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1. INTRODUCTION

"Tle two HAN-based liquid propellants in curan use, LGPI845 and LGPI846, are homogeneous.

aqueous mixtues of the sa'ts hydroxylammoraun nitrate (HAN) and ujithanolammonium nitrate

(TEAN), in such proportion as to produce N2, CO2 stoichiometry. LGPI845 was aesigied

volumetrically tY' contain I I mole/lWer total nitrate and its composition ;s. therefore. 9.63 M HAN and

1.38 M T-AN. The warm- "-ýnt of :.GP1845 is deturmined by its denty and i6 approximately

16I.8 veight-p..cent. .LGPl.846 mixture has the same HAN:TEAN ratio as LOP1845 but is

gravim¢e'l., formulk•d P .w r ia n 20.00 %eight-percent water. Thus, both Vrellanzts are mixtures

of the hy. .axylmoniun and tedt oaw)1inm.ium cation, the nitrate anion, and wakt. with total ion

cencenirations of 22.0 moFdliter Pjr I.CPi .f-5 and about 205 mole/liter for LGPI.846. assum'-ing

complete dissociation. LGPIS( is less e.ngetic than LGPI845 because of its higher water content

Impetus, calculated at a loading density of 0.2 g/mL, sing the BLAKE thermochemical code

(Freedman 1992) is 9.8.3 J/g and 900.7 Jig for LGPI845 and LGPI846. respectively. The water

concentration of the mixtures is only 13.6 and 15.9 M and s isflicient to hydra= all of the ions.

The colligative properties of simple mixtures conaining noninteracting compownts can be

predicted with reasonbl accracy by using partial molar quantities. To this extent. Raznus Law

slate that ie vapor Presss~re of Solutions cQnSisfing of a non-v6ilatile soltt. in a volatile solven is the

product of th vair pressure of fte pure solvent and its mote-fraction (GLksstne 1946a). In like

manner, the den.ity of solutiom can 'm csimated from te densities of thai pure compors. An

tWCA soluutio s One th" UWSaife th=s partial molar eaiosu

T"e vapW pr•as•re of the p-mpllanus &t tempcratures up to at klat 65* C is d& entirely to the

vW3 pm= of their waWr ompoan sinc HAN Wand "IN arc ionic sals and have. no mcaurablc

var pmsR in this tencwraxur raemge (Dekcr ct al. 19•i7P Thuis. vaxpr pm m dam cn be used

wo estimate the degrc of di=snci on of ih rats and th extenm to ttidi the mixturs dcvatc from

Wdeal behavior. The denusfty of a RAIN-TEhAN-water mixture c= be ustisfacwdrly eszimated from the

densitics of is camponnt (Sause 1986; Sasse ce al. 19k) us4ng a &,mn.-cpi ddiivity mcuW

based on a , u-d-pke den.sity model. AMugh ft nodo not ar onlinr es in HA

dcnwiy ondth co -cntr3_r) it assicr that th comporncnt d ot w=&a *vh each other.



TraVso properles such as viscosity and thermal or elecuical conductivity involve a departure

from equilibrium whereas such colliga!ve properties as density and vapor pressure do noL It is.

terefore, possible to anive at concluaions regarding the organization and stnc=ux of the mixtures

through use of transport properties that arc different from ft conclusions that would derive from

inermtation of equilibrium properties. Propellant transpor propries such as viscosity and clectriLA•

conductivity are so far removed from the behavior typically exhibited by aqueous solutions that tile

Vogel-Tammunn-Fulcher (VTF) equation (Smedley 1980a; Angell and Smith 1982), widely used to

describe the transport properties of salt melts, quita effectively expresses the observed effect of

tempemaure on the transpon properties of thes mixtures (DcL =r et aL 1987).

No formal compositional specificatio exists, as yet• for the propellants because the eftects of

variable HAN:TEAN rauio and water content on perfobmnacc and stability are not known ade ",,

To an even greater extent, the effects of impunities t,. properies. performance, and stability mu- .

underiood in order to properly limit their concenuratim The original basis for propjllant•j curern.w

wzs essentially 'as pure as possible," a cleary inadzquate, qualirtaive specification con st-'ýisi by

analytical capability and cost. This informal specification has been refined empirically as additional

dam became available, but a more complete undeisi.mding of what is an acceptable range of propellant

piop•ts -and bow dt"e. pAoptics are contolled is recded.

In generL, the dc cquationas used to describe the poNirtis of solutiou awuanc that the

solute is uwounded by solvent to a Luge enough cxtent that thM s•pcLs are comnplcty isolated from

one vaodher. Tis ausuption loses validity -s solute comentration i,-ccase.s and many ctounrarcd,

ionic mixtures show cvidem, for the .r-eLtce of orgam4zed molecular aggreguats (Kavanau 1964 Af

the prolxela= cortn such oiga.ird Vgrcga=cs or tuste.-s. tb.a many of the phyical vd cheaical

pcoixaties exh-iteei w~ltxi be wnrolitd or a kt lest Stury "urifcced by tthe- orpramatin wnd ztucrorc

tha: exissm. A m&M of propella mole ar utnaurc h•tw to i ,crsuMd anj possibly pMdict dr.

C9 , Of =ch VarbeiS 43 =rom -a, . PrcS. W thC pretMC Of tApuruintc a •.•W a4 it6Wc -on

Piiys'.Z4 awi C*htni-A proeties. tM ddIuVOn. such modcs cmn pcovi& inaguir~u o meafon wzkniare

mcc"==~ aM dith pazhway that mXh be foaoxd onzc reictio has be&..-

Mes.czemcnt of propel.Lan cqiilibrium and& transpor popertis pmccs a macroscoWi desc~ripon

of Lhe mixwrcs Ni does litle to ekiad= te mtcroscopc phcr a Owa cowarol dre properrcs



observed. A more intensive evaluation of some of the available data can provide insight into the

microscopic structure of the mixtures. 7Thm objective of this report Is the analysis of physical and

chemical property data for the purpose of developing a molecular structure model. It is hoped that the

model will describe the mixtures to the point that the effect of a number of variables will uccome

accurately predictable.

2. EXPERIMENTAL RESULTS AND DISCUSSION

Data pertinent to the development of structure models are taken from a variety of sources because

the data were generally acquired for other purposes. This seeming lack of cohesion is advantageous in

that data correlation from disparate sources enhances the applicability of the models develo.ped.

2.1 The Spectra of HAN and HAN-Water Mixtures. Water and HAN are readily miscible,

forming mixtures that remain homogeneous liquids at room temperature over a wide concentration

range. The strong tendency of the mixtures-to supercool amplifies the liquid range and a HAN-water

mixture that is 97 weight-percent HAN is readily obtained. Infrared and Raman studies (Klein and

Wang 1987; Vanderhoff and Bunte 1985) show extensive ion-pairing in the mixtures. The ion-pair

begins to appear in HAN solutions as dilute as 2 M and the spectrum of the species shows oldy an

increase in intensity with increasing concentration (Klein and Wong 1987). The ion-pair links the OH

group hydrogen of the NH3OH÷ ion and one of the oxygens of the NO; ion.

Crystalline HAN is anhydrous and x-ray diffraction data (Rheingold et al. 1987) show that

hydrogen-bonding is extensive throughout the crystal but is strongest between the OH group hydrogen

of the NH30H+ ion and one of the oxygens of the NO; ion. Electron density mapping derived from ab

initio calculations also shows (Koski, personnel communication) that the strongest hydrogen bond is

the OH-nitrate bond. It would thus appear that HAN forms a simple ion-pair the structure of which is

concentration independent. A propcsed structure for the HAN ion -,ir is shown in Figure 1.

"Although water is present in all cases except the pure crystal, it is not included in ire structure

shown in Figure 1 for clarity of presentation. It is understood that the remaining oxygens on the

nitrate and the hydrogens on the NH3 group can take part in hydrogen-bonding that may or may not

include water and will be imporiant features of a coacentrated HAN-water nixture.
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2.2 Vapor Pressure. Vapor prs.ure data for LGP1845 and LGPI846 cover the temperature range

-5 to 65? C and were obtained as part of a general comptiation of propellant properties (Decker et al.

1987). Since the vapor prssure of the propellants is due entirely to the vapor pressure of their water

component (Decker et AL 1987). the data are dirctly comparable and are shown as a function of

temperature in Figure 2. An interesting feature of the Figure 2 data is that the vapor pressure of

LGPI846 is only 11% hlgher*than that of LGPI845 although LGPI846 contains 19% more water tha

does LOP1845.

Vapor Pressure (mm)

200

160

600

60

-10 0 10 20 30 40 60 CO 70
Temperature (C)

Water + LGP1846 LGPt846

Figure 2. Va,'or sr•surm of Water and the Liquid P~m21avz..
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The vupor pressure data pmduce values for the latent heat of vaporization of water in LGPI845

and LGPI846 by using the CapeywCl quadtion (Glasswne 1946b).

dP Le

dT T(Vv-v,)

where P = pressure (aim)

T = temperature (K)

L4 = molar heat of vaporization (calnmole)

V, = molar volume of vapor (mljmole)

V, - molar volume of liquid mLin,(c)

The values obtained are 579.0, 546.8, ani 542.3 calg for pure water, LGPI845, and LGPI846,

respectively, and the value fm pure water is in excellent agreement with the accepted literature value

of 579.5 cti/g at _. C r'-4_n lMM3). Latert heat of vaporization is a measure of ihermolecular

bonding, hydtbgen-bonding specifically i, the uase of water. The fact that the values obtained for the

propellants are lower than the latent heat of vaporization of pure water would indicate that the waer in

LGPI845 or LGP1846 is less stongly associated with itself than it is in pue water. Although tlIe

difference between the value for water and the propellants is larger than the uncenainty of am

calculation, the same cannt be said for the dLerwce between LGP I 5 and LGP1846.

An ideal solution is one tO saxlsfles Raoults Law and s illusrated by a dilute solution of

sucrom in water. Since the ionic species act independuenly in -.ty dilute solutkus of a strong

electrolyte such as NaCa Lswlewdge of the coiventration of dissociated species is required if Raout's

Law is to be appied to so~tions af ionic salts. Wn fact. th use of Raoult's Law is one method for

estimating the extent of ionic dissociation in aquwou solutions (Friedman and Krishman 1973) andt is

applicable to 0.001 M NaG, for example.

The result obtained by diUnig propellant vapor prssum by the vapor prcuure of pum water a

the same teroperature should be independent of temperature if Raoult's Law were applicable to the

propellant mixtures and the value of the coaamt ebtained %ould indicate the degree of dissociation of

HAN and TEAN. The vapor pressure ratios were cXculated and are presented as a functiWn of

5



Vapor Pressure Ratio
0,7

0.66-
- 4-. +

0.0
+

o.•,5 .+

0.6 - 4- + + +

0.45

0 .4 I , p I I

--10 0 10 20 30 40 60 ao 70
Temperature (C)

LOP1846/water + LGP1846/water

Figure 3. Propellant: Water Vapor Pressum Ratios.

It is clear from Figure 3 that at least two phenomena am seen, one affecting the data below

approximately 25'. and a secmd, temperature imdepend•it, effect at higher temperature. The lower

tewweraz" . d . show that the propellant: water vapor pressure rstio increases as temperature

decreases wid saggests that some process, not cosidered wh-.en applying Raouit's Law, is taking place.

Tim data indicate that the rate of change is higher for LGPI846 ha for LGPI845. Both this and the

obeA'vatton made earlier w-r. rnig the dtffenme in vapor pressure betweea LGPI845 and LGPI846

would indk te thx at least sone portion of the water prescnt is a&sclaed with HAN and/or TEAN in

a manner tha! affecWs its vapor p=ressue.

taoult's Law can be app.ied 0o the Figure 3 data above 25'. If the salts in LGPl&45 and

LC-PI846 were sh•tnticiadcd, th" tL'e r'ole t(raci-m of the water pres=n would be 0.553 and 0.605.

lie, on me othdr hand. the salts were fully dissociate, the comparable values would be 0.382 and

0.433. The degree of dl.ci.Wtion of HAN + ThAN that causes the vpor prcssure ratio to be 1.0 is

tM vahuc that satisfies Rnruk's Law. 'hc water mole frac•'i values required to ob&in a vapor

pressure ratio of 1.0 for the O tw am ove 25'* arm 0.433 and Q481. rispectivcly. implying that HAN +

6



TEAN is 88.2% dissociated in LGPIS45 and 90.0% dkssociated in LGP1846. Dissociation values in

this range are usually obtained for very dilute electrolyte solutions and do not rflect the degree of

dissociation that could reasonably be expected in the propellants. It is probable that Raoult's Law is

not applicable even at temperatue above 25t.

2.3 Density. Water is an anomalous liquid in that it exhibits a density maximum at 40 C and

negative thermal expansion between 0 and 40 (Eisenberg and Kauzmaxm 1964c). The anomaly

disappears at higher pressure (Bridgman 1912) and is also affected by the presence of solutes

(Franks 1973). The density of most liquids decreases monotonically with increasing temperature. In

addition, the density of most liquids is lower than their corresponding solids. The propellants exhibit

these typical properties, the density of LGP1845 and LGP1846 decreasing linearly with increasing

temperature (Messina et al. 1984) over the range -10 to 65* C. The density of LGP1845 decreases at a

rate of 7.1188 X 10' g/mL per TC. The density of LGP1846 is more temperature sensitive than is

LGP1845 since its rate is -7.1327 X 0"4 g/mL per TC. The linear temperature dependence indicates

that the HAN-TEAN-water system is well-ordered and sinply expands as temperature increases.

Thus, the density model (Sasse 1988; Sasse et al. 1988), that assumes a well-ordered system,

accurately predicts the density of HAN-TEAN-water mixtures. The addition of a fourth component.

especially one that would reasonably be expected to disturb system order, could be expected to

produce unpredicted density changes.

Nitric acid is a plausible impurity in the HAN-based propellants because slow thermal

decomposition at atmospheric pressure. the result of propellant aging in storage, will produce the acid

and either N2 or N20 as the only stable products. Mixtures in which N2 is a reaction product will be

different compositionally from those in which N20 is produced. Such modified LGPI845 mixtures

were prepared from HAN. TEAN. niric acid. and water primarily to study the effect of excess acid on

stability and performance (Klein, Lcveitt. and Baer. to be published). The density of the mixtures

was determined at 20.0 C (Klein. Leveritt. and Baer, to be published) and the hard-sphere density

model (Sasse 1988; Sasse ct al. 1988) modified in accordance with published nitric acid density data

(Weast 1981) assuming that tie added nitric acid does not interact with the other compor.ents. A

compari.so of the appmpriate calculatcd and experimcanal density values for these mixtures is

pmented in Figure 4.

7



Denslty (g/ml.)

1.48

1.47

1.46

1.46-

1.44'

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Nitric Acid (wt.%)

"- Nitrogen (oalo) -+- Nitrogen (aotuil)

SNitrous oxide (oalo) 9 Nitrous oxide (aot)

Figure 4. Density of HAN-TEAN-Nitnic Acid Mixtures.

With the exception of the nitric acid-free samples, the experimentally determined values differ

from the calculated values and indicate that the density of the mixture is being affected in a manner

not consiciered in the calcuiltion. A large negative deviation from the calculated value is observed at

low acid content followed by a rather small change in density as the quantity of acid is further

increased. In fact, the measured densities of mixtures containing 5% acid are higher than the

calculated values. It would appear that the addition of acid convert the propellants from well-ordr•d

mixtures to ones that more closely resemble conventional aqueous systews.

Since both vapor pressure and density do not exhibit the behavior expected of aqueous solutions, it

would be reasonable to stuggest that other colligative properties will also be unusual. The freezing

point of water is depressed 1.8550 per mote of solute and the expected freezing point of LGPI 845

should therefore be between -36 and -40.80 C. What is observed, in fact. is that the propellant rmmafils

liquid to -90' C, at which temperature it does not crystallize but becoines a homogeneous glass.

Boiling pota elevation is not experimentally determinable because the mixture undergoes thermal

decomposition at approximately 120'. Osmotic pressure has not been determined but would be

expected by analogy, to be higher than calculated from partial molar quantities.

8



2.4 Th- Acidity of HAN a4 T .E Th acidity of HAN, TEAN, and their mixtures in the

concentration range found in propellants can provide insight into the molecular structure of these

mixtures. It is also a matter of c sderablt practical importance because acidity will probably

influence corrosivity.

HAN would be expected to dissociate to the hydroxylarnmonium and nitrate ions, each of which

then reacting with water as follows:

NH3OH-NO3 % NH3OH*+ NO; [1E

NH 3OH* + H0 H30 + NH1OH [21

NO; + H20 Z HN + OH" [33

Ho" + OH" 2riHO (4]

The weighted sum of the reactions produces the concentration of species found in solution. Since the

equilibrium for Reaction 2 (listed above) is further to the right than for Reaction 3. a dilute HAN

solution will be acidic. A comparable set of reactions can be produced for the dissociation of TEAN.

One normally studies ionic dissociation at concentrations low enough that complete solvation of the

ions that result from dissociation does not significantly lower the solvent concentration. As a result.

the ions are completely surrounded by regions of unpenturbed solvent Nad behave independently of one

another, producing results thai. when trated approp•iately. am indepckndcnt of solute coaccn on.

The dissociation constant that describes ionic dissoation ot the solute at equilibrium is probably

the most important of such cocmntration indepeadent data. The concept of acidity in concentrated

solutions must be approached cautiously because it is not an extesion of results obtained with dilute

solutions. The data become concertion depende= as solute concentration increases and the

concepts axe probably no longer applicable (Dufly and Ingram 1981). An unambiguous definition of

acidity in concenlrated solutions and metbods to be employed in order to acquire significant data are

pmsently a=e. of active discusion.

9



The concentration of HAN and TEAN in propellant is usually determined titrimetrically, a

technique that requires substantial dilution. Under such conditions, the concept of dissociation

constants is valid and they are us& for data evaluation. The dissociation constants of both HAN and

TEAN were determined in water and in ethanol (Marinenko 1987) and the results obtained for HAN

were unusuAl. Both triethanolamine (TEA) and hydroxylamine (HA) are weakly basic and their nitrate

salts are acidic as a consequence, the aqueous pK, of TEAN and HAN being 7.96 and 6.11,

respectively. It is usual for acidic salts to become more strongly acidic in less polar solvents.

Dissociation of the salt into ions is inhibited by the less polar solvent, fewer of the solvated ions are

available and the relative amount of the free acid is increased as a result. TEAN exhibits the

properties expected, the pK, decreasing from 7.96 to 6.93 when the solvent is changed from water to

95% ethanol The pK. of HAN, on the other hark, Increases from 6.11 to 6.27 under the same

conditions. HAN would thus appear to become slightly less acidic in the less polar solvent. Although

the HAN data are unusual, they are not unique. Other examples exist (Fong and Grunwald 1969) and

often require invocation of special solvation or structure effects to account for the unexpected

behavior.

Dissociation of the HAN ion-pair that is shown- in Figure 1 produces nitric acid and ammonia

oxide, NH+ -O-, the tautomer of hydnxylarnine. The charge separation present in ammorA,. oxide

would cause it to be thermodynamically less stable than hydroxylamine and the extremely high

mobility of the hydronium ion in dilue, aqueous solution causes the oxide to rapidly rearrange to tie

energetically preferred hydroxylamine. Replacement of water as solvent with one that inhibits

ionizztion, such as 95% ethanol, would substantially reduce both mobility and concentration of the

solvated hydronium ion, thus increasing t.e lifetime and henc.e the equilibrium concentration of the

oxide. It can be reasoned that data obtained in the less polar solvmt should parallel results in water at

very high salt concentration sin.. dissociation wid be inlibited in both case..

The amine oxides of tertiary aliphatic amines are relatively stable and have been isolated

(Smith 1966). Comparison of the acidity of tie amine oxides with their aminc and hydroxylamine

analogs indicates that although the amine oxides are less basic than amines. they are more baý,ic thal

"the appwp.-iate hydroxylamines. Thus. if it assumed that th properties of ammonia oxide and

hydroxylamnine parallel those of their aliphatic analogs. ammonia oxide uould be more basic than

hydroxylamine; HAN dissociatiag to ammonia oxide and nitric acid shouId produce solutions that are

10



less acidic than ones In which HAN dissociates to hydroxylamine. The unusual changes in HAN pK.

with changing solvent therefore supports the existence of the IHA ion-pair and implies that this entity

could affect the dissociation of the propellants and hence their acidity. Although extrapolation of

measurements mad- dilute solutions is clearly not valid, the current status of either molten salt or

concentrated electrolyte theory is not yet sufficiently developed to permit determLiazion of propellant

acidity with a high degree of confidence.

2.5 Viscosity and Electrical Conductivity. The viscosity of the propellants increases with

decreasing temperature (Decker et al. 1987) and increasing pressure (Bair, to be published), LGP1845

being more viscous than LGPI846 throughout the entire liquid range. Both propellants show less

variation in viscosity with temperature than is seen in hydraulic fluids certified for low temperature use

(Knapton and Morrison 1985). The effect of temperature on viscosity has been discussed in some

detail (Decker et al. 1987) and is quite adequately described by the empirical Vogel-Tamnmann-Fulcher

(VMT) equation (Smedley 1980a; Angell and Smith 1982), one of several developed to describe the

effect of temperature on transport properties. Applied to dynamic viscosity, the VTF equation is

P. = aT "/2expt-b(TF-To).

where IL = viscosity (mPa-s)

T = temperature (K)

a. b =constants, and

T, the temperature at which the fuction goes to zero.

The principle of "free volume," a concept developed by C0,'i and Tumrbull (1959). gave

theoretical significance to T. and the constants. Briefly, this concept asserts that when mass transport

occurs under the influence of an applied force. molecules move into available volume voids, tle

volume of the liquid being the wm of die volunme of these voids (free volume) and the vohiwn of

close packed moiecules.

Over the -55 to +650 C temperature range. ,i. values of T"1 span the interval 0.054 to 0.06g and

do not affect results to a significan extent The eNquaion used is

L* .= A + BA(T - T.).
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T. is close to, but is not. the glass transition temperature. The value of T, is corientron

dependent and Ingt varies linearly with 1/Cr -T0) when T, is 165.4 K for LGP1845 and 164.7 K for

LGP1846. Although these values derive from data obtained at atmospheric pressure, they are equally

applicable at pressures of 469 MIPa. At any given temperature, Ingt varies linearly with pressure. The

VTF equation thus applies to LGPI845 over an interval in which viscosity varies from 3.8 to 380,000

mPa-s and to LGPI846 over the range 3.2 to 100,000 mPa.s. The constants A and B are pressure

dependent. A decreasing and B increasing as pressure increases. It is most interesting that one value

of T. applies to a transport property that varies over five orders of magnitude. Since the free volume

model applies to the viscosity of the propellants over the entire pressure and temperature range

of military interest and it would be reasonable to interrogate this model regarding other transport

properties.

The specific conductance of LGPI845 and LGP1846 at 20* C is 65.5 and 74.7 mS/cm

(Vanderhoff, Bunte, and Doz-moyer 1986). The specific conductance of LGP1845 is lower at any

given teraperature tban that of LOP1846 and is co- sistent with the observation that the conductivity of

molten salts generally dec.eases with increasing concentration (Smedley 1980b). Specific conductance

of the propellants is about six orders of magnitude lower than that of metallic conductors and is in the

range typical of ionic conductors. Conductam.-e ;s comparable to that of 1 weight-percent hydrochloric

or nitric acid and is lower than that of saturated aqueous solutions of 1:1 electrolytes at 200 C. The

relatively low conductance coupled with ver, !.igh solute.concentration would indicate that the ,harge

carrying iotas are quite large and of limited mobility. Comparison with molten salts at or near their

melting points (Klemm 1964) is difficult because of the large temperature differences involved. Sinm

the VTF equation shows linearity with temperature, a somewhat dubious extrapolation of about 2000

can be made to permit comparison with molten salt data. No actual comparison between propellant

and molten salt is possible because the propellant would have decomposed thermally well below the

molten salt temperature. Electrical conductivity data are available for molten AgNO% at 250 and

300' C (Byme. Fleming, and Wet•ome 1952; Goodwin and Mailey 1906) and are 0.85 and 1[06 S/cm.

Extrapolation of the LGPI846 data to these temperatures produces values of 0.84 and 0.99 S/cm.

Agreement is reasonably good and further suppos the contention that tjie propelants have the

transport properties of molten salts.
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Since propwelat properties appear to be characteristic of molwn salts, available daa from other

molten salt systems might be used to predict qualitatively the effect of temperature and pressure on

transport properties. The rate of change of transport properties decreases with increasing temperature

and pressure, and condition. could exist where these properties are temperature and pressure

independent. Achievement of such conditions for the propellams is probably not possible since

thermal decomposition at about 12Gf C limits the upper temperature range. Within the experimentally

possible temperature range, the propellants will undergo glass transition and solidify at pressures that

are probably lower !han required for pressure indepexidence. It is, however, reasonable to predict that

the rate of change of trr-nport properties will decrease as the propellant is taken from ambient storage

to the operating conditions found in a liquid propellant g&pi.

3. MOLECULAR STRUCTURE

A substantial body of work has been devoted to the development of models for the molecular

structure of water and dilute aqueous solutions and the current status of such models is quite good.

Molten salts Lnd concentrated aqueous solutions cannot be described at the same level of sophistication

at the present time. Although the structure of HAN in concentrated HAN-water mixoires has been

deduced from spectral and other data, no comparable data exist for either TEAN or the propellants.

The development of propellant suucture models are thus twofold hampered and is limited to possibly

equivocal qualitative descriptions.

3.1 TIN Stmcture of Water and Dilute Aqueous Solutions. The water molecule is polar and has a

wrma-•m=. dipAe moment. The negative end of the molecule is the oxygen atom -nd the value of the

gap.e ramn i• !&%e ct,.'gh that the positive hydrogen atoms from neighboring water molecules are

suff iciently attracted to form hydrog. 1i1 (FlL.-x'k-.,-ixrg atld Kaumanm• 1964c). The organization

created by t", hydrogen-bond network is quite tterervt af. .-d r •idel .I liquid water describes a

coi2wcdon of water molecules in icc-like clustems that show evidz=ce of both short-range ana

long-range order. The region bctween the clusters is occupied by essentially unorganized wJter. 1This

model suca-ufuUy accounts for rany of the physical ppertices of this unique and anomalous fluid.

WVIr a small quantity of an iomc compound is introduced, it causes water molecules to marmrage

fnxn their original custer struacure into new an-angemcn around the io" mw presen. SUIce
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orientation of the water molecules around cations and anions will be different, at least two new

3tru rems will have been produced (Murrell and Boucler 1982). When the new amagements produce

structures that are better organized and mom tightly bound than the original, the added ions are

considered "structure making." If, on the other hand, the new arnagemet is less organized than the

original. the ions amc considered " sucture breaking." It is not only possible but probable tha te
sznzcture-mcdifying properties of the cation and anion will be different and the overall effect observed

will be some composite sum of the structures of the various dusters. Various cluster models have

been developed and account for many of the properties of aqueous solutions including the "abnormnal"

properties such as activity coefficiens that are greater am 1.0 and vapor pressur that are greater
than the partial molar pressures of components. The energies involved in ion-dipole and dipole-dipole

mneractions that ar the basis for cluster formation, are quite small so that structres can form and

break up easily. Care is requirod when evaluating these models because the various physical
properties are sensitive to external stimuli. Transport properties such ,- '-.tscksy and coaductivity,

require a departure from equilibrium and can thereforc exhibit structure effects that are different. from
those seen with equilibrium properties such as density and vapoi" prmsure. Selection of an appropiatc

physical property with which to measure structure modifying effects wui the sorting out of

conributions from the different species present dten make evalualims quite difficult (Kavanau 1964).

Concentrated solutions introduce problems that must be considered in addition to those already cited.
Since solvent is no longer presence in large excess, the nature of the solvaied ion beconres

concentration dependent The possible existence of new ihc;dc spces, creatcd by the close proxiiity

of solvated and putially solvated ions eds furher complexity to an already complex molecular

arrngement and dimish the possibilty tha anything other tn a qualitative. descriptive mode will

be produce.-

3-2 1T Structure of HAN. Evaluation of the transpot pZro rics of xvcr low-temperWure

molten salts cwtaining water. such as Ca(NO%}, led to the conclusion (Ange-l and Brsse- 19r) that

these melts form an ionic coatinuum with no discret structures. The sma'nl amoun of water pNren

apparndy cnered the inne hydraxion Vstpr of the cation and did not product any sionfic, a dhugc
in the ionic continuum. HAN. with a melting point of 44.5* C (Ott "nd Artman 1%-7). fiLs this

-at.zgcy quite wcl. It is substantally more soluble in waw•- than is anm, orum un trnt and forms a

"cuti"erc at 76.6 wieght-pmcnm HAN. Its high solubity and tow melting point soggd sugest the
existence of an iondc iaw um,. with wva. in the iubu h)daion sphere of the HA* aio
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The descrr'ian of awtacnswed HAN-waer mixtures, dcrived from i pretaton of the uanspoa

properties of sak melts, would scem to contradict the structure of the ion-pair shown in Figure I which

is based on interpretation of spcurl data and is essentially an equilibum suucture. The phase

diag.am of the HAN-water system is a simple eutectic type (Ou an4 Artman 1987) and itlicates that

no well-deftned hydrate is produced at any HAN:watar ratio. The ion-pair proposed is anhydrous and

offers no indication of locadon or quantity of associaztd water. Whawever water is present wouL be

relegated to hydrogen-bonding with the other nitrate oxygens or hydroxylammoidum nydrogens, as

seen in the infrared spectral characw stics assigned to timse entities. The spectrum of the ion-pair

changes only in amplitude as concenration increas, indicating that water plays little or no role in

"modifybig thr prperties of the ion-pair. It sh-dd be noted that the hydroxylammonium hydrogens

can also hydrogen-bond to the nitrate oxygens and thus compete with water. The resulting HAN

cluster would contain some water that is hydrogen-bonded to either or both hydroxylammoaium or

nitrate ions in addition to the ion-pair shown in Figure 1. The hydrogen-bomding ar-angemens othler

than the ion-pair are apparently so similar mrge-acally tham they can easily move from one to another

creating a time-averaged structure. This highly mobile HAN cluster structure would continue to exist

until sample temperate became low enough to localize Me bowds spatially. Concentrited HAN

mixtures tend to supercool and do not crystallize but -nst.ad form glasses at -about -900 C. The

temperature reqquired for hydrogen-bond localization w(ld be well below this temperatur d the

existence of a flickering, time-averaged HAN cluster may explain the extremely large temperature and

concent•raion range over which HAN-water mixtures remain liquid. Thc departure from cquili-rium

required to measure a transpo property could itroduce enough energy to rearange. or momneranly

disband dte cluster and it is quitz rossibLe that neitlher model dcpiz the etructu" e of the

HAN-water system.

The effect of solve on the acidity of HAN (Mariena-o 1987) ugpports the structure proposed in

Figure I and a-ls may sci-nc to illus•,a•e the relation of -tructure to rrnvity. Ric pres .ce of acid

uOngly influcc t reactivity of the p4opelanms (Klein aMd Sux 1990). and a favorwd HAN

stuure taý infle= its a"idity wvuld ibe expcted to exert some effect on both Le ourse and raLte

of is re•tions at•hougb a distinaa betwcn Umrn' t adidity and the additio of acid to the mixture

mus be made- As wili b shown N Iy. the dition of acid also modifies the stucture of the

mixture and it is possible tha the ob•,rv- acid effects an euceftwA if no ca=d by. axs.-

strural hange5s.
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3.3 The Structure of the Pnoellants. TEAN, the nitrate s&t of triethanLumne. is a larger and

more complex molecule than HAN and plays a more complicated Me in the pmpellat mixture. Both

inter- and intrameleculz- hydrogen bonding is observed sim the three OH groups in TEA" am

positioned to encourage both types of bonding. Evidence for the cortibuxion of the CH group to

inWernolecuiar hydrogen bonding is apparent from the boiling points of the tertiary alkyl amines,

tricthylam4m. diethy!ehmnolamire. ethyldiethanolamine, and trziehanolamine. The boiling point of the

pure, anhydrous, compounds are 89, 161, 246. and 340' C, respectively, increasing as the number of

OH groups increases. The six-membered ring compounds ethyl and ethanot morpholine are readily

obtained as decomposition products of ethyldiedhanolamine and triethanolamine respevely, and

provide evidence of intramolecular hydrogen bonding. In addition, the OH groups readily form

hydrogen bonds with water in amine-w='r mixtures and explain why water and tiethanolamine arm

compeie•ly miscible. These t/ene•ics extend to the nitrate salts of the amines and one sees. for

example, systematic &-anges in smoichomeic aqueous mixtres of HAN-triethylammonium nitrate at

cowstant molarity with both density and viscosity increasIg as OH groups replace hydrogen (Decker

Ct at. 1987).

Neither spectroscopic rno crystallographic data arc available as yet for TEAN so that the fonration

of ion-pairs or Lx type of ion-pair formed is conjectural. Electron density maps obtaineo from.

modeling calculat"ons using the Polygra* molecular modeling program, indicte that the three OH

hydrogens arm the most electropositive sites of the MA'ion and any water pr=seM would prferentially

hy&OgCn-bL. a thes loations. The charge de"tsty of the resultatt TEA'-3HO ion is such that no

paricular hydrogen is stroUgly favored for ion-pairing with NO; a, a number of Ion-pairs arc equally

pribable. Whereas HAN sems to prefer the sumple HA'-NO- pair, TEAN could 'well form a pair

that in4wudes water such as TEA'+ %o-NO; , an uarangment conmmonly called a solvent-separatd

ion-pair, in a-dition to a pair inolving the NH hydxroge. In -;he case of p•ropMlt mixtures, it is also

pouiZc th.a one or both c f the rcmainiag ox)geins of the nitrite ion that is par of the HAN becom•s

involved in TEAN hydrogcn-boWvng. Since the cncrgy of the 0-H hydrogen bond is a mere 6.7

kcalitioc (Eisenberg aM Kauzmann 1964a) compared with I t7.6 kcalfmot. tfe 0-H chemikal b,.wJ

e=rgY (Wag•a ct alt. 1•6) vuWo w=urs can co-exiu. formng and beaking, up easily. -the

9*1 L t%-.. Nu.&n& CA



molecular ratio of HAN:TEAN:water in LGP1845 is 7:1:10 and in LGP1846 is 7:1:12.3. By analogy

with structures observed in dilute solutions, the propellants could consist of well organized

HAN-TEAN-water clusters sunrounded by regions of unstructured water.

The data available provide support for such a propellant structure. A cluster that consists only of

HAN and TEAN and is compositionally proportional to the HAN-TEAN ratio of the propellants would
have an average molecular weight of 884 and would be quite large. The actual cluster would contain

some water, although less than the average composition of the mixtures, because some water would

occupy unstructured regions between clusters. It seems reasonable to propose that many such

molecular structures could coexist in HAN-TEAN-water mixtures and it is probable that some
statistical distribution will describe an average structure under specified conditions of concentration

* and temperature. A fairly simple example of a propellant cluster, containing some of the

hydrogen-bonding features dis.. sed, is shown in Figure 5.

The cluster shown contains only 4 HAN, I TEAN, and 3 water molecules. The 3 TEA* OH

groups are hydrogen-bonded to water to which 3 HAN ion-pairs arc attached. The fourth HAN is

bonded to the TEA' NH hydrogen. The TEAN nitrate ion is bonded to two waters. Additional HAN

can be readily incorporated but is not shown in the Figure. A 7-HAN, 1 -TEAN, 3-water cluster has

been generated using the Polygraf modeling software mentioned earlier, and optimized using the

"molecular mechanics tools available within the software. The three-dimensional structure is fairly

symmetrical with a preponderance of the nitrate ions near the outer surface of the cluster.

A propellant cluster suimounded by regions of unstructured water is supported by the lowered

values for latent heat of vaporization of water in LGP1845 and LGP1846 that indicate some of the

watei in the propellant mixtures is less organized than pure water. Another point to be derived from

the vapor pressure data involves the application of Raoult's Law. Implicit in Figure 3 is the

assumption that the structure of water in the propellant is the same as its structure in pure water. The

HAN + TEAN dissociation values of 88.5% and 90.2% in LGP1845 and LGP1846, respectively, can

be compared with the published values for some common, strong electrolytes and shown to be

unrealistic since 0.1 M solutions of HC1 or KOH, for example, are only 80% dissociated (Hamed and

Ehcrs 1933). Values comparable to the calculated dissociation of the propellants would require even

more dilute solutions. If this argument were ignored and propellant dissociation above 250 accepted at
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face value, the data at lower temperatures would then lead to the conclusion that the propellant

compounds wre more than 100% dissociated. The presence of inter-cluster water that is less structured

and hence more volatile than pure water is thus supported by the vapor presscre data. The difference

in the vapor pressures of LGP1g45 and LGP1846 raises an additiotial poinL The mere 11% increase

in vapor pressure associated with the 19% differnce in water content between the two propellant

mixtures indicates that some portion of the additional water is incorporated into the cluster, a structure

more organized than pute water, sufficiently organized. in fact. that normal vaporization is suppressed.

~KJH/H

H H
HH

-- ~~~~CH2 H • _H..
CH2  8H2

Hd

c HFCW+FOH-

-0-

H /I\H
H

Figurc 5. A HAN-TEAN-Water tC1umser Sh wing tie HAN !on-Pair, tIe .TEAN Solvent-Se icd

Ion-Pair. and Hydmren Bonding with Water.

As sccn *in Figure 2. the vapoW prrcsse of watcr and ft propWus incr e asmenotoically over

the ewire tcmperature range uider coasiderati4n. A point that mui be sessed regarding Figure 3 is

that vapr pressure ratios rather than vapor prssut •! da are bcing discuss.. Changes in the s=Lctre
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of either the popelUants or of pure water are each capable of producing the effects shown in Figure 3.

The data below 250 could indicate that a larger fraction of the water present is entering the

unstructured region and that this effect is more prominent in LGP1846 than in LGP1S45 or it could

indicate that pu-e water is becoming more structured. Support for the increased structure of pure

water can be derived from its isothermal compressibility which decreases as water is heated from Vf C;

passes through a minimum at 46' and then increases (Eisenberg and Kauzmann 1964b). This is

another example of the anomalous behavior of pure water and emphasizes that structural changes that

are taking place as temperature is varied. As to the possibility that a larger proportion of the

propellant water is entering the unstructured region at lower temperatures, this is quite reasonable

simply because more water is available. Clusters become more ordered and compact as temperature

decreases and less space is available for inclusion of water that must now enter the urstructured

inter-cluster region. Although neither interpretation'can be favored at t!'is time, the explanation that

invokes changes in the structure of pure water seems intuitively more plausible.

The density of the propellants decreases linearly with increasing temperature and supports and

amplifies features of the structure model. The effect of temperature on tie density of pure water is

well kno-'. ,,nd requires the deveiopmert of ice-like clusters to ezplain the density maximum seen at
40 C. U 6L propellants consist of HAN-TEAN-water clusters surrounded by regions of unstructured

water, cthe density of the organized aggregates and the unorgcanzcd regions separating the aggregates

should be different, tt clusters being substantially more demie than the unistcured water. The

measured density of the propellant is a weighted averaug of the dcnsities of the two regions. If the

existence of HAN-TEAN-water clusters prevents formation of ice clusters, then the ,ensity of the free

water component will change monotonically witfl temperalure. Ice cluster formation would be

suppressed if the unstructured regions were too small to acoommodate the number of water molecules

required to form an ice cluster. Alternately, if the HAN-TEAN.water cluster polarized the

unstructured water, an explanation supported by the dominance of nitrate ions at its outer surface, thi

formation of ice clusters would be inhibited. Temperature variation should chzngc both fht size and

relative composiion of the propellan cluster in a gradual manner. wlhich coupled with a monotonic

change in unstructurd water. results in the observed linear variation of density of the pure propellants

with tempratuire.
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The ability of the Cohen and Trumbull free volume model to desci!b• thre transport properties of

the propellans is readily compatible with the strMcture proposed. Mass would be transported from 4

"luster into an unstructured water region under the influence of an applied force. The existence of

volume voids in regions of lower density is a reasonable assumption so that the propellant structure

proposed and the free. volume model are virtually equivalenL As temperature decreases and/or

pressure increases, these void volumes will decrease and the energy required to produce the transport

phenomenon will increase. This is comparable to increasing the density of the unstructured water. At

sufficiently low temperAure (T), the density of the water regions will become comparable to that of

the clusters and mass transport will cease. Shice neither the clusters nor the regions of unstructured

water separating the clusters undergo abrupt changes with varying temperature and pressure, a

monotonic change in transport properties would be expected until To.

The addition of small amounts of nitric acid significantly affects the density of the mixtures and

must therefore profoundly change its structure. Nitric acid in small amounts adds the hydronium

cation, H30*, to the mixture withtat changing the anion concentration to any substantial extent. The

acidity of the HAN-based propellants is not due simply to the presence cf H30 bu.t is instead the

result of complex salt dc-sociations and the average hydronium ion conccntration of LGPI846 is

probably quite small. A nitric acid concentration of 0.1 weight-percent in pure water is equivalent to a

hydronium ion concentration of 1.58 X 10.- M; its effect on the hydronium ion concentration of the

propellants is unknown but is probably less than its effect on pure water. Yet, the effect on density of

this small change in hydronium ion concentration is considerable.

If the propellants consist of structured clusters surrounded by unstructured pure water, then dhe

hydronium ion concentration of the unstructured water is less than 10'7 M. the acidity of pure water.

The addition of 1.6 X 10" M acid to this region of the propellart mixture would significantly change

its acidity and could produce substantial changes in its structure. The properties of the hydroniun ion

in dilute aqueous solution are unusual, it being, among other things, the most mobile of all known

ionic species. rnc very high mobility of H,0" is generally believed (Bigcn and DeMacyer 1958) to be

due to cl-argc itunueling along hydrogen-bonded water chaits and the ability of the ion to form and

stabilizesuch chains clasrifics it a *stnrcture maker." One possible way in which HIO" could modify

the structure of the propellants is by organizing the inter-cluster water into hydrogen-bonded water

chains. On the surface. onc should expect that organizing the unstructured water would increase the
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density of the mixture. The observed effect is more complex than predicted frori simple partial molar

quantity considerations. Replacement of a small amount of HAN by nitric acid lowers density

substantially more than predicted but the rate of change observed with additional acid is less than

predicted. It is possible that two competing effects are being observed. The production of hydronium

ion chains and the lowering of unorganized water concentration by absence of a small amount of acid

would shift the bound-unbound water equilibrium, tend to disrupt the dense HAN-TEAN-water clusters

and produce a larger number of new, smaller clusters. Since these smaller clusters would be less

extensively organized than their predecessors, they would occupy a larger relative volume and hevL,;

lower the average density of the mixture. The water chains created by the hydronium ion are

structures whose size is affected by concentration and temperature as are the HAN-TEAN-water

clusters. The effects observed, however, are not necessarily the same. The hydrogen-bonded water

chains by the addition small amounts of acid to the propellant mixtures will have some average size.

This average size is highly temperature dependent (Hramed and Robinson 1940) and, once attained,

will not change very much. Additional acid 'Will makz the chains somewhat smaller but will have a

relatively small effect on the properties of the system. One could therefore observe first a rapid

decrease in density as the unorganized water is organized into hydronium ion chains and the

HAN-TEAN-water clusters are disrupted followed by a rather small change. In fact, the increase in

density due to information of the hydronium chains overcomes the decrease resulting from disruption

of the HAN-TEAN-water clusters and at 5% acid, the measured density is higher than the predicted

value.

The new structures created by the addition of acid could be quite different from the ones that were

disrupted and their effect on the physical properties of the propellants, especially at low temperatures,

remnains to be determined. One might expect that the observation of glass transitions and the inability

io observe crystallization (Decker et al. 1987), features of the pure propellants. would chtrange in acid

containing propellant mixtures and that replacement of clust=c with ones of smaller average size

would affect the viscosity and conductivity of the mixtures. Organization of the unstructured water by

the addition of acid could possibly reduce void volume (incras density) and thus inhibit transport

phenomena. The competing effects of reduced cluster size and increased water organization make

prediction of transport properties difficult and call for verification by expenimnental determination.
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4. CONCLUSIONS

Detailed evaluation of various physical data lead to a number of conclusions regarding the

properties of the HAN-based propellants. Several of these conclusions have practical implications.

Specific conclusions are:

1. HAN, in the concentration range found in propellants, is an ion-pair with the structure

NH3OH---NO0. The preferred hydrogen bond is the one coupling the hydrogen of the OH group

to nitrate.

2. The unusual behavior of HAN in solvents less polar than water is due to the structure of the

ion-pair. This structure also affects acidity and could influences reaction pathways during

propellant reaction initiation.

3. The propellants LGP1845 and LGP1846 consist of agglomerates containing HAN, TEAN, and

water separated by regions of unstructured water. The agglomerates are highly structured. The

physical properties of the propellants reflect the organization of the agglomerates.

4. The vapor pressure of the propellants show that the water in the propellants is less organized

than pure water. A change in eithei" propellant or water structure is seen at about 25' C.

5. The propellants remain homogeneous liquids over the entire range of temperatures and

pressures expected in a gun operational scenario.

6. Mass transport in the propellants is adequately described by the free volune model and the

VTF equation applies. Variations in viscosity cLvcring five orders of magnitude are accurately

accounted for with a single value of T" and attest to the applicability of this te-aiment.

7. The presence of acid in small amounts low.rs the density of the mixtures and disrupts the

structure of the propellants. This finding has important practical implizations because pmrpellant is

metered into the liquid propellant gun by volume. (Thanges in density affect volumetric impetus

and thus affect gun performance. It is also possible that small amounts of acid will chaige the

viscosity and low temperature charjctistics of the mixtures.
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