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ADSWACT

Study of the phenomenon of flow decay, begun on

earlier programs, was continued with a change to

MW 'FD-2A propellant (N204 + 0.6 percent NO). Flow

decay occurs vith this propellant, even when dry

(loss than 0.1-pereont water equivalent), as a result

of deposits of the solid corrosion product, NOFe(N03 )4 .

It was found that the presence of excess water in

amounts up to the general use limit of 0.2 percent

changed the characteristics of the deposits formed

when itrogen tetroxide is heated, then cooled prior

to or during flow. Instead 61 the crystalline solid

(NOPe(NO3)4) which is deposited from dry propellant,

gelatinous or viscous liquid phases are formed in

vet propellant.

The appearance of these deposits is governed by an

equilibrium solubility limit similar to that observed

for the solid deposits in dry propellant. The gela-

tinou or viscous liquid deposits were not observed

to adhere to and plug valves and orifices, as does

NOe(W.OQ), but they did clog filters. Chemical

additives previously shown to be effective it dis-

solving and eliminating IOFe(NO3)4 were not eoiective

against the deposits obtained from vet propellant,

Traces of alumium and titanium wer detected in flow

dsW deposits obtained from flow systems with

alumiam "ad titanium teaks.

i/v
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PHASE 1- IABOIAT(EX TESTING

lITROtVCTI(OJ

The phenomenon termed "f low decay" has been under investigation at Roclketdyme

under both company-funded and AFlPL-sponsored programs5 since November 1964.

The process of flow decay is defined as a spontaneous &'crease in t!'e f low

rate through a constant pressure flaw system. "Brown" 1 0 poeln2 4 rplat
defined by 1411-P-26539A and MII,-P-26539B3 wasn found to be susceptible to

the flow decay phenomenon. The cause of the phenomenon was at first elusive

but 2ubsequently was sho- .y both physical and chemical mans to be the

result of deposition itk valve orifices of crystalline NGe(VO )4 formed

by corrosion of iron alloys by the N 0 propellant. l&bornktory reproduc-
2 4

tion of this deposition is now routine (Ref. 1).

The ei'fct of low concentrations, 0.25 weigh~t percent (W/O), of selected

additives on the solubility of NVe(0 3 ) wa also investigated. This

study identified'four additives, acetonitrile, ethyl aetate, beusonitrile,'I; and perfluoroacetonitrile as being effective in dissolving flow decay
depusito in a flow system, although there were marked differences in the

speed with which the different additives dissolved the deposits.

I In this program, the objectives und'r Pase 1, laboratory Testing were
first to cxaziue the four above mentioned ctudidate additives with respect
to their ability to dissolve MW*(N0 deposits &rising from "green"m X 0

3i 2 4
containing 0.6 weight per-*at NO and a use lixit of 0.2 weight portent water

equivalent. To be determined were the beat additive, the effect of &adi-

tive concantration, and the effective lift of the additiv"-2 0 4solutiem

uner accelerated aging by elevated temperature storage. Seond, the

chemistry of the &dditiv*-N(Wo(V03 ), interaction mas to be triemod by

both synthetic ad analytical techniques an-* -rrelpttd with results oh-

taine,4 for removal of deposits in the laboratory flew system. Third,

the effect of WWCI content on corrosion of i-ou in N120 4 propellant was

to be iuvestigated by comiparison with chloride-free, propellant.



A~bout midway through the countract period, it was found that chauges in

deposition techuiques (particularly the temperature of the propellant

during recycle) resulted in a change in the physical and chemical natuire

of the iXAGn-c0Zt4aing depogits, Viscous Uquid deposits were obtained

which failed to~ dissolve in the adtbive-containing solutions previcusly

found to be cffective for dissolution uf crystalline NO0.%(-so.~ deposits.

Accordingly, work on the original four aelditirqs was left incomnplete and

the objectives of Trhase I were modified.

The new objectives were first to excmine four new candidate additives with

respect to their ability to dissolve the viscous liquid deposits in green

N2O0 (0.6 percent NO, 0.2 percent 1120 equivalent).

'The new additives which were chosen on the basis )f being strorger comn-

V.exi.ng agents for iron and being soluble and stable in N 20 4 'were hydro-

geft fluoride, phosphorus trifluoride, picric acid, nitrofo, .,, and dimethyl

sui oxde.Nitrbf"'rm vas later excluded for reasons of safety. Again

the bost additive, the effect of additive concentration, and the effective

life were to be determined.

Second, so investigatiown of the formation of the viscous liquid deposit

frow. solid NOFe(N 3 )4 in green N 2 0 was to be undertaken. Four variables

were studied; water equivalent concentration, NOFe(NO0) level, tempera-

ture and time.

KHMUIHfW~AL SMIRK~

The laboratory depositor maz modification of that previously used

(Ref. 1) and is depictedi schematically in Fig. 1. The system consisted

of two pairs of 1-liter stainless-steel taaiks wrapped with hvating -tapes

and equipped wi tb 0 to 100-psi pressure gages. Baeb pair of tanks, a

2
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em tak (.)en a c&ac tank (C), was connected in parallel tharough a

awmn glass U-tra'. hocb of the run tanks was fitted '~ha 40-55 micron,

cylindrical utaialess-stesl filter welded to the tank outlet bushing. Be-

Vycle lines led from the bottow of the catch tank* to the top of the respec-

tive ran tanks.

the 4-illimeter 0OD glass U-trap was replaced by a 0.25-inch Teflon bellows

trap with heot shrinkable Teflon-to-metal seals for experiments inv~olving

both W. and PY solutions. Both trap systems wmere testod pneumatic~ally at

100 paig before use with N204.

RNUANDJ D.ICOSION

Deposmition of NOFe(N0 )4 from NO,, had been demonstrated previously in

the latWratowy depositor (Ref. 1), but the best conditions found were

heating the propellart for 3 days at 130 to 140 F (55 to 60 C) in a
stainless-stool cylineir followed 'by passing the liquid through an ice-

cooled glass +ub, -it r, nhly 15 mi/mmn. Cle*Irly, a loes time consuming,

higher yield .kroredurc -.as required to produce deposits to study the

effectivenes of additives eith."7 ?or dissolution of theme deposits or

for prevention of deposition. Because it appeared that dctposition of

NOFbe(N03)4 from the N1204 was a simple crystallization from' - saturated

solutin,, remulting from a temperature differential between the bulk

propellant and the deposition site, synthetically p".-epared NOFs(N0 3)4
van selected as the "soluble iron" source for the current program. An

imptmAnt, though not initially recognized, difference between the

prr-&OUS work (06f. 0) and the present program was the change in the

propellant from dry Lrow N20 of 0.1 percent 120 equivalent to wet green

NO 2 .f 0.2 percent 120 equivalent.



A 3.84-gr.m quantity of synth.,tically prepared NOF(NG )4 (f'. 1) Va

used without purification to saturate a 77)0-milliliter Wvf.ity of0

(0.9 w/e NO and G.2 w/o H20 equivalent). The slid material responsible

for the flow dicay and previously identified as NOFe(W ) 'as depoSt'4

from this solutior, in the glass U-trap where 'he ability of additive W20

solutions to dissolve it subsequently could be visually observed. All

runs which produced a good deposit of NOFe(NO 3 )4 were made with the

solid NOFe(N 3)4 unknowingly ntained in the ullage in the improperly

located filter (see Fig. 1). The exporimental conditions used in each

of the NOFe(NO3 ), deposition runs are suarized in Table 1.

The procedure for a typical, successful run was as follows. The X204

contained in the insulated tank R, was heat.4d to pressurize it to ap-

proximately 100 poig, and the temperature of the inlet line to the glass

U-trap was maintained slightly above that of the rUi tank to prevent

deposition in the inlet. During a run, all valves b*tween tanks N. and

C1 were wide open with the exception of tLe Teflon needle valvo on the

U-trap outlet. Although some of the NOFe(N0) deposited along the walls

of the ice-cooled U-trap, most of the solid was collected oa the outlet

glass wool filter

Although unknown at the time, the solid WCFe(NO0)4 thought to be

saturating the propellant was retained in the ullage space by the im-

properly located filter (see Fig. 1). All transfers of the heated

N 20 were made under autogenous pressure. Durin& the recycle of pro-

pellant through the NOFe(N03 ) 4 in the filter to the run tank N, which

was cooled, sufficient solid dissolved to form a good deposit in the

subsequent run. After five successful deposition runs, the catch tank

C1 was no longer heated during the recycle process and subsequeat

deposits .iecame smaller and more difficult to observe. Disassembly of

run tank A revealed the mechanical cause of the trouble avr the filter

was properly located at the tank outlet. This mechaaical error, although

costly iu tima, *roved to be serendipitous in that it helped to ilarify

the relationship of the solid and liquid flow decay depoaits (vide iafra).

5 ,
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hfore it was determined that the difference in the quantity of the

NOFe(NO3 )4 ""posit in the first runs (1 through 6) and those immediately

following (7 through 10) was due to the combination of tbe lover recycle

temperature and the improperly located filter, an analysis of the N204
solution was undertaken. After removal of an estimated 10 to 12 milli-

moles of CO (identified by vapor pressure measurements, 400 millimeters

at -196 C), the residual vapor above the N20 solution was shown b mass
spectroscopy to contain 1.1-percent CO 2 The CO and C(O~ presumably arise

from incompletely reacted Fe(CO)5, which had been used to prepare the

crude NOFe(N03)4 . The analytical data obtained on the N204 solution,

when compared vith the data obtained before contacting it with

NOFe(N0 3 )4 , shoved 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 NO value (cf. Table 10, page 33).

TABLE 2

ANALYSIS OF PROPUILANT

Calculated Found After
Found Atr 0 (S3)4

As Received Aition Treatmnt

w/o N204  99.36 98.88 98.97

w/o NO o.63 0.91 0.78

w/o %20 equiv 0. O3 0.20 0.15*

w/o MX~ 1O.01 0.0l 0.01

plan Fe - 1.4

.*Clculotmi to be 0.12 to accunt for moles of
NO present

NO



llsueition of Lianid Flow j)eca-v Material

The same solid iron aaomW used to deposit NOFe(N0 3 was transferred

frw the filter into the tank Rwhich was recharged with fresh green N 20 4
of 0.2 j.o %i0 equivalent. The first run in the reassembled depositor,

with the filter now properly located, prcdueed a normal deposit of

NDue(NO 3 4 1 but in subsequent runs the deposit consisted of a mixture of

a dark by*m viscous liquid and a light beige **ilid chemically unlike

the Initial NOM(NO3 )4. The liquid appeared to be the same as that de-

scribed by TW (lef. 2).

The e*peental procedure for deposition of liquid was the same am had

bets used previously for forimation of solid NOPe(NO )4 deposits. The

temperature of the catch tank C 1 was 70 to 90 F in all experiments.

kprimontal e.*aditions used in each rum are sumarized in Table 3. The

liquid-solid mixture (Fig. 2) from runs 14 through 17, collected in an

apiemdage, downstram of the glass wool outlet filter (see Fig. 1), was

need for amalysis. The O.0OSOO-r... liquid "saml analysed 16.6-percent

ft, 68.6-porcient NO 3 -, and 26.3-percent NO 2  (equivalent to 17.1-percent

NO0+) and the O.0165h-grow solid smple with admixed liquid analyted

17.7-perent Fe, 6a.9-percent . - and 6.8-pelrent NO- (equivalent to

4,5-percent NO0+).

Prom the foregoing amsa.lyses, ratkos of P*A40 ,7140 were for th. liquidI

0/.72Al." (102 Percent Ustonea. balance) and for the solid-liquid

ix~e1/3.21/0.47 (65 percent titeria' balance). These data do not

le0Ad irectly to ratiftal tepiridal formulae, "- t speculative compositions

may be suggse ashb as a tesuimlar mixture of NOP'e(NO 3)4 and HM 2 for

the liquid (ratio 1//a a6 _e( +'P*4 (N03)4_(N0) 2 for the solid

.(totio 1/3.25/0.50 for 5:1 sixtort of solid and liquid). X-ray dif-

tratiow per date (flbl ') sowed that the deposited solid was not



TABlE 3

I3POSITION OF LIQUID FLOW CDIAL

Run Tank Inlet Line %,n Time
Run Pressure, Temperature, (770 al),
No. psig F minutes Remarks

14 103 149 to 167 33 Liquid plus solid

15 115 to 120 167 to 171 36 Liquid plus solid

16 110 167 to 171 36 Very little deposit

17 115 to 120 167 to 171 46 Liquid plus solid

18 95to 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 165 72 Small liquid deposit

21 96 to 100 156 to 160 45 Small liquid dsposi"

22 100 to 105 154 to 160 30 Small liquid deposit

23 100 to 110 156 to 160 20 Small liquid deposi.t
24 102 to 110 160 to 163 27 taall liquid deposit

25 105 to 108 167 to 171 36 Liquid plus solid

26 102 to 106 158 to 165 31 Small liquid deposit

27 105 to 110(b) 154 to 167 36 Liquid deposit

28 110 to 115(o )  165 to 169 42 Liquid deposit

29 11O to 115 (c )  160 to 167 43 Liquid deposit

20 110 to 115 (b )  156 to 169 43 Liquid deposit
to\

31 105 to 115 (o)  163 to 169 42 Liqvid deposit

3 110 to 115 ( )  169 to 169 42 Liquid deposit
33 96 to 100 149 to 160 31 Liquid deposit

34 115 171 1,6 Liquid deposit

115 154 to 163 44 Liquid deposit

36 115 149 to 163 34 Liquid d~bosit

37 115 163 to 171  59 Liquid deposit

L 38 112 to 115 156 to 169j 36 Liquid deposit



TABLE 3

(Concluded)

N. Run Tank Inlet Line Run Time
lkun Pressure, Temperature, (770 ml),

paig F minutes Remarks

39 112 to 115 156 to 162 33 Liquid deposit

40 115 163 to 169 42 liquid deposit

41 115 156 to 169 50 Liquid deposit

42 110 to 115 158 to 165 44 Liquid deposit

43 112 to 115 153 to 163 j 38 Liquid deposit

44 110 to 115 163 I 45 Liquid deposit

(a )Inadve~rtently heated to an estimated 175 F just before run
(Re at temperature for 16 hours before run

(C)Held at tem.perature for 1.5 hours before run

10
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A 0.O1P40-gran sample of the residual yellow solid recovered after run 11

from the run tank R, anelyzed 25.1-porcent Fe, 62.1-percent NO3-, and

0.1-percent NO2 ". This gives a Fe/NO - ratio 1/2.16 with W02- absent,

suggesting an ozynitrate such ts FeO(N03 ) 2 "BO-2 0 . The X-ray powder

diffraction data for this residual solid are contrasted with those data

for . original MOFe(NO3 )4 in TaLle 4.

Duplicatjh of the deposition of a liquid-solid mixture yas achieved

using the same quantities of fresh NOFe(NO3)4 and N2 0 as were ust"

initially in the NOFe(N0 3 )4 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 iron-containing

deposits.

Additive Effectiveness a-d Life

A number of Lewis bases had been shown previousiy (Ref. 1) to be effec-

tive additives both for preventing deposition and for dissolving deposits

of NDre(NO )41 In all of these earlier studies, a sing] additive con-

centration of 0.25 V/o van used and the studies of the effective life of

the additives were rudiaentery anJ incomplete. Accordingly, each of the

additives in this program was to be studied at three concentrationa,

0.25, 0.10, and 0,05 w/o, and tested periodically until they failed to

dissolve. NOF*(N 3 )4 under accelerated aging at A'O to 155 F. The four

candidate additives were acetonitriie, ethyl acetate, benzotitrila, O.d

pertluoroacetonitri . I
Vban it W,0 foand that the vet, green N2 04 gave liquid deposits (rather

than solid NOn(NO 3 )4 ) that did not dissolve in the additive solution.

under investigation, the study was restricted to 0.25 w/o additivw

solttioni except for !cetondrile. Another series of four additives.

hydrogen fluoride, phosphorus trifluride, picric acid. and dietbyl-

sulfoside, was selected for inveatigetiou at 0.25 w/o concentration to

12



TAMD 4

CuX X-RAY DIFPRMATI( P(DE DATA OF NO1e (INO MiY =0

AND AFTE U M TO GUM N24 (0.2 w/o 120 MQurVAIX-)

d-spacicg, A (intensity)

Residual Yellow Solid After Sol' Codepouited With Liquid
vekN0 3 ) Heating in Wet Green N2 04 "roe Wet Green NTo

6.3 yvv 6.40 s - 6.40 v

3.8 ws 6.00 s 5.80 ow

5.3 9 4.40 vv 5.10 mv

4.20 a 1.05m f 4.30 as

3.70 a 3.68 w 3.71 as

3.48 a 3°39 w 3.39.a

3.20 a 1.30 s 3.30 ow

3.10 vs 3.I x 3-20 .s

3.00 , 2.79 vir 2.79.a

2.44 a 2. ,5 irf 2.51 a,

2.35 w 2.33 v 2.38 v

2.28 a 2.05 v 2.28 v

2.17 v 1.79 vv 2.20 v

1.98 w 2.01 vw

1.88 v 1 88 vw

*Ref. 1

13



.~t~ieif tb*Be malaterialF could disolve the iiui ejoait or prevent

its f nratiou. The rexults for esech oi the eigbt additivei artl dioe Usped

The compositipn4 of vditive-cintaining zl,.tions in wet, green N 204

prepared to evalaate the effectiveiwas of these additiven in diaooving

the deposits, art listed in Table 5. Table 6 summarizes th6 eiverimental

conditions used in each of the runs testing the effeci.I'enees of each of

the additive.-containing solutions together with the results observed.I

The deposition of a dark brown viscous liquid from the acetonitrile

solutions (rune 48, 50, 53, and 54, Table 6) prompted t detailed analysis

of the 0.24 W/o solution (A-i, Table.5) to determine what chaages in

comosition ha6 occurred as a result of heating for 14 days at 150 to

155 F. Found (in weight percent): N2 % 987;N41.5 ~d .1

IL2O equiav, 0.01; Fe, 0.00104h (10A ppm). Mass spectrometric analysis

of both 1 quid end vapor phases of solution A-1 showed N 2 (from air).

2.8 percent (in the liquid) and 3.1 percent (in the vapor); CO V 0.7 per-

cent (in the liquid nd 1.1 percent (in the vapor); CN.CN, absent

(both. liquid and vapor).

The solubility of the liquid deposit (from F-3, Table 7) in 0.25 w/o

DXSOM 0 4was stud~ied in ai static system by decanting the N 20phs

from the viscou& 's;rovn liquid and replacing it with 38 milliliters of the

DWO tolutioa (fH-1, Table 5). No change wits apparent in the viscous

liquid, but on standing sev-eral dAys colorless crystals were observed in

the N 20 phase.
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Acetonitrile. Acetonitrile solutions at 0.24, 0.10, and 0.05 v/o in

green N204 were equally effective in dissolving depo~its of WF(N03) .

The fresh solutions were heated in tank R 1) to develop a driving

pressure of 100 to 107 -)sig and passed to catch tank C through the
2

glas3 U-trap containing the brown solid deposit at flowrates of 27 to

28 l/min. The NOFe(N03 )4 was solubilized in the first I to 2 minutes

of the 27 to 28 minute runs. The 0.24 w/o acetonitrile solution reuined

effective 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 oepoeit and consequently the result is somewhat

uncertain. The same uncertainty is to be noted in the apparent loss of

effectiveness of the 0.10 and 0.05 N;/o acetanitrile solutions after

heating for 7 days at 150 to 155 F.

Each of the acetonitrile solutions, after the period of accelerated ag4 ng,

deposited a second liquid phase when passed through the ice-cooled 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

N204 (no deposit without cooling) and water soluble. Hovever, the

quantity was too small for further direct characterisation. The analysis

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

position of this liquid deposit.

Mess spectrometric analysip of the 0.24 V/o acetonitrile solution (A-i,

Toble 5) indicated the complete absence of acetonitrile in both the liquid

and the vapor phases, with CO2 and N2 as the major impurities in the vapor.

Comparison of the analysis of A-I with its calculated composition (Table 5)

suggests that corrosion of the stainless-steel tank must have occurred.

The dramatic doerease in H20 equivalmnt (f'rom 0.20 to 0.01 w/o) would

require a corr*sponding decrease in NO conce'tration (from 0.91 to 0.59

w/o) according to Sq. 1.
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li20)Vi2 .O 411NO0 + T40 0

0 + F 2 .(CII CN) 2FE(NO,). x1I,,O + 3N0 (2)

Corrosion of the cylinder (approximately 0.0002 inth), presumably enhanced

by the acetonitrile (Eq. 2), could supply the necessary NO to bring the

co@aeutratir i the observed 0.85 w/o. The amount of CH.cN required

(Bq. 2) erteletes well with that actually uoed: 64 moles (required),

65.8 alnes (in A-I). The concentration of iron in the N20,-acetonitrile

solsiiou after hating wa found to be almost an order of magnitude

greater (10.4 Nowm) than in N2o'. alone 'sf. ).

Although the direct study of the stoichiometry of the reaction of aceto-

nitrile with NOe(NO)' was deleted "when the program objectives were

ohanged, the ratio of 21 was obtained indirectly from these aealrtical

data. Also inferred is an enhanced corrosivity for the additive-

tostining solutieon as long as free acetonitrile remains (Hf. 4 reports

this system nonreae.tive, however). Because acetonitrile appears to

dissolve NM0e(QK)N only to substitute another slightly soluble iron-

oeotaing oomounde for it, this ad%1tive offers no solution to the

problem of dereasig flowrates in N20 4 systems caused by deposition of

eorms ion prduts.

ftel A ty. A solution 0.25 w/o ethyl acetate efftctively removed a

deposit of NOFO(N0 3 )' in ca, 2 to 3 minutes when passed through the

U-trap at 40 mi/nIfm. This additive appear* to require a longer time to

dissolved thre roiV Jr. 4 d sit .. compared with acetonitrile.

This experiment was not definitive, however, because of the presence 3f

a trace of liquid codepoeited with the solid. fais liquid say be indi-

oative of partial hydration of the iron compound which could change its

selubility or rate of *olution in the additive solutio. Further

evalamtion of the ethyl acetate solution after 7 days storage at

20!
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150 to 155 F was suspended because further attempts to deposit solid

NOFe(N03), produced liquid deposits instead, and ethvl acetate was

ineffectiye in dissolution of the liquid deposit.

Beaonitrile and irifluoroacetonitrile. Solutions of 0.26 w/o benzonitrile

and 0.25 w/o trifluoroacetonitrile (both of which solubilize NOFe(NO 3)4

(3sf. 0) in N2 0 4 were found to be ineffective in dissolution of the via6ooas

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

lbdroaen Fluoride. A preliminary run was made in the glass U-trap on the
assumption that any gross effects that 0.31 w/o HF in N20 4ight exhibit

on contacting a liquid deposit would not be obscured by the HF-glass

interaction. The HP appeared not to have any effect on the liquid deposit,

but the pattern of glass etching which resulted left considerable doubt

as to the HF concentration in the vicinity of the liquid deposit. Ac-

cordingly, the glass U-trap and glass wo.l filttr plugs were raplaced by

a Teflon U-trap with carbon felt filter plugs. The experiment was

repeated using a liquid deposit which had been mechanically introduced

into the Teflon U-trap. No visual change in the dark viscous liquid was

noted during the run, but on subsequent evacuation of the trap the liquid

became colorless and then crystallized, suggesting perhaps formation of

NOFeF (cf. No2FsF, Ref. 1). UF appears unsuitable as Pvt additive for

dissolution of liquid flow decay deposits.

A series of three rm-.& was made in the Teflon U-trap to determine whatiser

0.35 w/o HF would prevent deposition of any irou-containing material

(liquid or solid) from N204 containing NOFe(?O )4 in 2 to 4 tines excess

of the sabient temperature solubility. No deposition was observed in say

of these runs, each of which vwrm made under conditions less drastic than

the usual deposition run. A deposition run, ade as a control under tbese"

more mild conditions, using the N 20 saturated with a large excess of

NOFe(N)3 )4 , also was unsuccessful. Tho liquid deposit appa.-ntly either

fails to form under the less drastic conditions or fails to adhere to the

Teflon or carbon surfaces the vay it does to glass.
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Picric Acid, Contact of a 0.25 w/o picric acid-N 0 solution with the
2 4

liquid deposit in the ice-cooled U-trap resulted in partial crystal-

lization of the liquid droplets. A second ran without cooling produced

no further change in the crystalline solid, but the liquid portion of the

deposit va, soluble in the hot (150 F) picric acid-N2 0 solution. During

storage at ca. 150 to 155 F, the pressure over the 0.25 w/o picric acid-

N2 solution increased slowly over 80 days, amounting to an increase at

ambient temperature of about 15 psi. This oxidative instability plus

conversion of the liquid deposit to an insoluble iolid eliminated picric

acid from further consideration as an effective additive.

Phosphorus Trifluoride. A 0.25 v//o PF -N 0 solution was tested twice byKH~3- 2 4
passing it over liquid deposit which had been mechanically introduced into

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

Phange in the dark viscous liquid could be detected.

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

sulfoxide-N 0 solution (H-I) was stored at 150 to 155 F for 13 days.

Whoe the solution was subsquently cooled to ambient temperature, no

pressure increase was observed demonstratiug the stability of the ad.-

ditive in N2 0

Another 0.25 w/o diaethylaulfoxide-N 0 solution (H-2) was passed over a

liquid deposit and was observed nmar the middle of the run to have dis-

solved the deposit. A confirmatory run was terminated abruptly when the

deposit disappeared completely in the first 15 seconds and the mixture

vat placed in an oven to accelerate aging of the solution. The additive-

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

another liquid deposit and found to dissolve it in 50 seconds indicating

that JW was an effe.,tive additive for dissolving liquid flow decay

deposits.

22
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An attempt to tonfirm the noiability of the liquid deposit uas made using

0.25-percent I) P-N20 (P.23 1// H2 0 equivalert) solution and the liq.od

deposit formed from NOFe(N03)4 and wet NI) (experiment F-3, Table 6,

0.503 w/o water equivalent). in this cue the iiquid appeared not to

dissolve, but after . veral day at ambient temperature, colorles-

crystals deposited from the F 2 04 phase. These observations tend to

substantiate the postulated formao'ion A.f two liquid depozits of different

chemical composition which is dependent on the water equvalent concen-.

tration of the N 04, and only the first of which is soluble in the DM50

solution. Further evidence for the existence of two visually i s.
tinguishable but chemicaliv different liquid denosits is -et forth in

the next section.

I Effect of Watt:- bqaivalent Concentration on %cFe(N0.)4

Previous investigations of the flow decay phenomenon -t. ]ocketdyne iua&g

brn1n'2 0 of 0.1 w/o H20 equivalent indicated that obsere.$ iecreoses

in flowrate were causee by the deposition of .rysta1line NOFe(?K'3)4

(Bef. 1). Other laboratories using green N20 (0.6 w/o NO, 0, /0o

H,0 equivale t) reported clogging in dynaamic systems claused by t vi us

da.- i liquid co..ts inng both tinc and iron (Ref. 2>. Each of thrae metals

had been int.')duced into the propeilant as the crude product fo.ved tv
react.ion of the z.tai chlorida with N20 P the prence o'- + hvl cet t,

ane thus could have been solvated; e.g., (CHC0W H ) 'N oe(NO " A or

3 2' 55/2

In the deposition axperiments reported here-i., green N 2 f h igher vater

equivalent conicen-ration (.e., 0.2 wi'o) was ftuad to d6-ponit. eithor

cr'Vsa1ine solid hsa.vik the same chemica. t.shavior as NOFe(No,) 4 towad

Le,.ii bae-typ# additive* or a dark vii-ou* liquid. At this partxular

0o equivelent; cance, ratnen, the tyei of deposit .p~red to depend on
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the contact time between the propellant and thi, Y'~e(NGc i used to sat-
3 )L4

urstp the solution- After contact times louger than a few hours, the

iron-containing material which deposited from tho solution was a da~rk

viscous liquid sowtimes, actosoaiPed by a rrystaflii-4e solid diftsring inI

both physical and chenical. properties from NOeN,),. ieaefre, in

addition to the offects of cintact tine and H 0 -uivalent ctoev-tration,2
on WNW~(0 ~ the effects of tomp ra~.ire and ftr i hvei were included

in the study of the ptnr"-,ters~ responsible for the pr'jpertiee5 of theI
iron-contta iuS deposits.

Tbe effect o3f vateri equivaieut coneentration on the phYsical btrotc- of

WF(4O 3)'t and the dogree of thydrati on of NOPO(N%)3)4 which --&uses thweac

ebanget of sta-6- we a studied in a series of experiixe.'its at fivfe ca.zcr

equivalent conc-*trati.ns, two iron lvvels, and two tenwrt&,!ures. I
Weigh~d asoants nf NOF(NO%)4 wvc-t placed in iO-miflil.Iter, betxvy-vall

tube* closed t, Teflom oeedle valves. ApproiiatelY 7 m."Ili iterio

(10 grams) of Xrwen N 20 4 (0,-58 wv/o NOJ) of varyir,. knovu~ water equivalentI

eoucentration was veigh*4 Into evv tube. 'Ja* tubes were iwieroed in con~ttant
couatat tepeatur* oil hatLea Ior 168 bhurA during wbht~*-b e oheuge
in the~ Viyical apsrahkt -of the Mlixtures were uoted. At the conclupi~un

of th4i heatinj. porlod, tbe t.-fs wvrr cl to aabiett -semperatzire xad

iin.41AUtaly ftervafter the W 204 p s~ wor- *"apI- 4 , fer d siar ?alyeiq

in prscisire, nr ttu.14a. Furt~oer changezi 4" the appearaoace of th ilxture-s

at a eJt-dinp4 raturQ wre noteil, The Ixc et data arnd nbservtid

The N 0 #Qlution* ef varyinag w*t-vr vwt-nt ~ ~ ero pro-
2 4

pae cas y aisng -tei -y aswunts of two at~- aozu: k one

ifryr and out wet, the preparation-r *f wioce are dve orib*4 as Toi- h*
dry etoeck atiani~ was p".r* rad in glost, hy *tirri,-.W _proxiamLely

1htar- of gr1ved N 0-(.5w/ w cWWOR

10-gruse PA. _ at sablect-t-esW--ature. T-Sw ixuture vki allrgtl a to t ti

en'wrnight and subr*%w,'t'y distilt-'d at awbi.~.$ tPer-At.,tre irtti au ici'-

ce,-"led roer*r Th. e~ s~ solution vofs prepared in g .% by

II
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orygenating appro-~tl liter of the same green N 04 followed by

2 24

"omb~ined with enough water to cause aeparation of a aecoad Iiquid e-hase.

After oxygenation of this two phase mixture a weighed portion of the

"water phaie" was mixed vith a weighed portion of the dry 'irown N 20 4and

water was added to raise the water equivalent concentratiPin still higher

while generating 1-0 (or IJO 2 ) as well. The preparative and analytical

data for the various N 20 4solutions are shown in Table 8 tog-other with

the standard solutions used for 1 nmr calibration.

Tn Table 7 are listed the data and observed changes for a series of

preliminair-y qualitativ, experiments (G-J) and another series- of semi-

4aantitative experimerts (A-F). These are interpreted in terms of two

processes involving water in the N 20 4 propellant system. F-i-rat, the

overall reaction ft-r the hydrolysis of N 0 is a complex equilibrium
2 4

which may be simply represented by Eq. 3.

3N0+ 2 0 Q 4N + &o )

In N 0. the concentration of free water is quite low because of the mass
2 4

action effect, but it is increased with increase in temperature (Ref. 4).

Second, the dehydration of a ialt hydrate, represented in Eq. 4 and 5,

proceeds to a greater degree with increasing temperature.

Fe(NO 5 )y1Oi Fe(N03 WH2
0 + (y-X)1120 (4)

NO0 Fe(NO ) XU 0 -NOFe(NO) + X1-IO (5
2 4 33' 2~ 34

The phase separation phenomenon which occurs in the N 04-HO system would

be expected to occur in the presence of the iron salts which shoiuld

disselve preferentially in the "aqueous" phase.
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TABL 8

ffiPA~IflAND) ANALYSIS OF N0 4-NO-H20M~R

N04 Solution Description w/ H2 0 1quiv H amr)204

Grec-n dry stocik solution (D) 0.017
(see text for preparation) 0.58 w/o NO 0.017

0.017
0.019

Brown wet stock solution (W) I.,7
(see text for preparation) 0.59 W/o NO 1.31

56.2124 g D + 1.3786 g W 0.045

53.6003 g D + 4.0596 g W 0.098
0.100

49.2827 g D + 8.2629 g W 0.192

45.4143 g D + 12.0871 g W 0.293

38.7465 g D + 21.851" g W 0.503

10.14388 g D + 0.01254 g H20 0.1270. 125
0.131
0.123
0.)29

8.66622 g D + 0.02643 g Ho 0.321
0.321
0.296
0.322
0.329
0.318
0.321

9.73619 g D + 0.05068 g H20 0.535
0.556
0.579
0.539

9.61245 g D + 0.10057 g 120 1.010
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Yn ti -i).'iinary experiments, an unwe~ghed quaatity (Intimated to be

iL- . milligrams) of NOFe(N03 )4 was placed in an amr tube with about 2

Cf N 0 the water equivalent concentration ol which was measured

r r.r upectroscopy both before and after contact with NOFe(N 3 )4.

P itial hydration caused agglomeration of the solid (experiment G) folio-wed,

-Atincureasing initial wat~er equivailent concentrations, by what has been

iiiltrpreted as a separation of an acid solution of the "hydrated" salt

(experiment H) and t~ystailization of a higher by-drate from this

aqueu" phase (experiments I1 and J).

I-ie effeets of temperature cau be noted qualiitatively by comparing pairs

0 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 &T. the higher temperature.

The time required for a given change, suach as liquifaction of the solid,

roughly correlates with thea initial amount of solid used.

An inspection of the data for experiments A-F indicates that exper:-

mental errors (particularly moisture pickup from apparatus and possible

weighing error.) have render"ed the experiments semiquantitative at best,

with those at the higher "iron level" being more self-consistent. The

stcries of experiments (D-3, D-4, E-3, E-4, F-3, F-4i) suggest that, at

an initial w~ater equivalent concentration approarhing 0.2 w/o, NOFe(W03)

forms an anhdrous or partially hydrated (porily a -ionohydrate) ferric

nitrate which, between 0.2 W/o and 0.3 w/o H 0 equivk 1ent, precipitates

a second liquid phase that can yield a crystalline higher hydrate

(possibly a trihydrate). Dissolution of this sold hydrate cats occur to

give another liquid phase on raising the N020 equivalent to approx.4uately

0.5 W/o.

Attempted Removal of Chloride From N 204

Metallic iron is reported to be nonreactive with liquid N 20 4 either

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

sulfoxide (Ref. 4). Reaction of N 20 4wi th iron is initiated in the
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presence of NOCI (Ref. 5) or when a NOC1 source such as FeCI plus ethyl

acetate (Ref. 6) is present, although the rate is slow at low NOCI con.-

centrations. The FeCl3 generates NOCI, which is known to react with

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

to give the flow decay compound, NOFe(N03 )4 .

Fe + 4NOC1 -. 4 NOFeCI (6)

NOFoC1 + 4N 0 N- NOFe+ NOC (7)
4 2 4 ~N 3),4+ c()

The equilibrium (Eq. 7) lies far to the right so that nitrosyl chloride

is regenerated and in effect acts as a catalyst for corrosion of the

iron,

Thus, the trace amount of NOC1 in propellant N2 0 was suspected to be

the cause of NOQe(N03 ), formation. Accordingly, an attempt to prepare

chloride-free N204 was made so that a comparative study of the iron

corrosion rates (as indicated either by coupon tests, conductivity

measurements, or deposition of NOFe(NO3 )4 in a dynamic system) could

be undertaken. After a single preliminary experiment was completed,

together with the development of a suitable analytical procedure, re-

orientation of the program objectives led to termination of the study

of the effect of NOCl content on the corrosion rate of iron.

An analytical method was developed to ascertain the effectiveness of

AgNO an A precipitant for chloride in N20., ufter determining that the

large reagent blank (ca 100 ppm) in the MSC-PPD-2A method for NOCI in

N 20 made it unsuitable for very low concentratione of NOCI. The pro-

cedure involved hydrolysis of N 4 samples in pure water in an oxygen
atmosphere followed by treatment with AgNO and turbidometric deter-

minetion of AgCl.
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A 770-milliter quantity of N2 04 (0.63 w/o NO, 0.03 w/o 120 equiv, 0.01

w/o NOC analyzed in accordance with procedures specified in MSC-PID-2A)

was heated in a 1000-milliliter stainless-stc 1 cylinder with 1.0 gram

(3.5-'ild excess) of finely powdered AgNO3 at ca. 65 C (150 F) for 168

hours. Analytical samples of treated propellant were withdrawn through

an integral 40 to 55-micron stainless-steel filter and delivered into

tared fragile glass ampoules which were sealed with a torch and weighed.

Similarly contained samples of the same propellant without AgNO3 treat-

ment were prepared as a check of the analytical method described below

against the M5C-PPD-2A procedure. As a further check a 69.740-gram

quantity of the untreated propellant was doped with 0.00252 gram of

NOCl (36 ppm) and enalyzed as outlined below.

The ampoule containing the N204 was cooled to freeze the contents and

placed in a 500-milliliter iodine determination flask together with 40

milliliters of ice-cooled deionized water, The flask was swept with

oxygen for 4 to 5 minutes, atclpered, and shaken to break the ampoule.

The glass stopper was sealed with water. After about 15 ainutes, the

mixture became colorless and it was then heated gently on a hot-plate

with frequent shaking to complete the hydrolysis. The solution was

filtered through thoroughly prewashed filter paper and diluted to

100 milliliters. To a 25 milliliter aliquot of this solution was added

1.5 milliliters of AgNO solution (17 grems/liter), the volume was

brought to 50 milliliters, and the solution was aged for 25 minutes in

the dark before the absorbance at 535 millimicrons was meacured in a

10-centimeter cell. The sample absorptions were converted to chloride

concentrations by comparison with a standard calibration curve. The

data, shown in Table 9, indicate only a partial removal of the NOCl as

AgCl by treatment with AgNO 3
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TABLE 9

R10H0VAL OF CLORIDE FROM4 GaEN N2 0,

Sa e - NOCI Concentration
Weight,[Cl- Found, (cor),

Source grnma s PPM

As received 2.524 30 15

As received 2.914 28 11

AgNO3 treated 2.775 22 6

AgNO treated 2.841 20

NOCI doped 3.174 110 66

NOCI doped 2.980 108 64

*Reagent blank 14 YCI-

The AgN03-treated propellent also was analyzed by the 3SC-PP!-2A procedure.

which indicated no change in the 0.01 w/o NOCi content.

Analyses for Water Lquivalent Concentration in N20t f
The '4IL-P-26539C method, which -lepends on the separation (at 1.6 w/o

H20 equivalent) of a second liquid phase during isothermal evaporation

of a sample of N 0 at )2 F, has been found unsatisfactory. The
analyses listed in Table 10, including comparison of results by dif-

frent methods, illustrate the problem. The jron materials dissolved

in the aqueou3 phase cause the phase separation method to give an

erroneously high value for the water equivalent.
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TABLE lU

ANALYTICAL METHODS AMD RESULTS FOP H20 EQUIVALEM IN N204

w/o H20 Equivalent I
Propellant Description and Treatment Foind Analytical Method

As received 
003 IPhae Separation

H20 added to 0.2 w/o; intermittant 0.15 Phase Separation

contact with NOFe(N0) vhen iot (calculated 0.12
3from NO)

1k,0 added to 0.2 w/o; stored and 0.39 Phase Separation
ctntacted with same NOFe(NO).

(now partially hydrated) usLd
above

H20 added to 0.2 w/o; heated for .46, 0.46 Phase Separation
32days at 150 F in stainless steel 0.11 Turner Bulb

Dried, 0,, treated in glass and dis- >1.6 hase Separation

tilled from Po0 ; HL2O added to part 1.31, 1.27 TH oar
to cause phas; eparation followed (nmr tube shows two
by excess 02; some of this acid phases at 32 F; also
phase plus H20 added to remaining similar behavior in
dry N20 tube at 1.0 w/o 20

equivalent)
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II

PHASE II: ENGL2EEING EVALUATION

INTRODUCT ION

This task wa debigned to study the effects of various parameters on the

rate of precipitation of the motal complex, NOFe(N0,),,, in it bench scale

flow system. Successful additives identified in the laboratory study We.

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

in aluminum and titanium systems was to be investigated; also the effect of

water, of valve geometry, and of various- miterials.

hX ADNTAL SYSTEM

Flow Bench

An experimental flow bench system was 'built and used for study of the flow
decay phenomenon under contract A-FO4(611)-I1620 (Ref. 1). F01r Li program,

although the bsric concept of the flow system remained the tame, the flow
bench itself was completely refurbished with a number of improvements over

the old system. In general, smaller and shorter lines, smaller vt.ves,

and more insulation were used to reduce thermal lags during start ot flou.

Improved instrumentation and control were akl'o added.

A schematic of the flow system is piesented in Fig. I. The main tank. or

run tank, is contained within a temperature-regulated water bath. Roth

the main tank anr the catch tank are 5-gallon stainless-stes! cylinders.

The tanks are connected to a pressurizatiou and vent system which mair.-

tain. both the tank btins emti'A and the tank being filled at ronatant

pressure during a_%• flow process. All controls, including the setting

of pressure levels, are operated remotely.

Two parallel test sections are provided. The flowrate through earh is

set by a servo-operated remote-control valve. Between each test section

and the main tank is a heat ex~hanger. The heat exchangers consist of a
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length of 1/4-inch %tainless-steel tubing in an opern water bath. Ea chI

her-t exchianger bath is &&itated and the +- .perat ,re is held constant by

an on-off controller wnich regulates .e flow of ice water fromi a refrig-

erating bath. A standpipe returns the ove'flow from the heat exchanger

bath to the refrigerating bath. Ball valves are provided to route the

flow either through the heat exchangers or arouiad them before enltering

the test sections.

After completi ng a rutA, propellant is recycled to the main tar' through

a bypass line whicLh can L itee oz not, as desired.

Instrumentation

Nitrogen tetroxide flowrates werc wi.amured in eacii of the parallel test

sections bv Fischer-Porter radio-frequency-type turbine flovveters. Fro-

pellant teiwperatuivea were eagured in the main ta-aIk sad in the lire

between t:,e heat eircianger outlets ai the test seetions by i ron-crtistenttkn

thermocouples and a Pace l5O-degree rvf~orence junct-ioa. Pressurtm Upsti-ean

and downstream of onke test secti~n wert detei-iined with two Taber prvssure

tr&!rducer~i. These flowrates, temperatures, and presiarvo w' -, reeorded

on four Hewlett Packard Yosely dunl-pen *trip-chart rtcorders.

Pressures in the main lank, catch tank, tind pres#uiv rgulat,.ng igystems

ivvrv observed on bourdon-tube pressore Xngem.

Heat eichot-ger temperatures vre read direictly frG-m the controllern, AMn

the mer-vocontro7 units for the mtering valvesi pr..i, an indication of

the valve P4esition.

Op~t- Procedures

Before r.Aking a rua, the propellant wa-3 allowed to soak in the main tank

and oqual ire to the temperature of the surrouinding wator bath- Th-~ hteat

exchmAnger controllers wer* 31no turned on' to bring the heat exchang~er
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bathe t,) the desired temperature. Final pirerua preparationa consisted

of setting th ! hail valves in the flow system to achieve the desired

flow' path,

To begin a ran, the main tank was pressurized to the selected level with

,7'ZS1eU5_ nitrogen. The catch tank was then pressurized and the vent regu.-

lator set t6 the proper pressure. Flow was started by actuating the

remote-operated ball valve at the catch tank inlet. In~dividual fiowrat, s

'hrough the test sections were adjusted, as necessary, by means of the

metering valves.j

M4ost rtins were carried to propellant depletion. After the run, the pro-

pellant was returned to the main tank through the bypass filter line.

The majority of the runs were coy.,-. -ted with a main tank temperature of

appro?'imately 125 F and ii heat exchanger temperature of about 60 F.

R23S1JIJIS AND DISCUSSION

An extensive characterization of the phenomenon of flow decay in "red"

or "brown" pi-pellant-g-i'ade nitrogev. tetroxide (MIL-P-2653J9A) was reported

in Ref. 1. It was found that precipitation of a solii material, identi-

fied as NOPe(NO3)4 could be induced by heating N 20 4in contact with iron,

then cooling p -ior to, or during flow. This material is extremely adhesive

and accu'nulafP s at all points of flow constriction such as vralves, filters,

and orif'ices.

The solubility limit, in dry propellant, of NOFe(N03) has been shown to

be on the order of I to 2 pptm as iron. It has also been determined that

a nositive temperature coefficient of solubility exists. This provides a

basically simple mechatipm for the occurrence of flow decay. When N 0 -

has been in contact with iron for a sufficient length of time, a 24urte
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solution af NOFe(N03)4 will be produced. Rate-of-solution experiments

indicate that equilibrium concentration is reached in no more than a few

hours at temperatures of 100 to 120 F. If the solution is then cooled,

it will uecome supersaturated with resr.cct to the fiow decay material

and ordinary precipitation will occur. Deposits of the ma-.erial have

been obtained by simply flowing hot N2 0 past a cold surface (Ref. 1).

Because equilibrium solubility is reached quite rapidly, it is expected

that any batch of propellant will contain flow decay material that can

be precipitated out by cooling. If the solution is saturated, the amount

of cooling necessary for precipitation can t- very small. Flow bench runs

have been made showing large rates of flow decay with a temperature drop

of less tran 5 F. Although temperature drop alone is sufficient to pre-

cipitate some material, much more precipitate is obtained if the pressure

is also decreased during flow. The magnitude of the pressure drop across

the constriction in which flow decay is occurring has an importaht effect

on the rate, but the absolute pressure does not appear to be influential

(Ref. 1).

The buildup of flow decay deposits is approximately linear with time,

regardless of flowrate. Because Lke total amount of material present is

extremely small, only flow systems with a very small zross 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 N 0 is heated rather than coole4 while
2 4

flowing, it will dissolve previcoisly precipitated deposits in valves, fil-

ters, orifices, etc.).

At the start of this program, it was agreed that all tesing would be

limited to the use of "green" propellant (MSC PPD-2A) containing 0.6-percent

NO. Therefore, the first task of the flow bench testing was to verify that

the same type of behavior as had been observed with brown N204 would alsec
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oe-,nr ,ith the green propellant. The system wan loaded with N 0 + 0.6 w/o NO
+ 0.06 w/o H 0 equivalent, (PPD-2A) and allowed to soak for 3 days at 110 F.

On the fir-t flow run, flow decay was procured in the Lest orifice. This

is in contrast to the -xperience on the previous program where approximately

3 weeks of operation . required before flow decay appeared spontaneously.

One impoftant 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 bebavicvr with the green propellant (PPD-2A) is presented

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

runs with propellant flowing through the heat exchanger had resulted in par-

tial plugging of the metering valve, the heat exchanger was bypassed during

run (A and the hot N 0 dissolved the solid deposit. It should be noted
2 4

that the soak temperature of the propellant was 116 F and the temperature

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

3-degree decrease in propellant temperature. At first glance these results

appear anomalous in light of the above discussion. They are, however, com-

pletely consistent with physical chemical principles; i.e., solubility

equilibrium is reached quite rapidly (Ref. 1) between the tank walls and

the propellant adjacent to the tank wall (with respect to the soluble
iron species). lu a relativily large-volume quiescent system under iso-

thermal conditions. the diffusion of the soluble 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 equilibriL with respect

to the soluble iron species, is something less than that caused by a dif-

ferential concentration of 2 ppm in terms of iron. Although the exact

molecular structure of tho- soluble iron species has not been ascertained.

it must be relatively heavy on the atomic scale resulting in a propor-

tionately low diffusion coefficient.
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c.I
RUN 120

-FLOW THROUGH HEAT EX7CHANGER,.
SCAK TLMPERATURE 116F,___
FLOW TEMPERATURE 61 F,
HEATED FOR 2 HOURS PRIOR TOI

S0.3 FLOW, 0.06% H120}- -

-f FLOW INCREASED BY OPENING1 VALVEWI E

0 1 2 3 4 5 6 7 8 9
TIME, MINUTES

0.4-

MOTORIZED VALVE
CLOSED AS RAPID

u; CLEANOUT OCCURS

RUN 130,
HEAT EX~CHANGER BYPASSED,
SOAK "-NPEPkTURE 116 F,

0. ~ PSED TIME

0 1 2 3 4 5 6 7 8
TIME, MINUTES

Figure 4. Flow Decay and Cleanout in Valves With PPD-2A Propellant
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On the basis 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 iron species after a 24-hour soak at 116 F. As

a result. the solubility of the iron species in the flowing or mixed pro-

peli.a." ki.e., the bulk of the propellant plus the propellant adjacent to

the tank walls) was not exceeded at the flow temperature 113 F. As a con-

sequence, the deposit in the valve dissolved. The experimental results

were similar to those obtainee on many runs with brown NA, IL-P-26539A/B

(Ref. I). After making several flow bench runs with varying experimental

conditions, it was concluded that the behavior _f N20, as defined by the

S4- -2 specification which contains 0.06 w/o water equivalent, was

identica. in all respects to that of brown N20 as specified in MIL-P-

26539B which contains less than 0.1 w/o water equivalent

Effect of Water

Analysis in accordance vith procedures specified in MSC-PPD-2A of the

bulk propellant used in this program indicated a water content of 0.06 w/o,

approximately the same as that of the brown propellant used in the previous

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

would provide the most unfavorable conditions because of the known increase

in corrosivity of N 0 with incree'e in water content. Therefore, it was
2 4

agreed that the flow bench tests would be conducted with propellant con-

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

After establishing baseline behavior with the as-received propellant con-

taining 0.6-percent NO ard 0.0 6 -percent H20 , wa~er was ndded to the flow

bench to increase the water content to about 0.2 percent. Succeeding

runs produced no evidence of flow decay behavie ". This result was totally

unexpected. Fropellant samples were then removcd from the flow bench and

reanalyzed. The analysis showed a water content of abodt 0.44 percent.

Attempts were made to discover the source of the excess water, but analysis
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contirmed that neither the bulk N204 supply nor the nitrogen pressaurant,

the only other system input, were excessively wet. It was thb- postu-

lated that water from the temperat -- control baths surroundiag the

main tank and the heat exchangers somehow contaminated the system over

a period of time.

The flow hench was emptied, purged, and reloaded with propcJlant. Flow

decay reappeared immediately. Then a number of runs b.v made to see if

the water concentration woul? change with time. However, the analytical

results were constant at 0,06-percent water. Water was then added as

before, to bring the concentration up to 0.2 percent. After thoroughly

mixing the propellavt by recirculation, a sample 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 confirmed the obvious

conclusion: the phase separation method for water analysis can give

highly incorrect results when the propellant has been heated and/or

saturated with iron corrosion products (see section on laboratory Effort).

Although the water analysis was shown to be inaccurate, the original flow

bench observation remained as before: increasing the water content from

0.06 to 0.2 percent in a system experiencing flow decay through a valve

results in the elimination of flow decay. The flow decay deposits are

removed and flowrate is completely recovered. In tbis respect, water at

first appeared to be as effective an additive in preventing flow decay as

those discovered in the previous effort (Ref. 1). However, the observa-

tion of gelatinous or viscous liquid deposits in wet propellant iet the

laboratory soon led to the following hypothesis: The addition of v4'ner
to the system converts NOFe(NO3 ). to a gel-like material as observed by
TMW (Ref. 2) in their flow bench experiments. This material will not

stick to or clog a valve, but -ould be removed by a filter.

ro test the above hypothesis, a flow bench experiment was set up with a

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

the other. The filter was stainless steel, with a 2- to 5-micron pore
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Siss. The velve aettlng vas adjusted to provide the same initial flow-

rate through valve and fi'ter with a pressure drop of 60 psi. A fresh

load of propellant was placed in the flow bench and "normal" flow decay

behavior observed. Flowrateo through both filter and valve decreased

slowly with time. Then watei was added to the system to bring the con-

centration up to 0.2 percent. On the following run, the deposits in the

valve were immediately removed; flowrate in this arm of the test section

returned to its initial value and remained steady for the duration of

the run. The filter, in the other ar" of the parallel flow circuit,

with inlet and outlet conditions identical to those for the v.alve,

showed a higher rate of flow decay than before. These tC Lins are

shown in Fig. 5. It should be noted in run 36 that the metering valve

(ioe., the test orifice) had to be clqsed sharply to maintain flow within

the desired range. The eonversiok )f the crystallide NOFe(NO ) to
3 4

another form, presumably a visc.fus liquid or gel-like material, is

extremely rapid under these experimental conditions.

In repeated runs over a 2-week interval after the addition of water, no

flow decay through the valve was observed. Deposits continued to accum-

ulate on the filter, but at a very low rate as compared to the first run

after water was added. Later runs were made with hot propellant flowing

through h f'ilter. bypassing the heat exchanger. It was found (Fig. 6)

that hot N204 dissolved the filter deposits; thus the deposition of gela-

tinous material on filters in wet N204 is temperature reversible, as is

the deposition of solid NDO(NO )4 in dry N20 , As discussed previously,

the propellant had not reached equilibrium with respect to the soluble

iron species. In this instance, a soak time of only 1.5 hours was used

and the gel-like deposit dissolved when exposed to hot propellant. This

suggests that ha equilibrium solubility is involved in buth cases, with

the nature ef the insoluble material being a function of the water con-

tt-ut of the propellant.
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All the above experimeatn were repeated over a 2-m-'nth period with idea-

tical results. The dimensions of thu flow decay problem, as perceived

at the beginning of this program, were thus greatly changed. Instead ofI a single, well,-characterized deposit, at least two entirely different
types of deposit are formed, depending on water conceutration.

Filter Effects

Because the deposits formed in N 20 4containing 0.2-percent water do not

adher- to normal valves and orifices, it was impossible to use the

expe,-imental teczhniques which we re used in studying the deposition of

NOFe(N0 3)4 - IT, was necessary to use filters instead of valves as the

test restriction 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 csn wix&, valves. The

design principle on which the flow bench operates requires 'that the

preselure drop acrcss the test restriction be at least of the sam- order

of magnitude as the pressure loss through the rest of the flow system,

If it is not, then small changes in~ the flow amea of the test re6Lric-

tiori, due t,.! flow decay deposits, will not appear as siguificant changes

in flowrate through the bench system.

The filters use in this study were made of sintered 30) stainless steel,

with a thickness of approximately 0.1"60 inch., The five diffe rent pore

nizes uset: were 2--r (2 micron nominal, 5 micron absolute), 5-9, 10-15,

"'0-30, and 40-55 microns.

Runs 78 anti 79 (Fig. 7) illustrate the behavior of flow decity in 2-5

wic.:on filters8 using dry propellant- The flow traces resemble those

obtained with a valve as the test restriction, but the decrease of flow-

rate with time it less linear and uot as reproducible r.n isucceeditig runs.

Wheni the water concentretion was increased t~o 0.2 ,Ircent, resulting in
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)thio fieirr run aftti ,,zd in utor predJuccd a .i pprociably

-_ir rate of flow decay than imediately succeeding runs. This is

_tiL.rztd by the data for the 2-5 micron filter in Fig. 8. It would

15& ii i.ea .)ractical to conduct every run with a new load of propellant

-C'ai tk r higher, more useful rate of flow decay on each run.

*:.z*'e i, waa necessary to try to compare data from runs shoving

:. aid, gonrepraducible rates of flow decay.

... ,..:rifa depo.oited from uet 12 0 in the fir:,t filter experiment

"i2Lr 5) did not clog the valve which wai in parallel with the 2-5 micron

£(It&;r. Thi. ougge,3ted that it might he pas~ible that a filter could be

.uund with a pore size large enough to let the gelatinous flow decay

Lcp cuii-s paio through, but still small enough to perform most necessary

Yiltzring functions. Baseline runs w2 two 2-5 mitron filters in par-

allel varied appreciably but showed P oximately the same magnitude of

flAow decay in each (Fig. 6). One of filters was then changed to

the largest pore size available, 40--- .icrons. Parallel runs then gave

&e uame decay rate as before in the -5 micron filter, but no discern-

e flow decay in the side with the 40-55 micron filter. An uncon-

ilolled parameter in this experiment was the pressure drop across the

Zilter. Becauee the pressure drop through the large-pore-size filter

W"111 t.ich smaller, a valve upstream of this filter adjusted the system

flowrate an] pressure drop to be the some in both circuits.

- oibove experimnt-al arrangement resulted in the type of unsatisfactory

.ldition discuased earlier; small amounts of deposit on the large-size

i!,-.r would not cause appreciable changes in flowrate. Therefore, the

c--puriment was repeated using a 40-55 micron filter with ouly one-l.enth
,.'.;rfaxcc eea. In this case, flow decay was observed at approxirmatelv

, , rat P for the 2- micron filter (Fig. 8). For filt.: ra in

:,t a ,e rintge, it appears that the, rte of decreare in flow area

.i, -, U tlt fili ert is independent of the size of the individual pores,

Best Available Copy
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An attempt was wade to determine quantitative relationships between fil-

,e size and area and the magnitude of flow plugging to be expected in a

gi "en system. Data from filters with different pore mizes were corre-

lated by.means of the flov coefficient, C , defined as:

(flowrate de s udscifi lravitpressre drop across filtar

Figure 9 is a plot of the observed C values for a series of runs withv

different filters. The abscissa on this graph is the volume of propel-

lant flowed through a filter divided by the surface area of the filter.

All runs were made with tro filters in parallel having different pore

sizes. The total run time remained approximately constant, so that the

filters with the smallest C values had a smaller quantity of propellant
v

flowed through them. As flow decay deposits accumulate on the filter,

the cross section available for flow is reduced, and the effective C
v

is reduced. When changes in C values due to flow decay deposits are
v

given, it is then possible to compute either the decrease in flowrate

which 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 vx's 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 specil'& limits.

However, the data obtained were not reproducible and consistent enough

to develop definite quantitative rolationships. For instance, run 134

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 micron filter

showed a higher rate of flow decay. This nonreproducibility of rates

made it impossible to make meaningful comparisons between filters on

individual runs. The data in Fig. 9 show clearly that, the smaller the

initi-il C for a filter, the higher the probability that it will be sub-V

ject to flow decay when used to filter a given volume of propellant.

5'I
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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 constra nts, then the

flow coefficient should be as large as possible (which usually, though

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

Additive Effects

The primary objective of this program was to demonstrate the elimination

of flow decay through the use of chemical additives. After discovery of

the effect of oiater in changing the nature of the flow decay deposits,

it was soon found that the additives which had previously proved effec-

tive in dissolving NOFe(N03)1 were not able to dissolve the gelatinous

or viscous liquid deposits obtained from N 0 + 0.6-percent NO + 0.2-
2 4 6pret O+02

percent 20. Therefore, a search f-r new additives was conducted in

the laboratory effort and two of the materials tested were carried into

flow bench tests.

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

deposits, picric acid (2,4,6-trinitrophenol) was ooserved to cause a

crystallization of the liquid. This did not provide the hoped-for pre-

vention of deposits, but it was thoughtthat 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 werm present on a filter. With this in mind, 0.25 weight

perceu of picric acid was added to a new load of N20 4 and allowed to

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

2-5 micron filter in parallel with e reduced-area 40-55 micron filter,

both of which contained some flow decay deposit from a previous run.

The result was a flow decrease across both filters (Fig. 10). Midway

through the run, ilow 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; bnt then flowrate again began to
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drop, -rticularly in the reduced-area filter. These results appear to

correspond to the laboratory observations, where only a part of the

do ,peit was affected by picric acid and the remainder was soluble in hot

propellant. Thus, on bypassing the heat exchanger, the unaffected por-

tion of the deposit was first redissolved, then additional precipitation

of the picrate caused flowrate to decrease again. Additional runs

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

Next, water was added to the system to bring the concentration to 0.2

percent. Followina runs showed no significant increase or decrease in

the flowrate. The filter deposits did not redissolve as when water is

added to a system with deposits of solid NOFe(N03) 1 When the filters

were removed for cleaning, a thick layer of yellow solid was observed

on the 2-7 micron filter, but none on the 40-55 micron filter. It is

possible that the plugging of the larger filter occurred within the

pores rather than on the surface.

The flow bench was 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 observed was essentially the same as

previotisly when the pifric acid was added before the water. Flow runs

were made with a 2-5 micron filter in parallel with a needle valve. On

the first run, flow through the filter decreased sharply, but the valve

was unaffected.- Succeeding runs over a period of 2-1/2 weeks showed no

appreciabl !urther deposition in the filter. These data suggest that

picric acid in wet N 0i forms an inroluble precipitate with any flow

decay caterial in volution, but then inhibits the formation of additional

material from the tank viall. This, the use of picric acid as both an

additive and a passivatioa or picklitg treatment might prevent flow

decay, If picric acid wera added to a system, and the propellant then

filtered to remove the precipitat.! initially formed, flow decay might not

occur in that system as long an -ome 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 tlree runs, with a 10-15 micron filter, exhibited a mod-

erate rate of flow decay. However, the next few runs showed 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 ohifted the

solubility equilibrium. Therefore, the system was again emptied and

washed with deionized water. After drying and refilling with propel-

lant, normal behavior was restored.

Dinethyloulfoxide. 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

D0 in the flow bench, a new load of propellant (N2 0 + 0.6-percent NO +

0.2-percent H20) 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 D9S0 was added to determine whether the previouely deposited

material would dissolve. Instead of flcw recovery, sharp flow decay was

observed in both filters (run 144, Fig. 11). Switching the flow to

bypass the heat exchanger did not dissolve the deposits. Additional

runs continued t, reveal flow decay.

A new batch o propellant was then loaded into the flow bench and water

and M MO added. Again, flow decay appeared, both when flowing through

the heat exchanger and when bypassing it. A third propellant load also

produced the same results. j

At this time, the flow bench was again emptied and then reloaded with

dry propellant. Only a moderate rate of flow deciy was obtained with

the dry propellant; a second load also 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 natisfactory expianation could be found for the failure cf D4S0 to dis-

solve the flow bench deposits as it had in the laboratory depositor. This

was the only instance in which laboratory observations could nGt be cori-

firmed in the flow bench. A final flow bench run again resulted in flow

decay with 0.2-percent water and 0.5- '2rcent DMSO.

Con Don Corrosion Tests

The objective of this task was to co .,pare the corrosivity and materials

compatibility of PPD-2A propellant with those of the same propellant con-

taining the chosen additive to prevent flow decay. Materials chosen for

testing included aluminum alloys 2219, 6061, and 2014, stainless steel 347

titanium 6A-14V, maraging steel 250, Teflon, and Kynar. Test samples

were cut into disks 13/16 iuch in diameter and 1/16 inch thick. These

specimens were strung on Teflon rods and separated by Teflon spacers. To

further minimize icteraction between specimens, Kel-F disks 7/8 inch -it

diameter by 1/16 inch thick were placed between the specimens on the rods

and separated by Teflon spacers. Sample bombs were made of sections of

1-inch t-ibing to house the assembled specimen rods. Stainless-steel

valves, tubes, and caps were used for the stainless steel, mara~,ing steel,

titanium and Kynar samples. Aluminum valves, tubes, and caps w-ere used

for the aluminum and Teflon specimens. Enough material specimens and

sample bombs were provided to allow testing of three additives, for three

different exposure iin-temperature combinations, with both liquid end

vapor exposures and duplicate samples for every test condition.

Analysis of the bulk propellant yielded a composition of 99.05-percent

N0 0,37-prcont NO, and O.O5-percent H Water was added to bring
2 4' 05-rcnNad00-pretl20'
th. concentration up to 0.2 percent.

Before discovering the effect of water on the nature of Y.,e Ilow decay

deposits, acetonitrile woa considered to be the most effect~v' chemical

additive found. Therefore, the first set of long-term coupon tests were

initiated wivb 0.25-parcent acetonitrile and an untriatad propeliant blank.
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After the laboratnry effort showed that fi~etonitrile could no longer be

ci -sidered an effective additive, the coupon tests were termitiat- d with-

out analysis of the results. Corrosion tests foi- th' additives plcric

acid and dimethylsulfoxide -,ere not condi'ic because of the an3access-

ful results obtained in the flow bench.

Flow Deca in Alur num and Titaniuiim §X!jLes

A smail flow bench system was constructed for experiments to dete'-mine

whether partially soluble metal complexes woiild form ;s corrosion prod-

ucts in aluminum and titanium tankage, and wuuld t'hen precipitate in

valves and filters to cause flow decay.

Flow Bench and Instrumentation. Three separate flow systems, one using

stainless-steel tanks, one titanitum canks, and one aluminum tunks, were

built and enclosed in a temperature-regulated oven. A flow schematic

is presented in Fig. 12. Each flov system consisted of a main soak tank,

a run line, a flovmeter, a heat exchanger, a flow-control needle valve,

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

1 and 1.5 gallons. The Ptainieps-steel and aluminum tanks were new, hut

the titaniLum tanks had been used previously for housing N 0 4stress

corrosion samples. Piping and valves for all systems were stainless

steel.

Both the main tank an4 catch tank could be maitutained at a constant pres-

snure or vented At fixed preesure during a run. Four thermocouples se.I.

itored the teaperature at variouis points in tht oven. Flowrates wre

measured with a Fischer-Porter Rf-tvpe turbinc flovmeter and read outI on a strip-chart recorder.

The oven was maintained at a constant tempraturv. of approximately 120 F.

T~o make a run, ths main tank "a set to t4@ selected prtssu-r* and the

catch tank to the dusired vent prtssurt. The beat eyxchangr coils were
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cooled with ruuning tap vater. Flovrata through the ftystem wts adjusted

manually with the needle valve to about 0.1 gpo, At the end of a run the

catch tank was pressurized, the main tank vented, and the propeflant

returned to the main tank via the ran line and heat eichauger.

Discussion of Results. After loading with as-received propellant (0.06-

percent water content) and soaking for approximately 2 weeks in the oven,

a flow run was made with each of the systems. Flow decay acrost the

needle valve appeared immediately in the stainless-steel system but not

in the aluminum or titanium systems.

On the third set of runs, after a total soak time of 4 weeks, the aluminum

and titanium systems were each fitted with a 5-9 micron filter downstream

of the beat exchanger. The following run exhibited a sharp rate of flow

decay in both systems, as well as in the stainless-steel system which did

not 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 filter washings by emission spectroscopy indicated theI. presence of titanium in the titamium system but no ,uminum in the alumi-
num system. However, it was suspected that the extraction proctuare might

have allowed the loss of the aluminum precipitate.

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

runs again produced an appreciable rate of flow decay. The filters were

removed and extracted with ethyl acetate. The solvent was then evaporated

and the residue analyzed as before. Table 11 shows the reoults of the

anaiysis.

TABLE 11

RESIJXJE ANALYSIS

Constituent Found 5-9 Micron Filter Used 5-9 Micron Filter Used
it Residues in Aluminum System in Titanium Sgluem

Al, percent 0.071 0.029

Ti, percent 0.18 0.49

Fe, percent "14.9 >10.5
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The iron content of the filter deposits far exceeded the aluminum or

titanium content. However, this is not unreasonable it it is conaidered

that the propellant loaded into the system was saturated with iron at

ambient temperature. Thus, the solution of a small amount of additional

complexed i;etal nitrate from the aluminum or titanium tank walls could

produce a salting-out effect on the iron compound and yield a precipitaik

consisting mostly of NOFe(NO. Also, the fittings and valves attached

to the tanks were ztainless steel and could have contributed a certain

amount of additional iron corrosion products during the test period.

This, however, would resemble the actual situation likaly to exist in a

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

titanitun or aluminuii tanks. An unexplainable result of the analysis is

the presence of aluminum in the titanLum system and titanium in the alum-

Inum system. It is possible that the filters were not sufficiently

cleaned after the first analysis and that they were inadvertently switched

when placed back in the flow system. In spite of this anomaly, the results

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

did take place and contributed toward the occurrence of flow decay. It

has not been proved whether enough aluminum or titanium would dissolve

in completely iron-free propellant to cause flow decay deposits contain-

ing no iron.
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CONCLUSIOS AND MCONMWTIMS

THE BASIC CfMIUTIE OF FLOW DEW

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

stainlecs %teel) to a very, very small extent. This corrosion occurs

regardless of the -ature of the N 0 it may be either brown (red) as
2 '

specified by MIL-P-26539B or green (containing NO) as specified by

MC PPD-2A. The corrosion manifests itself as a few parts-per-million

of iron dissolved in the N20 . Clogging of orifices by tLe redeposition

of the iron material, in one form or another, is the phenomenon known

as flow decay.

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

the water equivalent content of the propellant. At less than 0.1 percent

(i.e., in essentially drj NTO), a crystalline solid, NOPe(N 3)P, appears.

At a higher water concentration, near the "use limit" of 0.2-percent

water equivalent, the iron appears in a viscous or gel-like liquid

phase. Other solids and liquids appear as the waler content is increased

to even higher levels. The equation below describes the behavior over

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

_H20 -H-20
First Solid, First Second mw Second
NO0F(NO ) KW % Viscous +0 Solid +R20 Viscous

Liquid Liquid

Dy. .... Wetter

The chemical nature of the viscous liquids end the mecond solid ar4 only

tentatively defined. The first liquid phase may represent a partially

hydrated (possibly monohydrate) ferric nitrate dissolved in concentrated

8N0 2 /0 3 , the second solid a higher (tri?) hydrate of ferric nitrate, md

the second liquid phase this Ugher hydrate dissolved in the concentrated
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icide. However, the overall chemical relationship of these materials is

betveeo-the different deposits and all t1:e various iron-containing

specieuf Ipssent in N 20 4 '

It in therefore recomimended that studies be undertaken to define the

basic chemistry of the corrosion products of N 20 4in more detail. A

clear definition of 'he chemistry of this system may allow for a

solution to the problems of flow decay by some means that is not now

evident r* even inferable oni the basis of the present limited knowledge.

PHYSICL X&NIIAT IONS OF FLOW DECAY

Solubility of the iron species governs flow decay. Both the solid

crystalline NOFc(NO3) and the viscous gel-like liquid phase have been

shown to have positive temperature coefficients of solubility. The.-efore,

any N 2O0 that has become saturated with its iron corrosion products is

capable of depositing theme corro~ion products anywhere in the propulsion

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

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

but miny also be partly diffusion-controlled in large tanks, so that

uness mixing of som types takes place, true equilibrium saturation

may not always be achieved.

Irn a floig N2O0 system1, where there is a teqperature drop (avid the

effiect is vagnifisd by a pressure drop, for reasons unknown) the iron

materials, will deposit and build up in small orifices and restrictioLs,

thuai'wpairing flow of the propellant. This is the manifestation called

"f low decay".



If the propellant water equivaltnt is Iov so thet 00~ solid OT4alin

NOFe(NO 3)4 in deponited, bil dup of deposits and flow decay aecr;M in

needle vaives, filters, and esa.ntially any plact where * *mll arifiv,,

is encountered. If the vater equivalent is highaer, so that the viscoos

liquid is deposited, flow decay has 1.een encountered only in filter@;

needle valves are unaffected.

Iu the present study, the viscous liquid phase caused flow decay in

filters with pore sizes ranging from 2-5 micron to 40-55 micron

(nominal-absolute), Data frnm filters has been correlated in terms of

the flow coefficieut C, defined ar

CM(i lowrate) , li uid sncific jtravit
v V pressure drop across filter

and it has been shown that the smaller the initial C v, the great*.- the

probability of flow decay. However, anomalies exist in the data collected

to date, and it in not possible to use the data to select a pore mise

and accurately compute the filter area necessary to handle some given

volume of N 20 4without flow decay.

It is accordingly recommended that an extensive study of flow doey,, as

caused by liquid-phase deposits in filters, be undertaken. The

objective of such work would be to develop a statistically reliable

measure of flow decay an a function of filter parameters (C v or other ap-

propriate meureents), t,, provide design criteria for maintainiag

non-decaying N 2O0 flow.

TUB PRM1 ION 0? FMO DUCAY

Flow decay may be controlled by controlling temperature. Because both

the solid NOF*(N 3 )4 and the viscous liquid deposit have positive

temperature coefficients of solubiJity in N 20 4  flow decay can be
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prevented by assuring that no temperature drops occur at any point in the

N 2O0 propulsion systems. In fact, it has been shown during this work

that both NOPe(NO 3)4~ deposits and viscous liquid deposits can be

redissolved by flowing hot N 20 4over them.

Application of this control method way be difficult or impractical on

moat missile systems; it would require either heating all lines and

valves, or refrigerating the main tank.

Flow decay could be contrulled by always maintaining the N 2O0 at a

water-equivalent, level of 0.2 percent or more, and avoiding the use of

small-per. filtears. Under these conditions, the liquid phase deposit

(which doe not affect valve orifice*) would be dominant, and this

mterial would not clog a filter if the pore size and filter area were

large enough. The previous recomendation relative tc sk :tudy of filter

:parancters must be reemphasized, because the pore sizes and areas

nec#eaary to prevent flow decay in this manner are not yet known.

7luv decay coold be controlled by always maintaing the N 0~ at a water

e~tive~ntof-0.1 percent or less, and developing a corrective additive

*40ag iv te N04  At 0.1-per."ent voter or less, ("dry" N Y, the

)"i'(iM precipitates, clogging either vilves of filters. It

hasbee shwnthat various organic additives can increase the solubility

O'k M NO aN 2O0 to the point where deposition and clogging will
sot eart , tuseliminating flwdecay. However, to date, a completely

pstsfoe~ory additive has not beta developed. It Is accordingly re-

cowsidod 'that a ,coactntrated effort ho made to select and qualify

*mtergsit additive* that eon prevent flow decay in dry N 0 without

dei*rt*"a side. Wffets

In tbe presemt work, no additive vas found that would eliminate flow

Wes arising fren4 tbo gel -Uk# liquid Aepotit. (Anomalously,

di~~~suf#zd app*&rod to dissolve depositp in laboratory tc-te,



but accentuated flow decay in the flow bench.) However, all additives

tested thus far were selected on the basis of various theories about

the viscous liquid phase, without real knowledge of the actual nature of

the material. An additive might be selected if there were more facts

on which to base such a selection, and accordingly, the earlier recom-

mendation of studying and adfining the basic chemistry of the liquid

materials is reemphasized here.

In making these recommendations and suggested preventatives, i.bnould

be remembered that we probably have not yet he . seen "low decay in ai'

its possible manifestations. A single type of flow decay may only be

one aspect of a probiem that can vary in uature. An N204 propellant

system containing iron corrosion products can exhibit phase changes of

the corroaion deposits as a function of the normal operating topratures

experienced by a rocket propulsion system. Phase changes will also be

experienced as a function of the ratio of total iron salts to the

available -water. The flow decay compound NOFe(NO) has been shown to

be a Sood dehydratiug agenc -0 it is presumed that those iron species

contaim1ng small amounts of water will also be good dehydrating agents.

Thus, it can be predicted that for a givan tank of N2 0 having a

relatively high water equivalent concentration (ca. 0.2 w/o), which

would result in the formation of a gelatinous deposit, further cor-

rosion will reduce the water equivalent concentration of the propellant

such that crystalline NOre(N0) 4 becomes stable in the propellant. Con-

versely, if propellant handling and transfer operations result in the

addition of water to the system, the gel-like deposit may be converted

to the second solid phase, a partially hydrated ferric nitrate.

PURIUICATION AND ANAIYSIS OF N1TUM)DG TEff XlIb

Nitrogen tetroxide may be at least partially freed of NDCl by treatment

with silver nitrate. Because it has been suggested that chloride-free
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V 0 is not co rosive (and accordin , if it did not attack iron and
accumulate the soluble products, it would not cause flow decay) this

approach should be investigated further.

It has been shown that the NBC-PPD-2A specification aricedure for chloride

analysis is unsatisfactory for accurate work at low c- oride levels. A

turbidometric method developed under thia program has been showu to give

much better results.

It has further been shown that the HIL-P-26539C specification method for

water analysis, based on phase separation. is grossly inaccurate when the.

dissolved iron species are present in the N2 04 . The second liquid phase

containing iron materials is not as soluble in N 204 as is the liquid acid

phase that appears in the absence of iron. Thus, separation will occur

at a lower water level when iron is present, or, putting it another way,

the phase separation method will give erroneously high results when iron

is present, It is accordingly recoinended that more accurate methods

for analysis of the water equivalent in N2 0 be developed. Nuclear

maguttic resonance has ben used in the present work with some degree

of suctess. It might also be possible to modifv the phase separation

technique to account for whatever level of iron might be present.

FUN DWAX AM0 COMBION 0F NONY M TALS

Prelimijary data obtained during the course of this study indicate

that N0, corrodes both alminum and titanium to the extent. that deposits I
containing these matals arw detectable in filters. It is recommended

thot this study of other metals be extended to the point that it can be

ulivveably determined whether or not flov decay is possible with

a .&frrous hardware,
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13 ABSTRACT

Study of the phenomenon of flow decay, began on earlier programs, was continued with
a change to NBC PPID-2k propellant (N 9 \ + 0.6 percent NO). Flow decay occurs with
this propellant, even when dry (less tkan 0.1-percent water equivaleut), 63a -081ut
of deposits of the solid corrosion product, NOFe(N&O-) 4 . It wasn found thatth
presence of excess water in amounts up to the genoral use limit of 0.2 percent
* canedthe characteristics of the deposits formed when nitrogen tetroxide is

heated, -"nen cooled prior to or during flew. Instead of the crystalline solid
(NOFe(Nod)4k) which is deposited f~rom dry propellant, gelatinousn or viscous liquid
phases ate formed in wet propellant.---

-The appearance of these deposits is governed by an equilibrium nolubiliAty limit
similar to that observed for the solid deposits in dry propellant. The gelatinoas
or viscous liquid deposits were not observed to adhere to and plug v'alves and
orifices, as docs NOFe(NO ),, but they did clog filters. Chemical additives
previously shown to be efective in dissolving and eliminatinfi KOFe(N4)- were
not effective against the deposits obtained from wet propellant. Tree s of
aluminum and titanium were detected in flow decay deposits obtained from flow
systems with aluminum and titanium tanks.(
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