show the strong flow
decay normally observed in previous batches on the first run. These

results may indicate that a passive film was formed.
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No satisfactory expianation could be fouand for the failure «f DMSO to dis-
solve the flow bench deposits as it had in the lahoratory depositor. This
was the only instance in which laboratory observations could nct be con-
firmed in the flow bench. A final flow bench run again resulted in flow

decay with 0.2-percent water and 0.5- :rcent DMSQ,

Conpon Corrogion Tests

The objective of this task was to coupare the corrosivity and materials
compatibility of PPD-24 propeliant with those of the same propellant con-
taining the chosen additive to prevent flow decay. Materials ~hosen for
teating included aluminum alloys 2219, 6061, and 2014, stainless steel 347
titanium GA-14V, maraging steel 250, Teflon, and Kynar. Test samples
were cut into disks 13/16 iuch in diameter and 1/16 iach thick. These
specimens were strung on Teflon rods and separated by Teflon spacers., T»n
further minimize irteraction between mpecimens, Kel-F disks 7/8 inch ip
diameter by 1/16 inch thick were placed between the specimens on the rods
and aeparated by Teflon spacers. Sample bombs were made of sections of
1-inch tubing to house the assembled specimen rods. Stainless-steel
valvez, tubea, and caps were uased for the stainless steel, mara, ing steel,
titanium and Kynar samples. Aluminum valves, tubes, and caps were used
for the alumioum and Teflon specimens. Enough material specimens and
sample bombs were provided to allow testing of three additives, for three
different exposure time-temperature combinations, with both liquid end

vepor exposures and duplicate samples for every test condition.

Asalysis of the bulk propellant yielded s composition of 99.05-percent
NQQt' 0.57-percent NO, and 0.05-percent Hy0. Water was added to bring
the soncentration up to .2 percent,

Bofore discovering the effect of water on the nature of wue Tlow decay
deposits, acetoniirile was considered to be the wmost effective chemical

additive found. Tharefure, the first set of long-term coupen tesia were

initiated with 0.25-percent acetonitrile and an uantrsated propeiiant blank.
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After the laboratory effort showed that &.etonitrile could no longer be
cr-sidered an effective additive, the voupon tests were terminatad with-
out analysis of the results., Corrosion tests for the additives picric
acid and dimethylsulfoxide vwere not conducv: ! because of the upsuaccess-

ful results obtained in the flow bench.

Flow Decay in Alur num and Titanium Systems

A small flow bench systcm was constructed for experiments to determine
whether partially soluble metal complexes wonld form vsz corrosion prod-
ucts in s&luminum and titenium tankage, and wuuid theo precipitate in

velves and filters to cause flow decay.

Flow Bench and Instrupentation. Three geparate flow systems, cne using

steinless-stee]l tacks, one titanium canks, and one aluminum tanks, were
built and enclosed in a temperature-regulated oven. A flow schematic

is presented ian Fig. 12. Each flowv system consisted ¢f & wain soak tank,
a run line, a flowmeter, a heat exchanger, a flow-contfrol needie valve,

a filter if desired, and & catch tank. The tank volumes veried between

1 and 1.5 gallons, The stainiems-stee] and aluminuc tanks were new, hut
{he titanium tanks had been used previously for housing NQO& stress
cerrosion samples. Piping and valves for all systems were stainless

stee],

Both the main tank and catch tank could be maiutained at a constant pres-
sure or vented at fixed pressure during a run. Four thermocouples mson.
itored the temperature at various points in thé oven. Flowrates were
weasured vith a Fischer-Porter RF-type t@rbint flowmeter stud read out

ot & strip-chart recorder.
The oven was maintained at a constant teaperature of approximately 120 F,

Yo make & run, the wain tank was set Lo the selected pressure and the

catch tank to the desired vent pressure. The hesat erchanger coils were
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ccoled with ruuning tap water., Flowrate through ithe aystem w2s adjusted
macually with the needle velve to about 0.1 gpm, At the end of a2 rum the
catch tank was pressurized, the main tank vented, and the propeilant

returned to the main tapnk via the run line and heat eachauger.

Discussion of Results. After loading with as-received propeilant {0,.06-

percent water content) and soaking for approximately 2 weeks in the ovea,
a flow run was made with each of the systems., Flow decay acresz the
needle vaive appeared immedigtely in the stainless-steel eystem but not

in the aiuminum or titanium systems.

On the third set of runs, sfter a totzl soak time of & weeks, the alumipum
and titanium systems were ecach fitted with a 5-9% micron filter downeiream
of the heat exchanger. The following rumr exhibited a sharp rate of flow
decay in botk systems, as well as in the stainless-stes] system which did
net have a filter (Fig. 13). The filters were then removed for analysis
of the deposits. No deposits were visible on the surface of the filters,
Analysis of the fijter washings by emisasion spectroscopy indiceted the
presence of titanium in the titamium system but no .luminum in the alumi-
nun system. However, it was suspected that the exiraction procewure might

have allowed the loas of &the aluminum precipitate,

The filters were cleaned and replaced in the aystem. Succeeding flow

runs agein produced an appreciable rate of flow decay. The filters were
removed and extracted with ethyl acetate. The solvent was then evaporated
and the residue snalyzed as before. Table 11 shows the resuits of the

analysis,
TABLE 11

RESIDUE ANALYSIS

Constituent Found 5-G Micron Filter Used 5-9 Microp Filter Used
ir Hesidues in Aluminum System in Titanium Sysuien
Al, percent 0.071 0.029
Ti, percent 0.18 0.4%9
Fe, percent ~5.9 >10.5
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The iron content of the filter deposits far exceeded the aluminum or
titanium content, However, this is ret unreasenable it it is copaiderwd
that the propellant loaded ints the system was saturated with iron at
subient temperature. Thus, the solution of & small amount of additicanal
complexed netal mitrate from the aluminum or titanium tavk walls could
produce a salting-out effect on the iron compound and yield a precipitats
consisgting moestly of NﬂFe(NOS}q, Also, the fittings and valves attached
to the tanks were ctainless steel and could have contributed a certain
amount of additional iron corrozion products during the test period.
Thia, however, would resemble the actual situation likely to exist in a

missile system, where stiinless-steel components would be intermixed with

titanium or aluminwu tanks. An unexplainable result of the analysis is

the presence of .aluminum in the titanium system apd titanium in the alum-
inun system., It is possible that the filters were not sufficiently

1 cieaned after the first anslysis and that they were imadvertently switched
when placed back in the flow system. In spite of this anomaly, the resuits

do indicate that some corrosion of the aluminum and titauium tank walls

did take place and contributed toward the occurrence of flow decay. It
has net been proved whether enough aluminum or titanium would dissoclve
in completely iron-free propeliant to cause flow decay deposits contain-

ing ne iron,
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CONCLUSIONS AND EECOMMENDAT IONS

THE BASIC CERMISTRY OF FLOW DECAY

Propellant-grade nitrogen tetroxide will corrode iron alloys (i.e,,

stainless vteel) to a very, very small extent. This corrosion cecurs
regardless of the ~ature o! the Néok;
gpecified by MIL-P-26539B or green (containing NO) as specified by

it may be either brown (red) as

MSC PPD-2A, The corrosion manifests itself as a few parta-per-million
of iron dissolved in the Néo . Clogging of orifices by tLe redepesition
of the iron material, in one form or another, is the phenomenon known

as flow decay.

The form in which the deposited irom appears is a direct function of

the wvater equivalent content of the propellant., At leess than 0.1 percent
(i.e., in essentially dry NI0), a crystalline solid, NOPQ(NO,)&, appears.
At a higher water concentvation, near the "ase limit" of 0.2-percent
water equivalent, the iron appears in & viaccus or gei-like liquid

phase. Other solids and liquids appear as the water content is increased
to even higher levels. ‘The equation below describes the behavior over

the range of 0- to 0.5-percent water equivalent.

~H.0 -H.0 ~-R.0
Firﬁ(’, So;id ’ H2 First 2; Second wagp  Secound
NOFe (NO + Viscous +H_0 Solid +2.0 Viscous
' 3% " Liquid "2 E Liquid

‘-Dt!gr i . '!Eﬁggwinb

The chemical nature of the viscous liquide 2nd the wecond solid are only
tentatively defined. The first liquid phase may repreaent a partially
hydrated (possibly momobydrate) ferric nitrate dissolved in concentrated
3,'thc second solid a higher {tri?) hydrate of ferric nitrate, and
the second liguid pbase this higher hydrate diesolved in the concentrated
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neids. However, the oversll chemical relatiouship of these materiale is

prebably wuch more complex them this, invelving numerous equilidria .
hetwee.*- the different deposits and all tie various iron-containing '
species present in N0, .

It is therefore recommended that studies be undertaken to define the ;
basi¢ chemistry of the corresion products of Nzoh in more detail. A )
clear definition of the chemistry of this system way allow for a

solution tr the probleme of fiow decay by some means that is wot novw ;
evident r even inferable on the basis of the present limited knowledge. |

PHYSICAL MANIFESTAT IONS OF FLOW DECAY

Solubility of the iron species governs flow decay. Both the solid
crystalline NOFb(NO,)h and the viscous gel-like liquid phase have been
shown to have positive temperature coefficients of solubility. The.efore,

N Tt ens ey memr v e .

any Neﬂ* that has become saturated with its ironm corrosion products is .
capeble of depositing these corrosion products anywhere in the propulsicn

system if it encounters a lower temperature than that at which it was

saturated. The saturation can be rapid (1 to 2 hours at 100 to 120 F),

but may also be partly diffusion-contrclled in large tanks, so that

unless mixing of some types takes place, true equilibrium saturation %
aay not alvays be achieved. e

In a floving Neoﬁ systewm, vhere there it a tewperature drop (and the

~ effect is megnified by a pressure drop, for reasons unknown) the iron
wateraels will deposit and build up in small orifices and restrictio.s,
tkni'iuytiting flow of the propellent. This is the manifestation called
“flov decay”.




If the propeilsnt water equivalent is low, so thet the solid crystalliine
NOFe(N(.?}}i’ is depoeited, buildap of deposits and flow decay ocours im
needle vaives, filters, and eczsentially any pilaces where & ssell erifiess
is encountered. If the water equivalent is higher, sn that the vismecos
liquid is deposited, flow decay bas heen encountered omly in filters;

needle valves are unaffected.

In the present study, the viscous liguid phase caused flow dacay in
filters with pore sizes ranging from 2-5 mierom to 40-53 micron
(noninnl—ubsolutﬁ), Daia from filters has desn correlated in terme of

the flow coefficient Cv' defined ar

M — X ;
- ;_liquid specific gravity
S (flovrate) V pressure drop acress filter

and it has been shown that the smsller the initial Cv, the greatsr the
probability of flow decay. FHowever, anomalies exist in the data collectied
to date, and it is not possible to use the data to select a pore sise

aud accurately compute the filter area necessary to handle some given

volume of NéO~ without flow deceay.

It is accordingly recommended that an extensive study of fiow decay, as
caused by liquid-phase deposits in filters, be undertaken. The

objective of such work would be to develop a statistically reliable
measure of flov decay as a function of filter parametars (C' or other ap-
propriate measurements), to provide design criteria for maintaining

non-decaying N20~ flow,

THE PREVENT ION OF FLOW DECAY
Flow decay may be controlled by controlling temperature. Because both

the solid NOF%(N03)~ and the viscous liquid deposit have positive
temperature coefficients of sclubility inm uzo,‘) flow decay can be
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prevented by assuring that no temperature drops occur at any point in the
820‘ propulsicn systems., In fact, it has been shown during this work
that both NOPQ(NOS)h deposite and viscous liquid deposiis can be
redissolved by fiowing hot Ngok over them.

Application of this control method mway be difficult or impractical on
most missile systems; it would require either heating all lines and

valves, or refrigerating the main tank.

Flov deosy could be contruviled by always maintaining the N20& at a
water-equivalent level of 0.2 percent or more, and avoiding the use of
sasail-pore filters. Under theme conditions, the liquid phase deposit
(which does mot affect valve orifices) would be dominant, and this
iﬁtawial would not clog & filter if the pore size and filter area were
large enough. The previous recommendation relative tc & ~tudy o’ filter
ﬁip&rni»i&rs wust be reemphasized, because the pore sizes and areas

‘necsssary o prevent flow decay in this manner are not yet known.

‘!iéb}dédgy coald be controlled by always maintaing the 1~1‘2(),l at a water
- #quivsleat of 0.1 percent or less, and developing a corrective additive
feé'usa in the HﬁO& At 0.l-perzent water or less, ("dry" N 0 ), the
_f"nelﬁé>NOFt(ﬂD’)‘ precipitates, clogging either vilves ot !xltern It
- hae: besn shown that various organic additives can increase the solubility
et mh{m }‘ 18 N0, to the point where deposition and clogging vill
x:no% CREUT, thnn olininnting flov decay., However, to date, a completely

';ltilftaﬁcr? ciditiv. has not besn developed. It is accordingly re-

. cﬁum@ﬁﬁtd 4§e¢ a<eon00ntrttad effort bs made to select snd qualify

iﬁ otgaaic addittvt zhnﬁ can prevent flow decay in dry h20& without

Av daxttnrians :xéa otfac%:‘

» 3\In %‘O ?rt-nnt vork, a6 s&ditavc wvas found that would aliminate flow
;Jlaeay arising fros the ;cl-a:ke liquid Aeposit. (Anowalously,
;iin;%hyloulfcx;da}‘eppen:ﬁé to ainnelvq deponits in laboratory te-ts,




but sccentuated flow decay in the flow bench.) However, all additives
tested thus far were selected on the basis of varicus theories about
the viscous liquid phase, without real kaowledge of the actual nature of
the meterial. An additive might be selected if there were more facts
on which to base such a selection, and accordingly, the sarlisr recom-
mendation of studying and defining the basic chemistry of the liquid

materials is reemphasized here,

In making these recommendations snd suggested preventatives, 1. sdould
be remembered that we probably have not yet he. 2 seen low decay inm ei’
its possible manifestations. A single type of flov dscay may only be
one aspect of a probiem that can vary in uature. An Nzo& propellant
system containing iron corrosion products can exhibit phsse changes of
the corrosion deposits as a function of the normal operating tewpersatures
experienced by a rocket propulsion systea. Phase changes vill also be
experienced as a function of the ratio of total iron salts to the
availsble water, The flow decay compound N°"(“°3)A has been shown to
be a zood dehydratiug ageni and it is presumed that those iron species
contaiuing small amounts of water will also be good dehydrating agents.
Thus, ‘%t can be predicted that for a given tank of Nzo& having a
relatively high water equivalent conceatration (ca. 0.2 w/0), which
would result in the formation of a gelatinous deposit., furtber cor-
rosion will reduce the water equivalent concentratioun of the propellant
such that crystalline NUPQ(NO})‘ becomes stable in the propellant. Con-
versely, if propellant handling and transfer opermtions result in the
sddition of water to the system, the gel-like deposit may be oonverted
to the second solid phase, a partially hydrated ferric nitrats,

PURIFICATION AND ANALYSIS OF NITROGEN YEYROXIDE

Nitrogen tetroxide may be at least partially freed of NOC1 by treatasnt
with silver pitrate. Because it has been suggested that chloride-free




N,0, is not ce rosive (and accordin, -, if it did not attack iron end
accumalate the soluble products, it would not cause flow decay) this

epproach should be investigated further.

It bas been shown that the MBC-PPU-2A specification nrocedure for chleride
analysis is unsatisfactory for sccurate work at low ch oride levels, A
turbidometric wethod developed under this program has been shown to give

much better results.

It has further been shown that the MIL-P-26539C specification method for
water analysis, based on phase scparation, is grossly inaccurate when the
dissclved iron species are present in the N20k’ The second liquid phase
containing iron materials is not as soluble in N20A as ie the liquid acid
phase that appears in the absence of iron. Thus, separation wili cccur
at a lowver water level when iron is present, or, putting it another way,
the phase separation method will give erroneously high results whea iren
is pu;eut. It is accordingly racommended that wmore accurate methods

for analysis of the water equivalent in Nzoh be developed. Nuclear
magustyc resonance has been used in the present work with some degree

of success. It might also be possible to wodifx the phase separatiocn

technique to account for wvhatever leval of iron might be present.
FLOW DECAY AND CORROSIMN (F NONFERROUS METALS

Prelimivary data obtained duriag the courme of this study indicate

that NBQE corrodes both aluminsa and titanivm to the extent that deposits
containing these mutals are detectadle in filters. It is recommended
thet this study of other metals be extended to the point that it can be
unequivscably determined whethear or not flov decay is possidle with

sonferreus hgr@vnrt.
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ﬁ% §€;§§c;f the phenomenon of flow decay, begun on earlier rogramg, was continued with
a change to MSC FPD-2A propellent (N;0, + 0.6 percent NO). Flow decay occurs with
this propsllant, sven when dry (iess“than §.1-percent water equivalent}, 83 s -esult
of deposite of the solid corrosion product, NOFe(NO: )&. It was found that %he
prasence of excess water in amounts up to the generzl use limit of 0.2 percent

- changed the characteristics of the deposits formed wher nitrogen tetroxide is
heated, wnen cooled prior to or during flew. Instead of the eryetalline solid
(NOP%(H@ )i) which is deposited {rom dry propellant, gelatinous or viscous liquid
phases g&gﬂforned in wet propellant .~

ATRE N LT IOENT TA ST RO, 4TS T ey

_ ~The appsarance of these deposits is governed by an equilibriom solubility limit

g; similar to that observed for the solid deposiis in dry propellant. The gelatinoas
: or viscous liquid deposits were not observed to adhere %o and plug valves and
: orifices, as does NﬁFe(NOﬁ)g, but they did clog filters. Chemical additives

3 o previously shown to be effective in dissolving and eliminating NﬂFe(NDﬁ)i were
P not effective against the deposits obtained from wet propellant. Tracés of

g aluninum and titaninm were detected in flow decay deposits obtained from flow
. gystems with ealominum and titenium tanks./')
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