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I. INTRODIICT iON

The understanding of the processes in a regenerative liquid propellant

(LP) gun from injection to final heat release cannot he complete without a
knowledge of the behavior of individual drops under conditions of ignition and
combustion, in our earlier work we have studied the behavior of drops of
hydroxylammonium nitrate (HAN) and the HAN-based propellants LP 1845/LP 1846

in hot flows at atmospheric pressurel and at pressures up to 8.6 MPa
(1250 psi)22 -- in the present study we have extended these observations to
higher pressures and temperatures. In particular, a major goal was to ignite
the drops as indicated by the emission of visible light.

While electric resistance heating of nitrogen gas which was then flowed
over the drop was used quite successfully at the lower pressures, difficulty
was encountered with that technique at these pressures. Although that
technique will be further pursued, it will not he discussed in this paper.
limited number of observations were made with a drop suspended less than a
millimeter from a hot wire. The main reason for attempting this heating was
as an alternative method of drop ignition. In the majority of the work
discussed here, drops of LP 1846 have been subjected to the hot gases and
flames from burning solid propellant. This technique provides hot
temperatures with a rapid rise rate and also more nearly simulates the gas
composition in a gun. In spite of a strong desire to obtain information about
both gas and liquid phase chemical processes, these observations are limited
to high speed imaging.

I. I. EXPER I MENTAL

The basic Iayoiit of this exneriment remains much the, same as reported9
previously.- A new pressure vessel specifically designed to allow for safe
operation at higher pressures than earl i er versions was used here. By
decreasing the interior volume and using sapphire windows, safe )petaLioli in
the laboratory up to 48 MPa (7 Kpsi) was made possible. The window geometry
was also changed to give optical access from all four sides in anticipation of
laser spectroscopic probes of these phenomena. For the work reported here,
the maximum pressures were limited by the pressurization system to about
20 MPa (3000 psi).

A simple fixture, shown in Figure 1 , was made to holdt the drop and
thermocouple in position and contain the solid propel ant. grain. The hole for
the solid propellant was 0.125 in. (3.2 mm) in diameter. The drop was
suspended about _,q millimeter above the biret gas; e-' or t. The chamber was
pressurized with nitrogen; the solid propel lant was 11 lec trical Iv ignited
and the events recorded with stron,g, Contin'uos hack ing at tvpically
20(00 frames/sec with a hi gh speed video ,Vsten (Spill Ph ics Mode SP'20(M).
Final prressrPS wore not rocorded; the pressure ine-rease duo to the solid
huri.ing was calculated to be loss than 1ilY, and was probahblv no, important
hero. The solid propellant used was NoSOl, 361. mail ;orain u we re made I 111 i
long with eitler ().125 inch ( .) ?mm) diam,,tor o)r 1/16 inch (1 .6 Mm) squart .
The I arger of these prov iod a hotter flo w with fiil I I l ari i expolure to rilo
region of the drop. The smailler size wAs osed Witth til thereo1clople(
measurements; it al so provided rea-soiahlo temperatlir,, rises wh'Ile keespi o) (;.il

vetr1CL 7 ;ind turbulonce to a level where visibilit v reminiited re,.,ahl . The
distance from the :,rati L,, 1,' d op tIl511 was varied t,) ciloliv tle tem tllj,r~ltlir(

. . .i i I I I I)



at the drop. The sides of the grains were inhibited with a coating of clear
cement which was only partially effective. Ignition of the grain was via a
nichrome wire embedded aboxit oneC millimeter into the end.

,THERMO COUPLE

DROP

~FIBER IGNITION

WIRE

- FEEDTHRU

I SOLID
PROPELLANT

i ALUMINUM
BODY

Figrure 1I Schematic TDrawi ng of Fixttire U~sed in llost of These
O)bservat ions

Typical temperature profiles is seen juist above the drop posit ion are
.shown in Figure 2. Temperatures were measulred with a d) umn chrome 1-alumel
thermocouple mounted approximate lv two mill imeters above the drop. Recause of
frequent damage to the thermocouples- from sotlid propellIant flames, they were
not deployed it, every case. Typical flow velocities in the drop reg ion were
measuired at ahout (0.3 m/sec, resulting in a moderitfely turhiilont flow.
However, with the strong index of refraction 'gradient,, present in ;] hot flow
at these pressures, even sl ight turbulence maIkes vi ewing oo)d it ions l-;s than
des i cabl e .

The l iquid propel taut for allI of these stocl i es was; IYI 1 9(6 . The drops
varieI in size fromn 100 to 6()() pm diameter. Drops were upne on
50) mi crometer dIiameter fused silica fibers, as shown in Fliire I . The dIrops
;ippeair to be cvl indricallv syminetric alongr the ;lxIq of the fiher, doie to
.sijrtare( tension. The lariger drops are nearlyv spheric'il hobfore heaitinig, e-xcept
for a men iscus ,it the fibher interfaice.

Ill . OHS1RV~kTlONS

The drops heated in proximi tv of a hot wire s howmI( tWoj ch;irrteristics.
The first was that drop lifetime was; longer thain with co)nver~ti ye helt log by ;i
fartor of two or more. The socoi( l-as thaiLt e orcopsca BI r i oti o a very



opaque and dense cloud of vapor when heated in this method. There was no
evidence of internal gas bubble formation or loss of opacity prior to the
gasification. In most cases the vaporization event was complete in less than
0.5 msec following the heating induction period, with a few very small
droplets remaining. Because the heat transfer to the drop is both radiative
and convective, no attempt was made to characterize the gas temperature
outside the drop. The possible reactivity of the L11 with the thermocouple

material discouraged measuring internal drop temperatures.

Two temperature profiles recorded above the drop mounting position are
shown in Figire 2. Both were recorded for pressures near 19 MPa (2750 psi) of
nitrogen gas with the smaller propellant grains. The photography strongly
suggests that the hot flow seen hy the drops is dominated by the burnt gases
from the solid propel] ant. Tgnition of the First was probably not as vigorous
as with that of the second. These two cirves demonstrate some of the
variability of this technique for heating. The curve shown in Figure 2a is
near the limit of rapid rise without fuill flame impingetment on the drop. The
410 pm drop exposed to the flow of Figire 2a lasted about 37 msec, going away
at the point inn icated by the arrow on the curve. Thus the drop experiences
the full range of temperatures from ambient through 12)0°C during i ts
lifetime. Similarly, in Figure 2h, which has been shifted to the right to
avoid overlap, the 28 msec lifetime of the 540 pin drop is noted. Al though
this drop is largler and in a cooler flow, it, lifetime is shortr. lrop
disappearance in these and most other cases was by drop shrinkage over a
period of about 2 rsec or less. No loss of opacity was noted prior to this
time when the drops started to change size and shape. Because of the low
image quality, it was usually not possible to distingT, uish gases leaving the

drop from the thermal flow disturbances. In some cases the drops become
deforned, elongated, or move along tihe fibers as they react. it was not
unusual for the drops to leave the fiber; this event usuallV occurred after
stibstanti;ii heating and is probably related to reduced suirface tension in the
heated liquid. In many cases the fusod silica fiber was bent upward without
hreaking hv the hot flow, usuallv aFter the demise of the drop. In one such
case a 401 pf m drop stayed on the fiher withinut major change is it hent.

Visible omi ssion was ohserved in a few :U1i' is drops vaporized in the

20 MPa runs. In on, ease a residue w;iq also left ro, the fiher which Ilowed
brightly for 2 esec. In cises where the, drops wire in the secondarv flame of
the sol id propl , a) t resl ts w,,re il i quiit,, vir bi In some c;as ; the

drops nr'rlv decrased ill n i e; in otlir, t l t:, Iorm d a hrighrt ontl in e
of the drop ais it was cinsried o Si 1C' the - i) ho rne d 1-T 0 cr thin the,
I Lii i id , it was l ot rlear that the drip w:i is, iti, .

At tempts wre, ;aie to quI int i v the, hihtiv or it the, dro s is thfyv were
he(,eted in the F(Iw. The first of thfe;, i shown ihi Fi- ir . Her, the the
appairent di imeter of the drop heated in tho fl l in i 'I 2) was oht;ined by
computer edgke fitting of the drop imaget wit h a 'i rl,. Tw i trinds aippoi'r in
this plot, O i ;in aplr);rent 0sc(i lIt (n i mt i r r i in,,ter; t he tci d is ;in
overaill increuas in diameter with tim . The u), I lit ion nay wIll he doe tn

thermal inagle diMLtortion ;i1id will no)t he adt ri' se,, l rthttr ortil i btt r dat ;
;ir, v; ii lhI . Tihe increas, in doi t;r iesi, La e ha, rti ibl. 'I. The re, is no
,vi'dence (F into.rn.il bubhle toc'a:it ,)n r 0-hrll ,' in q):'it ,v dirin, this t imi'.

The drop did hcoin, opaqu,, def,rmcd, :iid di sappir,,d in Lh,' thre frams
(1.h msec) .,ollowing the lst plottd I oiut

.......... . . .I I I I III I II I II
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Figure 2. Typical Rapid-Rise Temperature Profiles as Recorded Above

the Drops with Solid Propellant Heating Near 19 MPa. Arrows indicate

time of drop disappearance for (a) 410 pm and (b) 540 pm diameter drops.
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Ficure 3. Computer Fit of Drop Diameter Versus Time for the Drop

Heated in Flow of Figure 21). Time zero is at first sign of hot

flow at drop position.

The other attempt at characterization of behavior was to measure the drop

l ifotJoe versus initial diameter under conditions where the poIii propellant

grain position and size was held reasonably contant. The rosiilt s of two such

triqls ;irp shown for 9.8 MWa (1275 psi) and 14.5 fPa (21W) psi) in Figire 4.

\s can he seen, the reproducibi itv is not good.
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IV. D0SCIISSION

Although a major goal of the present study was the ignition of drops in
order to characterize such parameters as the extent of liquid phase chemistry,
the location of ignition, and the structure of the subsequent flame, it is not
clear that any drops have yet been ignited here. As mentioned, a few drops
have burned under the inflnence of solid propellant secondary flames, but it
is not clear that their combustion wetild have continued without this
stimuli. The observation of some visible light in the wake of disappearing
drops suggests that the gases evolviig from the drops may be marginally
igi[table tinder the flow conditions existing here.
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Fi !Ire 4 . Time from First Heating to Disappearance of Drops for a

Ranie of Diamot ers at (a) 8.8 Ml;a and (h) 14.5 MPa

The explanation of the appare;nt drop expansion shown in Figure 3 is

difficult. It is qiite possihle that the drop shape is oscillating and/or
rotating with some -o.,iplex spheroidali/elipsoida[ gfeometry. The image ,
interpretod as sph,-ricati from one direction, could vield the plotted values.
The amount of diameter increase is too grreat to he explained by simple thermal
expansion. There is no evidence of liquiiJ phase chemist rv, si('h as hubble
formation or i ang i light trarlirli s.sion, a.s wa.s son at lower presstires in

the e;r Ii r sti s . t is )oss i hI P that there ,ir, ch;in es in the conmplex
Intorrln(lecular interactions of the liquid and thus (of the dens;ity. The degre,
o)f expansion is certainly g4reater than seen -it lowe'r pressures pri,)r to bubble
formation, as for example in Figure, 8 of Rferonce 2. As with the
os-ill ations, thiis point roriuires hettr ,,tub with less tuirhllonco ind thermal
distortion to be resolved.

The actual physical ovent dhirinmg the disappeair,nce of the drlps is not
well defined for these o)hservation,;. Th~it is, it is not cle;ir if the outer
suurf ac i of the dr)p is being physical ly ()r re;act ivelv ablatfd, if it is
('hemical ty roacting to volatile liiuid ,mr t ,) ses, or even if the critic:l

p, int of the li quid is being, e xceed.d . Without ,101n v iI s o f tll) chaInges i )
I iqt(I u m()nlcisit ion, especial [v near the slrface )f the Iron, it is not clear
hiew to d ifferentiate th-s possihilities . \lthoiurh in the m.'lativ events that

• , .i i I I I



have been recorded some look more like one of these possibilities than
another, none can be ruled out definitively.

Perhaps the main conclusion that can be reached from the data plotted in
Figure 4 is that the drops do not see the same environment even when the
grains and ignition conditions are duplicated reasonably well. The greatest
difference in these experiments is probably ignition of the grain, depending
on the interaction of the wire with the solid propellant. In this figure
there are clearly trends toward longer times for larger drops or with lower
pressures, as seen before. 2  Again, more observations are required.

V. FUTURE STUDIES

Studies using burning propellant for the heat source remain of major
interest because they provide a gas composition more nearly like that
encountered in the gun environment, especially with regard to water vapor
concentration. Thus efforts will continue to provide a reproducible and well
characterized hot flow from such sources. One approach not yet tried is to
use a small amount of liquid propellant. With this technique, a reproducible
amount could be reliably metered and the ignition/propellant interface could
be made more reproducible. Of course the liquids may only b,,rn sufficiently
well at the tipper end of the pressures of interest here .

Attempts will continue to make an electrically heated flow chamber that
can produce an environment independent of pressure. In addition, the
desirability of freely falling drops suggests the injection of drops into a
preheated region. Such injection involving a minimum quantity of LP for
safety reasons have been the subject of some effort here without success.
These will continue.

major parameter of interest remains the degree of liquid phase
chemistry in the drops during heating as well as the composition of gases
evolved from the drops as they react. Preliminary experiments have begun to
appli Raman spectroscopic techniques to the drops in the nanner of Chang, et
al ., hut with the enhancement of using a copper vapor laser at uip to 21) KHz
repetition rate to give , time resolution. Theese Itforts and those of gas
phase spectroscopy near the dro ps require a somewhat 1 ess tiirbulent
environment to allow sufficiently accurate aiming of thew laqer ba. The
,chievement of these meastireoments will be qiuito difficilt b, lt they do appear
to ho possile.I

,odditional ef4tarts include increiasing the oper.iti ug prepsire cfl the
chaber to about 6000 psi (41 MVa). This increase rtrlc i res enlv han',its in
the gas upIplv system. The copper vapor laser will ilso h, us;ed n, ,r
extensively for imaging in order to make more dpfinit i,:u ohs,ations.

Obervations made in our laboratory on r, Iatid e- perimen s hav,, suggested
that a major source of variabi I ity in the present w.iLoirelento is d Ie to
changes in water content of the LB drops durin , the i, between placeli'nt of

the trop on the fiber and the experiment. ct fcrt, tn "sir md/cr control
this parameter will he made if possihle.

i i i I I I I I I(I



VT. CONCLI S f ON

This study has shown the difficulty of making detai led observat ion,; of
individual drw-- of LP tinder conditions of high temperatutre and pre.-sure At
the same tim. is cleair that wi th refinement these observat ions should viel d
data which w characterize the response of these drops during inj ect ion into
a gun dutring ;it least the igni tion phase. Thel pressuire and temporat ure t rends
of the preyvious stutd is have been extended and behavior appears to he
conlsis ten t. The posi h i I i tv o f t he d rop hehviior he i ug relait ed to t he
prox i in i t y of the c r i t i calI poi nt of these I i q ii id(s rema i n s anl unknown . St iid i es
o f t he neA r fu tuire shoulId prov ide (Itm I tY v(lata t o prov ide a1nswors f r Lhs
(Iulest ionls .
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