TECHNICAL REPORT BRL-TR-3139

B R I AD-A226 415

THE MOLECULAR STRUCTURE OF
THE HAN-BASED LIQUID PROPELLANTS

NATHAN KLEIN D T ‘

U.S. ARMY LABORATORY COMMAND

BALLISTIC RESEARCH LLABORATORY
ABERDEEN PROVING GROUND, MARYLAMND

Y

R




NOTICES

Destroy this report when it is no longer needed. DO NOT return it to the originator.

Additional copies of this report may be obtained from the National Technical Information Service,
U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

The findings of this report are not to be construed as an official Department of the Ammy position,
unless so designated by other authorized documents.

The use of trade names or manufacturers’ names in this report does not constitute indorsement of
any commercial product.




LUNLLAIIEICLL. BlLIElofle — 1.0

- Form Approved
! REPORT DOCUMENTATION PAGE OME e 0080188
Publet Burdn (00 Ui CONECUON 6F IATOIMELION 1§ BLIMALEE 10 varage | ROUr 587 HLBIMNE. INCUEIAG the LG 10 PEVIMWIAG IMUUCLOM, JEIUNAS EAUNY L0LD SOUrCHS,
wmmmmmuumm [ P N CONECLIN OF AT JUOA. Send COMMInts U8 Durden ILMSLe 0f sy GLAT Dect of this
e beron: Soia 1304, Arkegran Sk F17014308,snd s e Orice farsqonsems o0 BOERTL, POPAPGrS ROGuEON Prapec (370 B WV ton, O€ TS0, et
T e T S e~ S S oS —F Yy rry— s TSy =y
1. AGENCY USE ONLY (Leave Dlank) | 2. REPORT DATE 3. REPGRY TYPE AND DATES COVERED
August 1990 Fingl, Jan 87 - Dec 89
4 TITLE AND SUBTITLE 8. FUNDING NUMBERS
The Molecula: Structure of the HAN-Based Liquid Propellants
W D
‘ : 06700
6. AUTHOR(S)
Nathan Klein
e —— S i S T T S S S i
7. PERFORMING QRGANIZATION NAME(S) AND ADORESS(ES) . 8. PERFORMING ORGANIZATION
REPORT NUMBER
T e Y S O v S T s .
- 9. SPOHSORING / MONITORING AGENCY NAME(S) AND ADORESS(ES) ' 10. SPONSORINC | MONITORING

US Army Ballistic Research Laboratory AGENCY REPORT NUMBER
A7 'N: SLCBR-DD.T
\ | Aberdeen Proving Ground, MD 21005-5066 BRL~TR-3139

(T, SUPPLEMENTARY NOTES
The assistance of Drs. Pamela J. Kaste and George F. Adams who reviewed and

commented on this report is gratefully acknowledged.

122. DISTRIBUTION/ AVAILABILITY STATEMENT 125. OISTRIBUTION CODE
. Approved for public release; distribution unlimited

13. ABSTRACT (Mazumum 200 words)

| ™e HAN-TEAN-water mixtures that are the gun propellants LGPIS4S and LGPIS46 are i

7 t anized molecular
;ggmgq&:s separated by regions of unstructured water.  Temperature, pressure, and the pmsen‘z:reg of tmpurities or
?gigsganw cau‘sc»mch;nhgc;wm wu&e mic:%s:coptc ofganization of the mixtures. The size and structure of these
Sggregales control the physical and some of the chemical propertics of the propellants, many of which seadal
for proper gun porformance. , ) d e

. , [ 18 SURIECT TERMS 1S NUMAES GF PAGES
oy
Hydroxylammonium nitrate: Tricthanolammonivm nitrate: HAN: TEAN: LGPisss, b 3
LGPI84G: Propetiies: Vapor pressure; Density; Clusters ) ' 16. PRiCE COOE
17, SECUNITY CLASSIACATION | 17, SECURITY CLASSUICATION ] V8. SECURITY CLASSFICATION ] 10, UANTATION OF ASSTRACT
 ormasoar OF THIS PAGE OF ARSTRACT
INCLASSIFIED UNCLASSIFIED UNCLASSIFIED SAR

NIN 752001-280 5500 UECLASS'HED Stancara Form 158 (Re~ 2-89)
3 ;v:;gn Wy AWS e 21808




INTENTIONALLY LEFT BLANK.

=




2.1
2.2
23
24
25

3.1
3.2
3.3

Y

TABLE OF CONTENTS
Page
LISTOFFIGURES .. ... .. titiitietnneenorocnssnatosasssnsennnns v
ACKNOWLEDGEMENTS ........ccciiiinvnnnnns ettt vii
INTRODUCTION ... ittt iit it tnntnnasononesnatssesssnssennnas 1
EXPERIMENTAL RESULTS AND DISCUSSION . ......ctiiiiniinennnnnn 3
The Spectra of HAN and HAN-Water Mixtures . .............oovvintn. 3
VapOTr PIESSUIE . .. cvv v it vvtoroesnnosnneneennsnnnessssoonnsnenss 4
DIy . i it it i i i i e et ettt 7
The Acidity of HAN and TEAN . . .. .. ittt it iiiieneenans 9
Viscosity and Electrical Conductivity ........... ... it ennnan.. 11
MOLECULAR STRUCTURE .. ... .. iitiiitiinniinntnnneeanonnnnnnn 13
The Structure of Water and Dilute Aqueous Solutions . ................... 13
The Structure of HAN L . ... i i i it e i 14
The Structure of the Propellants .................... [ 16
CONCLUSIONS L ittt ittt ittt ittt ettt ettt e iaaannea 22
REFERENCES . .. . ittt ittt ittt iia ettt 23
DISTRIBUTION LIS . i ittt it it st ettt e eaan s 27
| Aecesston For
NTIS GRA&I
DTIC TAR
Unannounced
Justification,
By
| Distribution/

i

P
Avallability Codes

Dist

p!

Avall andfor
Special




INTENTIONALLY LEFT BLANK.

iv




LIST OF FIGURES

Figure

1. TheStructure of HAN . ... .. i i i i it it iitereennesaannas
2. Vapor Pressure of Water and the Liquid Propellants .. ..................cv..
3. Propellant: Water Vapor Pressure Ratios . .........c0itiiieiiniannnnennnnnns
4
S

g
$<%]
[T - N - - (1]

. Density of HAN-TEAN-Nitric Acid Mixtures
. A HAN-TEAN-Water Cluster Showing the HAN loa-Pair, the TEAN
Solvent-Separated Ion-Pair, and Hydrogen Bonding with Water . . ................. 18

...............................




INTENTIONALLY LEFT BLANK.




ACKNOWLEDGEMENTS

The assistance of Drs. Pamela J. Kaste and George F. Adams who reviewed and commented or
this report is gratefully acknowledged.

vii




INTENTIONALLY LEFT BLANK.

vili




1. INTRODUCTION

The two HAN-based liquid propellants in current use, LGP1845 and LGP1846, are homogencous,
aqueous mixtures of the sa'ts hydroxylammorium nitrate (HAN) and tristhanolammonium nitrate
(TEAN), in such proportion as to produce N;, CO, stoichiometry. LGP184S5 was aesigned
volumetrically ~ contain 11 molefliter total nitrate and its composition :s, thercfore, 9.63 M HAN and
1.38 M TEAN, The war=: Lonient of ZGP184S is determined by its density and i3 approximataly
18.8 weight-p.ceny. Tix LGP1816 mixture has the same HANTEAN ratio as LGP184S but is
gravimedicall, formulatad o o 2y’ s 20.00 weight-percent water. Thus, both propellants are mixturcs
of the hyd oxylammonium and triethainlaamsaium cation, the nitrate anion, and wat: . with total ion
cencentrations of 22.0 molefliter for LCPi#3S and about 20.S molefiter for LGP1846, assumisg
complete dissociation. LGP18<(3 is less eaesgetic than LGP1845 because of its higher water content.
Impetus, calculated at a loading deasity of 0.2 g/mL., \sing the BLAKE themmochemical code
(Freedman 1982) is $43.3 J/g and 900.7 J/g for LGP184S and LGP1846, respectively. The water
councentration of the mixtures is caly 13.6 and 15.9 M and is irsufficient to hydrate all of the ions.

The colligative propesties of simple mixtures containing noninteracting componzats can be
predicted with reasoradle accuracy by using partial molar quantities. To this extent, Raoult's Law
states that ine vapor peessure of solutions consisting of a non-valatile soluz in a volatile solvent is the
product of the vapor pressure of the pure solvent and its mole-fraction (Glasstone 1846a). In like
manner, the density of salutions can e cstimated from the densities of ticir pure componcnis. An

The vapow peessure of the propellants af temperalures up 0 &t keast 65° C is due entirely (o the
vapor peessure of their water component since HAN and ThaN are ionjc salts and hawe no measurable
vapoe peessuse in this emperture range (Decker et al. 1987 Thus, vapor peessure data can be used
t estimate the degree of dissociation of the saits and the extent to which the mixtures deviate from
wdeal behavior. The density of a HAN-TEAN-wakr mixture can be satisfactoeily estimaled from the
densities of its compoaents (Sasse 1988; Sasse et a). 1988) using 2 semi-empirical addiivity method
based on 3 hard-sphere density model.  Although the model zocommoducs noalincar changes in HAN
density vith concentrazion, it assumer hat the components do not interacs with cach other.




Transpoit propesties such as viscosity and thenmal or electrical conductivity involve a departure
from equilibrium whereas such colligative propertics zs density and vapor pressute do not. It is,
therefore, possible to ammive at conclusions regarding the organization and stiucture of the mixiures
through use of transpost propesties that are different from the conclusions that would derive from
inteinretation of equilibrium properties. Propellant transpoen properties such as viscosity and electrical
conductivity are so far removed from the behavior typically exhibited by aqueous solutions that the
Vogel-Tammann-Fulcher (VTF) equatioa (Smedley 1980a; Angell and Smith 1982), widely used to
describte the ransport properties of salt melts, quite effectively expresses the observed effect of
temperature on the tiansport propertes of these mixtures (Decker et al. 1987).

No formal compositional specification exists, as yet. for the propellants because the eftects of
variable HAN:TEAN ratio and water content on performance and stability are not known adenu:
To an even greater extent, the cffects of impurities o propertics, performance, and stability mu: o2
undersood in urder to propenty limit their concentration. The original basis for progeliant | curement
was essentially “as pure as possible,” a clearly inadequute, qualitative specification const~inzd by
analytical capability and cost. This infosmal specification has been refined empirically as additional
daza became available, but a more complete undesstznding of wha is an acceplable range of p:opdlam
pmpemesandhowumpmpuumammnuuﬂmlsmc&d

In general, the classical cquations used to desceibe the propestics of solutions assume that the
solute is surrounded by solvent to a large enough extent that the specics are completaly isolated from
one another. This assumplion loses validity as solute concentration increases and muany concentrated,
ionic mixzures show evidence for the cxistence of organized molecular aggregates (Kavanau 1964). if
the propetlangs contain such organized aggregales of clusters, then many of the physical snd chemical
peopertics exhibited wili be coatrolled or ot feast syengly influenced by the organization and tructure
G exists. A model of propeliant molecular sirueture helps o understand and possibly peediat the
effect of such variadles a3 mperture, pressure, and the prersnce of impurities and additives on
paysical and chemical properties. [ addition, such maodels can provide insight (a0 reaction initiation
mechanisms and tre pazhways hal migiu be followed once reaction has begun.

Meusurement of propeliant equilibeum and traasport propestics produdes 3 macroscopic description
of the mixiures et does littde to clucidaie the microscopic phcromena thal control Bk propertics
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observed. A more intensive evaluation of some of the available data can provide insight into the
microscopic structure of the mixtures. The 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 vecome
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 developed.

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

group hydrogen of the NH,CH" ion and one of the oxygens of the NO; ion.

Crystalline HAN is anhydrous and x-ray diffraction data (Rheingold ct al. 1987) show that
hydrogen-bonding is extensive throughout the crystal but is strongest between the OH group hydrogen
of the NH,OH" ion and one of the oxygens of the NO;y ion. Electron density mapping derived from ab
initio calculations aiso shows (Koski, persoanel 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 propesed structure for the HAN ior ~ir is shown in Figure 1.

Altliough water is present in all cases except the pure crystal, it is not included in tie structure
shown in Figure 1 for clarity of presentation. It is understood that the remaining oxygens on the
nitrate and the hydrogens on the NH, group can take part in hydrogen-bonding that may or may not
include water and will be imporiant featurcs of a cosicentrated HAN-water mixture.
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Figure i. The Stucture of HAN,

2.2 Vapor Pressure. Vapor prcssure data for LGP1845 and LGP1846 cover the temperature range
-5 to 65° C and were obtained as part of a general compilation of propellant properties (Decker et al.
1987). Since the vapor pressure of the propellants is due entirely to the vapor pressure of their water
component (Decker et al. 1987), the data are directly 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
LGP1846 is only 11% higher than that of LGP1845 althsugh LGP'1846 contains 19% more water than
does LGP1845.

0 Vapor Pressure (mm)

160 -
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0 i B B # & W M A 5 " i
=10 0 10 29 30 40 80 &0 70

Yemperature (C)

Water * LGP1B84S * LGP1346

Figure 2. ¥apor Pressure of Water and the Liguid Propeltanis.




The vapor pressure data produce values for the latent heat of vaporization of water in LGP184S
and LGP1846 by using the Clapeyron-Clausius equation (Glasstone 1946b).

oL
ar " TV, - V)

where P = pressure (atm)
T = temperature (K)
L, = molar heat of vaporizaiion {cal/mole)
Y, = molar volume of vapor (mL/mole)
V, =molar volume of liquid mi/mele;.

The values obtained are §79.0, 346.8, and 542.3 cal/g fov pure water, LGP1845, and LGP1846,
respectively, and the value for pure water is in excellent agreement with the accepted literature value
of §79.5 cal/g &t 20° C ("¢an 1973). Latera heat of vaporization is a measure of intermolecular
bonding, hydrogen-bonding specifically ir: the case of water. The fact that the values obtained for the
propeliants are lower than the latent heat of vaporization of pure water would indicate that the water in
LGP1845 or LGP1846 is less strongly associated with itself than it is in pyre water. Although the
difference between the value for water and the propeliants is larger than the uncenainty of the
calculation, the sams canuxat be said for tie diflesence between LGP1845 and LGP1846.

An ideal solution is one tha satisiies Raoult's Law and is iliustrated by a dilute solution of
sucrose in vaater. Siace the ionic species act indspendenily in very dilute sglutloas of a strong
clectrolyte such as NaCl, kowledge of the concentration of dissaciated species is required if Raoult's
Law is to be applied W sodetions of ionic salis. In fact, thw use of Raoult's Law is one method for
estimealing the extent of ionic dissociation i aquecus solutions (Fricdman and Krishman 1973) and is
apgicable to 0.001 M NaQl, for cxample.

The result oblained by dividing propellant vapor pressure by the vapor pressure of pure water ai
the same temperaiure should be independent of temperature if Raoult's Law were applicable to the
propeliant mixtures and the value of the constarg eblained would indicate the degree of dissociation of
HAN and TEAN. These vapor pressure ralios were calculated and are presenied as a functicn of
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Figure 3. Propellant: Water Vapor Pressure Ratios,

It is clear from Figure 3 thai at 1east two phenomena are seen, one affecting the data below
approximately 25° and a second, temperature independetit, effect at higher tesaperature, The lower
temneranrs d: . 1 show that the propellant: watcr vapor pressure ratio increases as temperaiure
decreases il suggests that some process, not considered when applying Raouit’s Law, is taking place.
The data indicate that the rate of change is higher for LGP1846 han for LGP1845. Both this and the
obiusvation made carlier cor. :ming the differunce in vapor pressure betweesn LGP184S and LGP1846
would indic te thu at least some portion of the water present is associated with HAN and/or TEAN in
a manner that affects is vapor pressure.

Raoult’s Law can be applied ‘0 the Figure 3 data above 25%. If the saits in LGP1845 and
LCP1846 were undissociaied, then the mole fractian of the water present would be 0.553 and 0.605.
Ii, on tne other hand, the salts were fully dissociated, the comparable values would be 0.282 and
0.433. The degree of dixvociution of HAN + TEAN that causes the vapor pressure ratio o be 1.0 is
the value that satisfics Raouic's Law. The water mole fractods values required o obizin a vapor
peessure ratio of 1.0 for the date above 2°° are 0.433 and 0.481, respectively, implying that HAN +




TEAN is 88.2% dissociated in LGP1845 and 30.0% discociated in LGP1846. Dissociation values in
this range are usually obtained for very dilute electrolyte solutions and do not rcflect the degree of
dissociation that could reasonably be expected in the propeliants. It is probable that Raoult’s Law is
not applicable cven at temperatures above 25°,

2.3 Density. Water is an anomalous liquid in that it exhibits a density maximum at 4° C and
negative thermal expansion between 0 and 4° (Eisenberg and Kauzmann 1964¢). 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 comresponding 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 LGP13845 decreases at a
rate of 7.1188 X 10* g/mL per °C. The density of LGP1846 is more temperature sensitive than is
LGP1845 since its rate is -7.1327 X 10* g/mL per °C. The linear temperature dependence indicates
that the HAN-TEAN-water system is well-ordered and simply 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 o 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
decomnposition at atmosphieric pressure, the result of propellant aging in storage, will produce the acid
and cither N, or N;O as the only stable products. Mixtures in which N, is a reaction product will be
different compositionally from those in which N,O is produced. Such medified LGP1845 mixtures
were prepared from HAN, TEAN, nitric acid, and water primanly to study the effect of excess acid on
stability and performance (Klein, Levernitt, and Baer, to be published). The density of the mixtures
was determined at 20.0° C (Klein, Leveritt, and Baer, 0 be published) and the hard-sphere density
model (Sassc 1988; Sasse ct al. 1988) modified in accordance with published nitric acid density data
(Weast 1981) assuming that the added nitric acid does not interact with the other comporents. A
comparison of the appropriate calcutated and experimental density values for these mixtures is
presented in Figure 4.
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Figure 4. Density of HAN-TEAN-Nitric 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 A
not consiacred in the calculation. 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 measurea densities of mixtures containing 5% acid are higher than the
calculated values. It would appear that the addition of acid converts the propellanis from well-ordered
mixtures to ones that mose closely resemble conventional aqueous systers.

Since both vapor pressure and deasity do not exhibit the behavior expected of aqueous solutions, it
would be reasonable to suggest that other colligative propertics will also be unusual. The freezing
point of water is depressed 1.855° per mole of solute and the expected freezing point of LGP1845
should thercfore be between -36 and -40.8° C. What is observed, in fact, is that the propellant remains
liquid to -90° C, at which temperature it docs not crystallize but becomes a homogensous glass.
Boiling powui clevation is not cxperimentally determinable because the mixture urdergoes 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.




2.4 The Acidity of HAN and TEAN. Ths 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 considerable practical importance because acidity will probably
influence corrosivity.

HAN would be expected to dissociate to the hydroxylammonium and nitrate ions, each of which -
then reacting with water as follows:

NH,OH-NO, 2 NH,0H*+ NO; (1)
NHOH' + H,0 ¢ H,0" + NH,OH 2
NO; + H,O 2 HNO,+ OH" (3]
}I,Q’ +O0H™ 2 2H0 (4]

The weighted sum of the reactions produces the concentration of Spccics found in solution. Since the
equilibrdum for Reaction 2 (listed above) is further to the right than for Reaction 3, a dilute HAN
solution will be acidic. A comparable sct of reactions can be produced for the dissociation of TEAN.
One nomally studics ionic dissociation at concentrations low enough that complete solvation of the
jons that result from dissociation does not significantly lower the solvent concentration. As a result,
the ions are completely surmounded by regions of unperturbed solvent and behave independently of ong
another, producing results that, when treated approprialely, are independent of solute concentration.

The dissociation constant that describes ionic dissociation of the solule at equilibrium is probably
the most important of such concentration independent data. The concept of acidity in concentrated
solutions must be approached cautiously because it «s not an extension of results obtained with dilute
solutions. The data become conceniration dependent as solute concentation increases and the
concepis are probably no loager applicable (Dufly and Ingram 1981). An unambiguous definition of
acidity in concentrated solutions and methods (0 be employed in order 10 acquire significant data are
peesently areas of active discussion.




The concentration of HAN and TEAN in propeilant is tisuany determinud titrimetrically, a
technique that requires substantial dilution. Under such conditions, the concept of dissociation
constants is valid and they are uscd for data evaluation. The dissociation consiants 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 salis 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 han, 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;" -0~ the tautomer of hydroxylamine. The charge separation prescnt in ammoiia oxide
would cause it to be thermodynamically less stable than hydroxylamine and the extremely high
mobility of the hydronium ion in dilute, aqueous solution causes the oxide to rapidly rearrange to the
energetically preferred hydroxylamine. Replacement of water as solvent with one that inhibits
ionization, such as 95% cthanol, would substantially reduce both mobility and concentration of the
solvated hydronium ion, thus increasing the lifetime and hence the equilibrium concentration of the
oxide. It can be reasoned that data obtained in the less polar solvent should parallel results in water at
very high salt concentration since dissociation wiil be infubited in both cases.

The amine oxides of tertiary aliphatic amines are relatively stable and have been isolated
(Smith 1966). Companson of the acidity of the amine oxides with their amine and hydroxylamine
analogs indicates that although the amine oxides are less basic than amines, they are more basic than
the appropriate hydroxylamines. Thus, if it assumed that the properties of ammonia oxide and
hydroxylamine parallel those of their aliphatic analogs, ammonia oxide would be more basic than

hydroxylamine; HAN dissociating to ammonia oxide and nitric acid should 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 suppnrts the existence of the HAN 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 determinazion 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 LGP1846 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-Tammann-Fulcher
(VTF) equation (Smedley 1980a; Angell and Smith 1982), one of several developed to describe the
effect of temperature on transport propertics. Applied to dynamic viscosity, the VTF equation is

p=aT 'mexp(-b!('l‘-To)].

where B = viscosity (mPa-s)
T = temperature (K)
a, b = coastants, and
T, = e temperature at which the function gocs o zero.

The principle of "free volume,” a concept developed by Ciuhen and Tumbull (1959), gave
theoretical significance w T, and the constants. Briefly, this concept assents that when mass transport
occurs under the influence of an applied force, molecules move into available volume voids, the
volume of the liquid being the sum of the volume of these voids (free volume) and the volumne of
closs packed molecules.

Over the -55 to +65° C temperature range, *he values of T2 span the interval 0.054 to 0.068 and
do not affect results 0 a significant extent. The equation used is

It = A + BAT - T)).

I




T, is close to, but is not, the glass transition teanperature. The value of T, is concentration
dependent and Inp varies linearly with 1/(T -T,) 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 MPa. At any given temperature, Iny varies linearly with pressure. The
VTF equation thus applies to LGP1845 over an interval in which viscosity varies from 3.8 to 380,000
mPa-s and to LGP1846 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 vther transport
properties.

The specific conductance of LGP1845 and LGP1846 at 20° C is 65.5 and 74.7 mS/cm
(Vanderhoff, Bunte, and Doamoyer 1986). The specific conductance of LGP1845 is lower at any
given temperature than that of LGP1846 and is co sistent with the observation that the conductivity of
molten salts generally decreases 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. Conductanie is comparable to that of 1 weight-percent hydrochloric
or nitric acid and is lower than that of saturaied aqueous solutions of 1:1 electrolytes at 20° C. The
relatively low conductance coupled with ver, :.igh solute concentration would indicate that the charge
carrying ions are quite large and of Yimited mobility. Comparison with molten salts at or near their
melting points (Klemm 1964) is difficult because of the large temperature differences involved. Sin.
the VTF cquation shows lincarity with temperalure, a somewhat dubious extrapolation of about 200°
¢an 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 malten AgNO, at 250 and
300° C (Byme, Fleming, and Wetmore 1952; Goodwin and Mailey 1906) and are 0.85 and 1.06 S/cm.
Extrapolation of the LGP1846 data to these temperatures produces values of 0.84 and 0.99 S/cm.
Agreement is reasonally good and further supports the contention that the propellants have the
transport properties of molten salts.
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Since pmpcllém properties appear to be characteristic of molten salts, available daia 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 temperagure
and pressure, and condition. could exist where these properties are temperature and pressure
independent. Achievement of such conditions for the propellants is probably not possible since
thermal decomposition at about 120° 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 than required for pressure independence. It is, however, reasonable to predict that
the rate of change of transport properties will decrease as the propellant is taken from ambient storage
to the operating conditions found in a liquid propeilant gisi.

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 curreru status of such models is quite good.
Molten salts ind 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 mixvures has been
deduced fram spectral and other data, no comparable data exist for eithier TEAN or the propellants.
The development of propellant structure models are thus twofold hampered and is limited to possibly
equivocal qualitative descriptions.

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

permanent dipole moment. The negalive end of the molecule is the oxygen atom and the value of the
dipel: momem & large encugh that the positive hydrogen atoms from neighboring water molecules are
sufficiently attracted to form hydrogen bunds (Bisenterg and Kauzmann 1964c). The organization
¢reated by this hydrogen-boad netwosk is Quite extensive aud ome -odel o f liquid water describes a
collestion of water molecules in ice-like clusters that show evidence of both shomt-range ang
long-range onder. The region between the clusters is occupied by essentially unorganized water. This
model successfully accounts for many of the physical properties of this unique and anomalous {luid.

Wheir a small quantity of an iomc compound is tntroduced, it causes water maolecules to rearrange
frown their oniginal cluster structure tato new arrangements around the iows now present.  Stnce
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orieniation of the water molecules around cations and anions will be different, at least (wo new
structures will have been produced (Murrell and Boucher 1982). When the new arrangements produce
structures that are better organized and more tightly tound than the original, the added ions are
considered "structure making.” If, oun the other hand, the new arrangement is less organized than the
original, the ions are considered “stiucture breaking." I is not only possible bus probable that the
structure-medifying properties of the cation and anios will be different and the overall effect observed
will be some composite sum of the structurcs of the various clusters. Various cluster models have
been developed and account for many of the properties of aqueous solutions including the "abnonmal”
properties such as activity coefficients that are greater than 1.0 and vapor pressures that are greater
than the partia! molar pressures of components. The energies involved in ion-Gipole and dipole-dipole
inceractions that are the basis for cluster formation, are quite small so that structures can form and
break up easily. Care is required when evaluating these models because the various physical
propertics are sensitive 10 extemal stimuli. Transport properties such ... viscusily and conductivity,
require a departure from cquilibrium and can therefore exhibit structure effects that are different from
those seen with equilibrium properties such as density and vapor pressure.  Selection of an appropsiate
physical property with which to measure structure modifying effects and the sosting out of
contributions from the different species present often make evaluations 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 soivated ion becomes
concentration dependent. The possible existence of new iuiiic specics, crealed by the close proximity
of solvaied and partially solvated lons 24ds further complexity to an already complex molecular
arangement and diminish the possibility that anything other than a qualitative, descriptive model will
be produced.

3.2 The Structure of HAN. Evaluation of the transpost progertics of soveral low-temperature
molten salts coniining water, such as Ca(NO,),, led (0 the conclusion (Angell and Bressel 1972) that
these melts form an ionic continuum with no discrete structures. The small amount of water peesent
3pparently entered the inner hydration sphere of the cation and did not peoduce any significan change
in the ionic continuum. HAN, with a meliing point of 44.5° € (Ot and Astman 1987), fits this

catogery Guite well. It is substantially more soluble in water than is amaonjum nitrate and forms a
cutextic af 76.6 weight-percent HAN. lis high solubility and low melting point could suggest the
existence of an ionic cominuum, with waier tn the innor hydration sphere of the HA® cation.
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The descrip*~a of conceniraled HAN-water mixtures, derived from interpretation of the transport
ploperties of salt melts, would scem to contradict the structure of the ion-pair shown in Figure 1 which
is based on interpretation of spectral data and is essentially an equilibrium sttucture. The phase
diagram of tae HAN-water system is a simple eutectic type (O and Artman 1987) and indicates that
00 well-defined hydrate is produced at any HAN:waler ratio. The ion-pair proposed is anhydrous and
offers no indication of location or quantity of associated water. Whatever walter is present woul. be
relegated 10 hydrogen-bonding with the other nitrate oxygens or hydroxylammaosium nydrogens, as
seen in the infrared spectral characiesistics assigned to those entities. The spectrum of the ion-pair
changes only in amplitude as concentration increases, indicating that water plays little or 20 role in
modifying the properties of the lon-pair. It should be noted that the hydroxylammoaium hydrogens
can also hydrogen-bond to the nitrale oxygens and thus compete with water. The resuiting HAN
cluster would contain some water that is hydrogen-boaded to either or both hydroxylsmmonium or
nitrate ions in addition to the ion-pair shown in Figure 1. The hydrogen-bonding asrangements other
than the ion-pair are apparcntly so similar encrgeucally thai they can easily move from one 0 another
creating a time-averaged structure.  This highly mobile HAN cluster structure would continue o cxist
until sample teraperature became low enough to localize the bonds spatially. Concentrated HAN
mixtures tend o supercool and do not crystallize but instead fomm glasses at about -50° C. The
iemperature required for hydrogen-boad localization weuld be well below this temperature and the
existence of a flickering, time-averaged HAN cluster may explain the extremely large temperature and
concentration range over which HAN-waler mixtures remain liquid. The depasture from cquilibeium
required 10 measure 3 transpost propesty could introduce enough energy to rearrange or momentasily
disband the cluster and it is Quite rossible that neither model depicts the “tue™ structure of the
HAN-water system.

The effect of solvent on the acidity of HAN (Marincrko 1987) supposts the structune propased in
Figure | and also may seive 1o illusteale the relation of structure (0 mactivity. The presence of acid
strongly influences the reactivity of the propellants (Klein and Sasse 1980). and 3 favored HAN
structure thas influences its acidity would be expected to exert some cffect on both the course and raie
of its reactions although a distinction botween intemad acidity and the addition of acid to the mixture
must be made. As wili be shown subsaquently. the addition of acid slso modifies the stucture of te
mixure and i is possible that the obsarvad acid effects are exacerbated, if not caused by, thess
structural changes. A
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3.3 The Structure of the Propellants, TEAN, the nitrate si.i of tricthanolarine, is a larger and
more complex molecule than HAN and plays a more complicated role in the propellant mixtuss. Both
inter- and intramcleculz: hydrogen bonding is observed since the three OH groups in TEA® are
positioned to encourage both types of bonding. Evidence for the coatribution of the CH group to
intermolecalar hydrogen bonding is apparent from the boiling points of the tertiary alkyl amings,
tricthylacnine, diethylethanolamire, ethyldicthanolamine, and tricthanolamine. 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 ethanol morphwline are readily
obtained as decomposition producis of ethyldiethanolamine and triethanolamine respectively, and
provide evidence of intramolecular hydrogen bonding. In addition, the OH groups readily form
hiydrogen bonds with water in amine-water mixtures and explain why water and triethanolamine are
compicely miscible. These tendencies extend to the nitrate salts of the amines and one sces, for
example, systematic changes in stoichiometric aqueous mixtures of HAN-tricthylammonium nitrate at
constant molarity with both density and viscasity increasing as OH groups replace hydrogen (Decker
et al. 1987).

Neither spectroscopic nos crystallographic data arc available as yet for TEAN so that the formation
of ion-pairs or L.c type of ion-pair formed is conjectural. Electron density maps obtaineu from
modeling calculalions using the Polygraf* molecular modeling program, indicaie that the three OH
hydrogens are the most electropositive sites of the TEA on and any water present would preferentially
hyleogen-bond at these locations. The charge density of the resultan TEA®-3H,Q ioa is such that no
pasticular hydrogen is strongly favored for ion-pairing with NO, and 3 aumber of ion-pairs are equally
probable. Whereas HAN scems to prefer the simple HA®-NO, pair, TEAN could well form a pair
that includes water such as TEA™-1,0-NO; , an amngement commonly called 3 solvent-separated
ion-pair, in addition 1o a pair invoiving the NH hydrogen. In ihe case of propellant mixtures, it is also
possible that one o¢ both ¢f the remaining oxygens of the nitrate ioa that is part of the HAN becomes
involved in TEAN hydrogen-bonding. Since the cnergy of the O-H hydrogen boad is a mere 6.7
koal/mole (Eisenbesy ard Kauzmann 19643) compared with 117.8 keal/mole, the O-H chemical boswd
encrgy (Wagman et al. 1965), vasious structures can co-cxist, formaing and bresking up easily. The

* Buobesiga, Inc. Passdens. CA
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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 couid consist of well organized
HAN-TEAN-water ciusters surrounded 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, 1 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 mo&eling softwarc 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 surtounded by regions of unstructured water is supported by the lowered
values for latent heat of vaporization of water in LGP1845 and LGP1846 that indicate somec of the
watel 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 clectrolytes and shown to be
unrealistic since 0.1 M solutions of HCl or KOH, for example, are only 80% dissociated (Hamed and
Ehlers 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 25° accepted at
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face value, the data at lower temperatures would then lead to the conclusion that the propellant
compounds are more than 100% dissociated. The presence of inter-cluster water that is less structurcd
and hence more volatile than pure water is thus supported by the vapor presscre data. The difference
in the vapor pressures of LGP184S and LGP1846 raises an additicaal point. The mere 11% increase
in vapor pressure associated with the 19% difierence in water content between the two propellant
mixmres indicates that some portion of the additional water is incorporated into the cluster, a structure
more organized than pure water, sufficiently organized, in fact, that normal vaporization is suppressed.

ii\$/0H H_ E M
N -
\o-,c E_ o\d—e — P

Figure 5. A HAN-TEAN-Water Cluster Showing the HAN lon-Pair, the TEAN Sojvent-Separated,

Ion-Pair, and Hydrogen Bonding with Water.

As scen in Figure 2, the vapor pressure of waler and the propellants increases monotoqically over
the entire temperatre rarge under consideration. A point that mus! be stressed reganding Figure 3 is
that vapor pressure fatios rather than vapor pressute da2a are being discussed. Changes in the structure
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of cither the propellants or of pure water are each capable of producing the effects shown in Figure 3.
The data below 25° cculd 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 LGP1845 or it could
indicate that pure water is becoming more structured. Suppont for the increased structure of pure
water can be derived from its isothermal compressibility which decreases as water is heated from 0° C.
passes through a minimum at 46° and then increases (Eisenberg and Kauzmann 1964b). This is
another examnple 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 oréered and compart 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 this time, the explanation that
invokes changes in the structure of pure water seems intuitively mere plausible.

The dencity of the propellants decreases lincarly with increasing temperature and supports and
amplifies features of the structure model. - The effect of temperature on the density of pure water is
well kno. and requires the deveiopment of ice-like clusters to explain the density maximum seen at
4° C. If di yropellants consist of HAN-TEAN-water clusters surrounded by regions of unstructured
water, thie density of the organized aggregates and the unorganized regions separating the aggregates
should be different, the clusters being substantially more dense than the unsiructured water. The
measured density of the propellant is a weighted average of the densitics of the two regions. [f the
existence of HAN-TEAN-water clusters prevents formation of ice clusters, then the Jensity of the free
watcr component will change monotonically with temperature. ice cluster formation would be
suppressed if the unstructured regions were too small to accommodate the number of water motecules
required to form an ice cluster. Altemately, if the HAN-TEAN-water cluster polarized the
unstructured water, an explanation supported by thwe dominance of nitrate ions at its outer surface, the
formation of ice clusters would be inhibited. Temperature variation should change both the size and
relative composition of the propellant cluster in a gradual manner, which, coupled with a monotonic
change in unstructured watcr, results in the obscrved lincar vaniation of density of the pure propellants
with temperature.
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The ability of the Cohen and Trumbull free voluine model to describa the transport properties of
the propellanis is readily compatible with the structure proposed. Mass would be transported from 4
~luster into an unstructured water regicn under the influence of an applied force. The existence of
volurne voids in regions of lower density is a reasonable assumption so that the propellant structure
proposed and the free volume model are virtually equivalent. 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 temperature (T,), the density of the water regioas wiil become comparable to that of
the clusters ard mass transport will cease. Siace neither the clusters nor the regions of unstructured
water separating the clusters undergo abrupt changes with varying temperature and pressure, a
mcnotonic change in transport properties would be expectzd until T,.

The addition of small amounts of nitric acid significantly affects the density of the mixtures and
must therefore profoundly change its siructure. Nitric acid in small amounts adds the hydronium
cation, H,O", to the mixture withcat changing the anion concentration to any substantial extent. The
acidity of the HAN-based propellants is not due simply to the presence of H;0° but is instead the
result of complex salt dissociations and the average hydronium ion concentration of LGP1846 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 102 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 propellands consist of structured clusters sumounded by unstructured pure water, then he
hydronium ion concentration of the unstructured water is less than 107 M, the acidity of pure water.
The addition of 1.6 X 10 M acid to this region of the propellant mixture would significantly change
its acidity and could produce substantal changes in its structure. The propertics of the hydronium ion
in dilutc aquecoys solution are unusual, it being, among other things, the most mobile of all known
ionic species. The very high mobility of H,0° is generally believed (Eigen and DeMaeyer 1958) to be
due to charge wnneling along hydrogen-bonded water chains and the ability of the ion to fom and
stebilize such chains classifies it a "struciure maker.” One possible way in which H,0* vould modify
the siructure of the propellants is by organizing the inter-cluster water into hydrogen-boaded 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 from simple partial molar
quantity considerations. Replacerent 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 hence
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 (Hamed and Robinson 1940) and, once attained,
will not change very much. Additional acid will mak< 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 cffect on the physical properties of the propellants, especially at low teraperatures,
remains to be determined. One might expect that the observation of glass transitions and the inability
10 observe crystallization (Decker et al. 1987), features of the pure propeliants, would change in acid
containing propellant mixtures and that replacement of clusters 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 (increase density) and thus inhibit transpornt
phenomena. The competing effects of reduced cluster size and increased water organization make
prediction of transport properties difficult and call for verification by experimental determination.
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4. CONCLUSIONS

Detailed evaluation of various physicai data lead to a number of conclusions regarding the
properties of the HAN-based propeliants. Several of these conclusions kave practical implications.
Specific conclusions are:

1. HAN, in the concentration range found in propellants, is an ion-pair with the structure
NH,OH*---NO;. 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 structure¢. 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 either propellant or water struciure is seen at about 25° C.

5. The propeliants remain homogencous 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 volume model and the
VTF cquation applies. Variations in viscosity cuvering five orders of magnitude are accurately
accounted for with a single value of T, and attest to the applicability of this trcatment.

7. The peesence of acid in small amounts lowers the density of the mixtures and disrupts the
structure of the propellants. This finding has important practical implications because propellant is
metered into the liquid propellant gun by volume. Changes in density affect volumetric impetus
and thus affect gun performance. It is also possible that small amousts of acid will change the
viscosity and low temperature characieristics of e mixiures.
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