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1. INTRODUCTION

The current design approach (Concept VIC) for utilizing liquid monopropellants in gun applications

involves the high velocity regenerative injection of propellant from a reservoir into the combustion

chamber. Experimental gun fixtures utilizing this concept have been successfully built and fired in sizes

ranging from 30 to 155 mm. The experimental data obtained from these fixtures have been simulated

using interior ballistic models based on a lumped parameter treatment of the combustion process (Coffee

1988; Coffee, Wren. and Morrison 1989, 1990; Wren. Coffee. and Morrison 1990). Good agreement

between the experimental data and the simulations has been achieved with respect to pressure-time

histories, piston motions, and projectile velocity. Despite this success, more fundament! characterization

and modeling of Regenerative Liquid Propellant Gun (RLPG) processs is required for predicting high.

performance gun firigs and resolving rcmainng techcal issues.

One technical issue which has received considerable attention is the large pressure fluctuations

observed in virtually every RLPG caliber and geometry tested to date (Graham 1988, Knapton 1990.

Watson 1989). Although muzzle velocity is linle affected by these fluctuation, there is concern that they

may have an adverse effect on projectile components. Analysis of prtssure vs time tram from 155-mm

gun firings reveals that the fluctuations have both cohernt and incoherent wave stucture, with most of

the --- rgy stored in the incoheent waves (Habed 1992). The coherent waves can in most es be

ratcd to acoustic modes which depend on the global gcometry of the combustion chamber. The source

of Wncoheetl fluctualons is uncertain. Auempts to reduce or eliminate preum fluctuations guided by

analysis of experimental gun fiing data have been only parially sucessful. Sone ttdwton of the

cohert fluctuation has been achieved through the use of bafles and cavities (Wa . Knap . uid

Boyer 1989). jet dispersion devices (Deirito et &1. 1991), and modified injector fac=s (Watson, KnapuAo

and Boyer 1989). Recently, flucthu were eUminated entiredy in the Ballistic Rtsearch Laboato

(BRL) 30.m RLP fixture by InsertWg a rubber howe in the combustion chamber (Bo)v 1992),

However, the raon this d&vice wouUs is nox undmrstoo ad the implementation and usefuslnew of such

a device in larger, higher perfomanc guns such as the 120.tm tank gun or the 153-mm bowitzer remain

to be prove.

Whether cooierent or incohemre, pmss fluctuations will be eliminated if the volume of wireActed

propella present in the combustion chamber at any instan is reduced sufficently. Re&stc two-th

flow modeling of gun combusto pocesses would suggest approaches to achieving this goal. Houver.

x menta daa cowAn the dspsion patns of liquid in he chambe and actual voumetnc
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combustion rates are required to validate such models. Experimental visualization of spray combustion

has proven useful in obtaining such information for a variety of applications, and several studies related

to RLPGs have been reported. Baier (1986) attemprte to visualize spray dynamics and combustion in an

actual gun fixture, but the phenomena of intcrest were largely obscured by excess luminosity and the

optically thick combustion products. To overcome the obstacles to visualizing sprays in a gun, early

laboratory scale experiments with liquid gun propellant (LOP) sprays in windowed test chambers were

conducted by Birk (Birk and Reeves 1987) and later by Lee (Lee et al. 1990). In both efforts, LGPI846

was injected at velocities of 50 to 100 m/s into a post-combustion environment of argoWhydrogen/oxygen

(Bitk and Reeves 1987) or nitrogenimethane/air (Lee et al. 1990). Both groups also used high-speed

cinematography in the range of 1,000 to 5,000 frames/s with backlighting (shadowgraphy) to record

events. The ambient gas temperature achieved In these experiments was close to the flame tcmperature

of the LGP. However, observations were limited to pressures less than 9 MPa because at higher pressures

radiation from the ambient gas obscured spray details. Also, fogging of the windows by the presence of

water vapor and the cooling of die ambiten gas by heat losses to the walls limited test durations to a few

tens of millisconds

The photograV c data of Birk (Birk and Reeves 1987) pwmpted Lee (Lee et al, 1988) to modeW the

LGP sprays using the locally homogeneous flow (1iA*) approlmax~on of multiphase flow theory. Later,

Lee and Paeh (Lee and Farh 1992) concludcd from their own experiments tt searated flow

coasideratioc s for LGP sprays must be taken ihto accoit. Although tie ftories yielded spray pcnetratlon

d~suns in reaoumablc agrement with the experiments, the asswaptio=s and choice of em;Arical motatsw

used awe suspect. Also. neitkr the experimental masuls nor the dhories piuvide bSght with res to

the pssum flucumto obscrved in actual gun fiaturs.

This rep summarizes cxperienas conducted at the BRL Spray Research Facility to visualize jU

breakup. atoimizon and combustion of LGP sprays at pesums significantly above ftm audied

previously. Obcation of spray details due to radiation frm the ambiekt gas was avoided by ini'tiing

spray vectivty (Le., evap•ration., ignition, and combustimn) in 33-MPa 500P C clear nikmgcn In addition.

the LGPs were seeded with lithium and/or sodium nitrate to enhance flame visibilty. To avoid problems

inherent in using shadWowgra$dc techniques, snd to provide beiter ditinction betwn (lam ad unracted

liquid paiiicles, a copper vapor laser trobe was used to slice ft spray at 90W to the camer This allowed

tUe color high-speed cinmatograpy to be used for visua•izaion. and facilitated lnnovatii'c color unagc

analysis for spaialy mapping spray reactivity. Co mWsW sprays of LGPI1845. aqueous so•u•ios of its

2



subcomponents HAN and TEAN, and a newly formulated HAN-based propellant (LGP1898) which has

DEHAN instead of TEAN as the fuel component (Klein et al. 1991) were investigated. Purely evaporating

sprays of nitromethane and ethanol at temperatures and pressures above their critical points were also

studied. The results of the experiments with the highly reactive LGP1898 were the first to detail its

combustion in a spray, and they have motivated further testing of the propellant in actual gun fixtures. The

experimental results are analyzed and discussed with respect to the aerodynamic theory of jet breakup. The

implications of the results for modeling RLPG phenomena are also discussed.

2. EXPERIMENTAL SETUP

The experimental setup is shown schematically and pictorially in Figures IA and 1B, respectively.

Propellant is injected upward into hot nitrogen delivered to the test chamber from a high-pressure gas

reservoir via a particle bed heater (PBH). The injector is a patented design based on a regenerative

concept (Birk and Bliesener 1991). Injector piston motion is monitored by a Wolff Hall-effect magnetic

sensor, and by a photo-interrupter device (Birk and Reeves 1987) from which the injection velocity can

be determined. The PBH (Birk and Reeves 1988) is a pressure vessel which contains 1,000 cm3 of

800-pm alumina particles. The particles fill the annular void between two porous cylindrical frits. Prior

to a test, the particles are heated electrically to about 8500 C. Gas is heated as it passes radially inward

through the bed. The test chamber is cylindrical with a 75-mm inside diameter and a total volume of

1,050 cm3. It has four opposing 25-mm-thick rectangular sapphire windows with 97-mm x 32-m.m

apertures. Chamber pressure is measured with a pressure transducer (P) (Kistler, Model 607C). The

pressure regulator (PR) upstream of the PBH maintains a (preset) minimum pressure in the test chamber.

System valving is controlled elecuopneumatically. The temperature at the center of the chamber is

measured with a 0.05-mm chromel/alumel thermocouple (TC). Access and support for the thermocouples

are provided by chromel and alumel electrodes fed through fittings on opposite sides of the chamber.

For the experiments reported here the injector was loaded with 35 cm3 of propellant. Among the

propellarts studied were LOP1845, LOPI898, aqueous solutions of HAN and TEAN, and nitromethane.

Experiments with ethanol end pure water were also conducted. A small amount of water (0.5 to 0.7 cm3)

was loaded between the propellant and the Injection orifice to prevent the propellant from being ignited

prior to injection by heat transfer from the amblent t, .;. (Thus, the injection of the buffer water preceded

the actual propellant injection.) To flush the system after the propellant was injected, 47 cm3 of water

was also loaded "behind" the propellant. The two (water) buffer zones in the injector were Isolated from

3
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the propellant by traveling seals. In most tests, the propellants were seeded with approximaely 0.5 cm3

of a saturated nitrate salt solution to produce flame enhancement and spectroscopic markers. Aqueous

Sr(NO3)2, Ba(NO3)2, LiNO 3, and NaNO3 solutions were tested for these purposes. Each is fully miscible

with the HAN-based propellants and it was considered that their impact on propellant chemistry and

combustion would be minimal.

The propellants were typically injected into 5000 C 33-MPa nitrogen. These were the highest

temperature and pressure conditions that could be reliably sustained. The upper limit for pressure was the

threshold above which the sapphire windows, though rated for 65-MPa service, were prone to fail. The

ten.perature in the cha•mber was limited by the :empeiaure to which the particle bed could be heated and

heat losses. For safety purp.ses, and also for stabilizing the temperature in the test chamber, the chamber

gas was continually exhausted via a 1-mm orifice (far) downstream of the chamber. Ibis resulted in

motion of the ambient gas in the chamber from the top to bottom at approximately 6-cm/s-a value much

lower than the velocities characterizing the spray's dynamics. Thus, it Is not a factor in the evaluation

of the experimental observations.

In an attempt to achieve complete burning of propellant sprays within the field of view, and to provide

maximum test duration, propellants were typically injected through a small (0,5-mm-diameter) circular

orifice. Tests utilizing 1.0-mm and 2.0-mm-diameter orifices were also conducted. All injector nozzles

had cylindrical exit channels with rounded inlets and a length to diameter ratio (1/d.) equal to 4. A stem

valve Incorporated into the injector design sealed the orifice prior to injection. The stem valve prevented

splashing and, together with the buffer water, prevented hot chamber gases from entering the injector and

prematurely igniting the propellan

For visualization, both a color video camcorder (Quasar, Model VM-21) and a high-speed framing

camera (Photoric Systems, Phowec IV) were used. A 10-W copper vapor laser (Oxford Lasers, Model

CUIO) served as a um*be. (The copper vapor laser radiates at 510,6 nm (green) and 578.2 nm (yellow)

with the S 10.6-nm line approximately twice as intense as the 578.2-nm line.) The laser pulses, which have

a duration of 25 ns, were sychronized to the framing ram of the high-speed camera. The framing rate

was typically set to either 2.000 or 5,000 ftuncs/s. The cwuwon cr. which runs at 60 frames/s (only), was

operated in its high-speed shutter mode (I-m*rs exposure). IhN laer's 25-mm-diam.eter beam was optically

steered by a minor (M). cylindrical Ices (LI), and a concave lens (1.2) to provide a 3-mm-thick planar

light sheet th-i sliced the chamber volume symmetrically a4Wg the :ylnder %xis and At 900 to thi camerss.

s



Li some tests, an EG&G strobe employing a xenon flash tube was used to backlight the jet through a

diffuser. The flashes from this strobe were also triggered by the high-speed camera.

Spectroscopic measurements were made with an optical multichannel analyzer (Princeton Instruments,

Model ST- 1000) coupled to a monochromator (ISA Instruments, Model HR-20). A 1-m-long quartz fiber

optic (FG) was used for light collection. Measurements were limited to recording emission spectra of the

combustion process. The spectra were collected from a region subtending a 25-mm circle of the spray

approximately 50-mm downstream of the injector--fh region of highest flame intensity. Scan rate
(integration) cycles of 4 or 5 ms were used. A 150-groove/mm grating was used to observe spectral

ranges of approximately 500 npm. A 600-groove/mm grating, resulting in a 125-nm spectral range, was
used to obtain better wavelength resolution of features identified in the 500-nm scans.

3. WM.ACE DIGITIZ/"'ION AND PROCESSING

Image analysis technioues wter applied to better interpret the cinematic data. This necessitated

digitizing the cirematic records. Digitization was accomnlisLed by projecting the photographic images

onto a screen and recordilg tl, projection to a Super-VHS formatted tape via a professional video camer.

(NC, Model HZ-81I) arnd a digital VCR (Panaonie Mdel AG-1830). The white balance feature of the

video camera was viseJ to v*rrct the color bias of the omjected Image caused by the deviation of the

projector lamp from "tnme white." ("True whlit" is defii•ed as I(R)=l(G)=I(B), whore I(R), 1(G), and I(B)

are the intensity values of the NTSC "red," tgreen," and ".ou" respectively.) The video tape records

were digitized with PC-AT-based frame grabbers to oblsn 8-bit ,nochrouie (`ruevislon, TARGA MS)

or 24-bit color (Tmovislon. ATVISTA) hnagcs. A PC-hased stftwarc package (Jand',l !ctentlfic. JAVA)

was used for monochrome image analysis. Te coor imagi ides were pored via a local area network

(Edrnet) to a Silicon Graphics Personal Iris 41200 wodWstAv for analysis, Color Image analysis was

performed with a UNIX-based softwair packagc (a. W. Hara-aay and Associats WHIP) which was

further developed in-house for the spccIlM neds of this qudy.

4. I"EST MATRIX

This report is based on the msults of 33 major tems. A summary of imporuam experimental parameters

and Le dlaglowdc teclilcqucs employed for each test Is giv,.n in Table 1. The rationale for chaosixg

variou; test paramezmcr :nd diago•osc rmob.s ;s as follows.

6



Table 1. Test Matrix of Experimental Parameters and Diagnostic Techniques

Test& Propellant Inj.Vel. Imagineb Emiss.Spec. Commentsc-0
(m/s)

1 LGP 1845 100 v -- 28 MPa, 4800 C, EG&G
2 LGP 1845 100 v seeded w/Sr(N0 3)2, 28 MPa,

4800 C, EG&G
3 LGP 1845 100-2009 v 8 28MPa, 480P C, EG&G
4 LGP 1845 110 v 480P C, EG&G, I mm
5 LOP 1845 100 v 480P C, EG&G, 2 mm
6 LGP 1845 110 v - 38.3 MPa
7 LGP 1845 110 250 - 750 nm
8 LOP 1845 110 v 220- 345 nm
9 L0P 1845 110 v 300 - 425 nm
10 LGP 1845 110 v 425 - 550 nm seeded w/Sr(NO)2
11 LGP 1845 110 v 540 - 660 nm seeded w/Ba(N%)2
12 LGP 1845 110 vhsc 660 - 780 nm seeded w/LiN03, 27.6 MPa,

HeNe test
13,14 LOP 1845 110 vhsc 270 - 770 nm seeded w/LiNO3
15 LOP 1845 110 vhsc no signal seeded w/ LiNO3. cvi
16 LOP 1845 110 vhsc 270 - 380 nm seeded w/LiNO3, cvl
17 LOP 1845 240 vhsc -- seeded w/ LiNO3, cvI
18 LOP 1898 110 v~hsc 270 - 380 nm seded w/LiNO3, cvl
19 LOP 1898 110 vhsc - seeded w/LiNO 3, cvi
20 LOP 1898 110 vjhsc 270 - 770 nm seeded w/LtNO3
21 LOP 1898 240 vhsc - seeded w/ LINO3, cvi

d 10ignition in iiqJctw
22 64% HAN1  110 vhsc no signal cvA
23 64% HANd 110 vjmsc no signal seeded w/LiNO3, cvl
24 80% TEA 110 v,hs - seeded w/LINO3, cvI
25 H20 125 hsc - cvi, 4000 C
26 H20 95-110 vhsc -- cvl, 530P C, 31 MPN, I nun
27 H20 100-1801 hsC - 200 C, Tungsten lamp,

shadowgraphy, 28 MK., 3.2 mm
28 LOP 1845 130 v,hsc - seeded w/ LiNO, cvI

34 MPa, I mm
29 LOP 1845 150 vhsc - seeded w/LiNO3 + N&NO3

cvi 37 Ma, I mm
30.31 Ethanol 150 vhsc - cvl, 480P C. 28 MPh, 1 m
32 Nltromethano 122 v=hsc - cvl, 4800 C, 28 MPa
33 Nitromethane/ 141 vAhsW - seeded w/ NaNO3. cvi

LOP 1845 4800 C, 33 MPa

"" Nominal ambient condidons: 5000 C, 33 MW&
b v - video carmoder, hsc - high speed cinematograhy

cvC - copper vapor laser illumination
d Balancc H20

Unless specified, injection orifice had a 0.5-umm diameter
t EO&O - xenon strobe

la cicm velocity xmka*W during te.WX
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Of the various Group IA and Group IIA nitrate salts tested for use as flame enhancers, lithium nitrate

proved to be the most useful. (This becomes even more evident when image analysis is considered.) The

(Group HA) nitrates of barium and strontium were investigated for use in temperature mapping (Tests #2,

#10, and #11). When electronic transitions from the metal atom states of interest were not observed

spectroscopically, testing with these salts was discontinued. In Test #12, a 3-mW He-Ne laser beam was

passed through the top portion of the windows and its cross-sectional profile recorded photographically.

This provided information regarding beam transmission losses and profile broadening due to scattering

from liquid droplets, opaque decomposition gases, and index of refraction variations in the chamber. The

weight percent of HAN in the solutions injected in Tests #22 and #23 was chosen to be the same as the

weight percent of HAN in LOP1845. The weight percent of TEAN in the solution injected in Test #24

was chosen to be the same as the total weight percent of reactive components in LGP1845. Only one

experiment involving pure TEAN was conducted because the chamber interior was severely contaminated

by tar-like decomposition products created during the test. Experiments with water (Tests #25, #26 and

#27) were conducted for general comparison with the propellant sprays and to characterize image

degradation due to water vapor condensation. Ethanol and nitromethane tests were conducted to obtain

observations of supercritically evaporating sprays (Tests #30, #31, and #32). The nitromethane would not

autoignite at the ambient conditions employed. Therefore, an immiscible, 50/50 mixture of nitromethane

and LGPI845 was injected (Test #33) to provide an ignition source (combusting LOP1845) for the

nitromethane.

5. TEMPERATURE AND PRESSURE PROFILES

A representative sample of chamber pressures and temperatures vs. time for HAN-based propellant

tests is shown in Figure 2. The chamber pressure shown is an average from threc LGP1845 tests. The

"chamber temperature shown is also an average of these three tests. Chamber temperature reached its

maximum early In the pressurization process and remained stable thereafter. Calibration tests with a

0.125-ram thenmocouple established that the response Jrme of the 0.05-mm thermocouple used during the

spray tests was less than 5 ms. The temperature in the chamber was determined to be uniform from

previous calibration tests in which the temperature at two different locations was measured simultaneously

(Birk and Reeves 1988).

Injection took place about I second after chamber pressurization. The post-injection temperature traces

ame distinctly differunt for each of the four cases. Parameters of interest in these trces are the post-
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Figure 2. Chamber Pressure and Temperatures vs. Time for HAN-Based Propellants.

injection minimum temperature and the subsequent rat of temperature rise. The minimum temperatures

reflect the influence of the propellant's reactivity and its thermal properties. The quality of phase mixing

during the early injection period is also reflected in the observed minimum temperatures. The post-

injection temperature measured in the HAN test is well above the temperature at which HAN starts to

decompose. (Ihis is an important result which is motu MUy discussed below.) The post-injecion

temperature measured in the TEAN test is relatively low, Indicating that TEAN provided a greater heat

sink to the chamber gas tOan the HAN solutions. The rate of temperate rise is a direct reflection of the

reactivity of the given propellant and also provides an indication of flame propaation upstream and

inward on the spray. The post injection temperature profiles of the flameless HAN and T"AN sprays are

fla This Is consistent with the expectation that both HAN and TEAN, used as monopropeHi Mees

only a small fraction of the energy produced by LOP1845 combustion. The temperature records of the

LGPI845 vs. that of the LGPI898 sprays clearly reveal the greater reactivity of the LOP1898 spray.

Figure 3 shows representative chamber pressu vs. time for experiments utilizing 1-mm and 2-mm-

itmeter orifices. The injection velocities associated with these traces are similar to those gnerated in

tests with the 0.5-mm-diameter orifice; thus, the mass flow raze is proportional to de. The sharper

pressure drop at injection start for the larger diameter oriflcts is due to the greater coolig induced by ft
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Figure 3. Chamber Pressures for Thrle Different Jet Sizes.

higher mass flow rate. Once ignited, however, the higher mass flow rates lead to higher pressure

excursiom. Thermocouple data for the large jets (analogous to that shown in Figure 2) Is not presented

because it is not considered reliable.

6. SPECTROSCOPIC RESULTS

Emission spectra recorded during an unseded LOP 1845 test (Test #7) am shown in Figure 4. Only

OH A-X emission at 310 run and Na 3s2S-3p2P (D-line) emission at 589 nm are identifiable. (Sodium

is a propellant contaminant) These transitions were also observed in LGP1898 tests. Line broadening

of the Na W-line is pronounced. The scan-to-scan variation In OH A-X emission intensity is attributable

to background level variations. A broad band of emission in the range of 350-550 =n is apparent. but

carriers for the signature could not be identfied. Emission features were not detected in the HAN or

TEAN temss. NO2 fluorescence. which could have been induced via excitation by the copper vapor laser.

was not detected in any tet.

10
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Figure 4. Emission Spectra of Unseeded LOP)1845.

In addition to the Na 3s2S-3p2P transitions observed in all experiments, Li 2s2S-2p 2P transitions were

recorded in experiments seeded with LLNO 3. It was hoped that seeding the propellants with Sr(NO32 or

Ba(NO3)2 would produce an excited state population distribution of the metal atoms which could be

determined from its visible emission spectra. Coupled with color image analysis, this might have

permitted mapping of flame tempeatures. However, transitions from the Sr and Ba excited state of

interest were not observed.

The mechunisms leading to dhe electronic excitation of lithium and sodium are not known. It seems

likely though that a chczilumwnescent reaction between M-O (M = Na or LI) and a combustion

intermediate such as N20 is involved. Such a mechanism would be analogous to reaction of Na-O with

various oxidants to produce the mesospheric Na nightglow (Kolb eL il. 1991), Regardless of the

excitation mechanism, the energy splitting in the upper state in the Na and LI transitions is insufficient

for calculating flame temperatuie. However, the dominance of these transitions in the emission spectra

is useful in image processing, as will be discussed below.

An interesting result of the specroscopic measuretnotns Is the nearly equal intensities of Na * and U*

measured in Test #O (See Figure 5.) In this test. the prIoplant was seeded with LiNO3 only, making
the number cf lithium atoms at least 300 times graOer the number of sodium atoms. Also, the line
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Figure 5, Emission Spectra of LGP 1898 Seeded with LINOy.

strength of the Li 2s'S-2p2P transition is slightly stronger than the Na 3s2S-3p;P transition and lower

energy Is needed for Li* excitation. Based on these considerations, it was expected that the intensity of

the UL* transition would be much greater than theo Na* transition. One possible explanation for this result

is that the decomposition temperature of NaNO3 (280P C) is significantly lower than that of UNO3

(6•0 . Tbs possibility and its potential for temperature mapping will be more fully explored in the

future.

7. PHOTOGRAPHIC OBSERVATIONS AND ANALYSIS

7.1 GENERAL OBSERVATIONS

The video and the high-speed cinematography provide visual records with distinctly different time

scales and exposure requirements. The video picturs am a collection of 1-ms exposure "snapshots" every

1/60 of a second. As such they do not detail the dynamics of the sprays. However. tho relatively low

exposure requiremens of the video CCD element faciltle the capture of "global" featurs created by

sidelig•ting the spray with an EG&G xenon strobe light. (This strobe is not sufficiewly ihmens for use

in sidelit high-speed cinematography.) Because a video frame corresponds to the hinegration of spray

variation,% over I ms, the penetration distances and divergence angles of the sprays are well defined. (See

Figures 6, 7, and 8.) ThI uneacted portion of the spray appews distinctly blue corresponding to the rich

blue wavelength content of radiation from the xenon lamp. Conical spray outlines which have vertices

coaqsodng to the injetou post ve olnrved in the video pictures. This is clear evidence ta

12
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Figure 6. Video Pictures of 0.5-mm LGP1845 Jet (rest No, -).

UThroouple f(7

Figure 7. VidmeoPicures of 2.0-mm LOPI845 Jet (Test No. 5).
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Figure 8. Video Pictures of 0.5-mm Jets of HAN and L,!f,845 (Test Nos. 23 and 15).

all tests were within the atomization regime. Flame is observable in these images by its bright orange to

red color.

"Ilie cinematic records reveal the actual spray dynamics occurring in these experiments. Sidelighting

with tLhe co•Ter vapl)r laser strobe and seeding the propellants with nitrate salts provided breakthroughs

in high speed imaging of the sprays. Sidelit photography produced more informative images than (the

commonly used) backlit photography. Imaging of scattered light is less sensitive to the index of refraction

variations prevalent in high pressure gas thaan imaging shadows produced by backlighting. liquid

omundaries appear clearly against the black background when sidelighting was used. Seeding the

propellanl; with nitrate salts created sufficient additional combustion luminosity for flame to be recorded

at the high framing rates necessary to capture the spray dynamics.

The cinematic records reveal an increase in turbulence as the injection proceeded. Flame spreading

up)stream on the spray is commensurate with the increase in turbulence. In all combusting sprays burning

was most intense in vortices adjacent to the spray envelo•,s. The slow accumulation of opaque gases in

the chamber indicates that LGPI 845 did not bum with optimum effitcncy. Ilie lie-Ne test (#12) shown

15 Following page intentionally left blank.



in Figure 9 demonstrated that the index of refraction variation due to thermal fluctuations in the dense

ambient gas, though present, did not significantly distort light transmission. Based on this test, we

estimate that submillimeter size particles can be measured from the cinematic records with reasonable

accuracy. Indeed, surprisingly large drops on the order of 1 mm in diameter are observed in the records.

This result indicates that coalescence of droplets was a significant process in these tests.

Another observation from Test #29 was that, when passed through the spray near its tip, the He-Ne

beam diffused due to diffraction from the drops. Based on this result, future consideration will be given

to image analysis of laser beam diffraction patterns recorded on the high-speed film. A commercially

available instrumnent (Malvem) measures particle size distribution in sprays by passing a laser beam

through the spray and detecting diffraction patterns projected by a lens onto a solid-state ring detector.

The use of film in lieu of a ring detector would allow compensation for beam steering. In addition, the

use of a multiple line laser, creating a corresponding number of diffraction patterns which could be

separated via color image analysis, could provide more accurate particle sizing than obnable using a

monochromatic source.

7.2 COMPARATIVE SPRAY DYNAMICS

7.2.1 COMBUSTION INTENSITY vs. ORIMCE DIAMETER

Figures 6 and 7 repse the two extremes of orifice dianeters utilized in the combustion experiments.

These tsts conespond to injections through 0.3-mm and 2.0-mm-diameter orific. respectively. The

flawe anchoned about 20 mm from the injector nozzle in the st with ft 0.5-mm-dlamewtr orifice.

Quasisteady comwbstio defined as the time whn flame reached this distancrm fin the noz4c, lased up

to 0.3 secoonds hi the injections thuough the 0.5-mm orifice. Large (ca. I mm) liquid particles were

observed burning about the spry envelope. Despite fth rae long exposure time (I rowc), dhe particle

boundaries appear distinctly shadp, indicating very low local velocities. In comtrams the sreaking

associated with particle trajectcies in Figure 7 indicmae high local velocities and tu1tule in the ute with

the 2.0-mm-dlametr orifice. This is due to the higher mass flow rate. Combustion bas=1 for less than

SO ms (two to thre video frames) in this t The thrmocoupe in the middle of the chamber is

discernibly bent. Indicing that ft Wu liquid core Ls "mqphi on iL
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Figure 9. Ciýlcuc-tkeRa 1m~iTs molfclNý1)

7.2.2 HAN VS. 1.0194.5 SPRAY DYNAMIC'S

Fig:ure 8~ couipares HAN and I.GP1845 spr~yN ectcnralcd with similar exivrimental paru~nleme~ Of

interc i s- the distanuc f~m) the in iuor to the lxaint wherc the %pray is totally Convened to pwsous

pjwklucts. (11his, Is (difld usi tex pImetrion distance.) Thei Nimilanity of thc ll.ewration distanecs.

nicasurcd for these. two Nsprays wuppors the a~sscrtion Ount the H AN decotuposition is the rate limiting. saep

in LG,04845 spraY COInhustio4 (Carleton. 1990). 1the yvllow coloration of tfie tip of the HAN sryis

pinbably due to the PSI' mun line of the copper valxor Laser. 1he 51Q16 tun linze may tx* absorbed

prficrentially by NO,, a HAN deccon ixvtion pnmluct.

7.2.3 HAN V!.. TEAN SPR~AY DYNAMICS

1he dynamics of the HAN aiid TEAN %prays. shownt In Firure.. If) alvd 11. afr much ali5Ce 11e

shuilar Imcltration distancs observed for these two spnays indicates thai the time scale for 11AN'

decomimpsiton is the smie as thal of die HAN under the giv'en ti~t conditions. Oh.4-.uratio of the %pray

details due to opaque dcconiposition prducL% proceeded wneu'hbU faster in the TEAN cx~vrimeiit. In



3 4

Figure 10. Cirimatic Sequerce of HAN Spray (2,000 frames/s, Test No. 23).

Figure 11. Cinematic Sequence of I-FAN Spry. (2,(XX) Crames/s, Test No. 24).
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both sprays, large particles are observ,1 around the tip vortex region. The color of the HAN spray is

more yellow than that of the TEAN spray which is presumably due to the fact that they have different

decomposi'on products. Emission of visible light due to decomposition or combustion was not observed

in either spray. The lack of visible emission is consistent with the low reactivity and heat generation in

these sprays indicated previously via the thermocoupie measurements.

1.2.4 LGP1845 VS. LGP1898 SPRAY DYNAMICS

Figures 12 and 13 compare the sidelit spray combustion of LGP1845 and LGP1898 under similar

experimental conditions. Figure 14 shows a comparison of these sprays in the absence of external

lighting. The newly formulated LGP1898 (Klein et al. 1991) clearly exhibited more reactivity than

LGPI 845. One manifestation of the increased reactivity is the extent to which the LGPI 898 spray bulges

compared to the LGP1845 spray. Also, LGP1898 burned to completion while LGP1845 didi not. Flam.

advanced within 15 mm cf the injector in the case of LGP1898. Large, burning liquid particles and

burning in vortices are evident in both cases.

To quantitatively estahlish the intensity, extent, and t-nporal characteristics of combustion, intensity

histograms of conwccutive (monochrome) images produced 4. the absence of extemal illumination (Tests

#13 and #20) were constructed. Intensity histograms of the flames depicted in Figure 14 arm shown in

Figures 15 and 16. The gray levels in the Iistograms correlate with flame intensity and have a dynamic

range from 0 (total darkness) to 255 (CCD element saturation). The number of pixels per gray level range

is proportional to the projected area of the coresponding luminosity level. Such histograms provide the

potential to comrate "combustion noise" with pressure fluctuations. For the high luminosity values (gray

levels above 200) the histograms for the LOP1845 -and the LGPI898 flames are comparable. Since the

high luminosity values are (presumably) associated with the large, butning droplets, the histograms

indicate that the d&.aznlcs of the LGP1898 and LGPI845 sprays are similar with respect to droplet

fonmation and burning.

7.2.5 WAIIR SPRAYS

Cinematic images of water injected through a l-mmndiamcter orifice ame shown in Figure 17. The

images indicate extensive evaporation, u a penetration disma"c which (apparently) did not extend much

beyond the window length (97 mum). The critical point of water is 3740 C and 22.1 MPa. Although the

23
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LGPI845 (Vest No 13)

UIP1898 (Tcst No. 20)

Figure 14. Cinematic Sequences of Flames of 0.5-mm LGP1845 and LGPI898 (2,000 frames/s, Test Nos.
13 and 20.

4:

Figure 15. Intensity Htistogpraml of LGPI 8,15 Flanie l'rest No. 13).
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Figure 16. Intensity Histomram of LOPI898 Flame (Test No, 20).

FIur 17. Onematic SM i of, l-mm.-v nlnaWer SEs (5.W_. -ft• .$A_ Te No. 26).
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ambient temperature and pressure are (moderately) above these values, the formation of large water drops

was not precluded. Water is a major constituent of the HAN-based propellants and is expected to control

the atomization characteristics and heating rates of the spray particles in some measure. Since the critical

points of the water-solvated propellants are higher than water, it was expected and indeed observed that

these propellant sprays exhibited behavior characteristic of subcritical combustion. That is, combustion

progress in the LGP tests depended to a large degree on liquid particle trajectories.

7.2.6 SUPERCRITICALLY EVAPORATING SPRAYS

Figures 18 and 19 show selected sequences from experiments with nitromethane and ethanol. The

critical points of nitromethane and ethanol are 3150 C, 6.3 MPa, and 2430 C, 6.4 MPa, respectively

(Handbook of Physics and Chemistry 1986). These are well below the ambient gas conditions. No large

particles could be discerned in the cinematic records of either of these sprays. Both sprays exhibited

intermittent segmentation of their structure as well as corkscrewing and rapid deviations of the spray axis

about the nominal centerline. These dynamics are much different than those of the subcritical sprays.

Also, the divergence angles and penetration distances of sprays into supercritical ambient conditions are

smaller than those of sprays into subcritical conditions. The nitromethane, though a monopropellant, did

not ignite, The penetration distance for nitromethane injected through a 0.5-mm orifice was found to be

half that of ethanol injected through a 1.0-mm orifice. (See Section 9.4.)

7.2.7 SPRAY COMBUSTION OF LGP1845/NITROMETHANE SPRAYS

Figure 20 shows the Injection of a 50/50 LGPl845/nltromethane mixture through a 0.5-mm-diameter

orifice (Test #33). Although not miscible, some "mixing" occurred during Injection which established

concentration gradients of the propellants. The Injected mixture started as pure LGP1845 and became

progressively richer in nitromethane. Unlike the injection of pure LGP1845 through a 0.5-mm-diameter

orifice, this mixture burned to completion. The nitromcthane, which did not autoignite (Test #32), was

presumably ignited by burning LOP1845 particles. Since the LGPI845 and the nitromethane aft

immiscible, this spray was expected to exhibit a combination of both supercritical and subcritical

dynamics. If this was indeed the case, the large particles observed in Figure 20 are the L0P1845

component. Because the flame temperature of the nitromethane is about 1,000P C higher than that of the

LGP1845, it is possible that the local ambient gas temperature around the LGPI845 particles was much

higher than in pure LGP1845 spray experiments. Nevertheless, the formation of large LGP1845 particles
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Figure 18. Supercritical Evaporation, 0.5-mm Nitromethane (Test No. 32) and 1-mm Ethanol (Test No. 34)
(Sequences at 5,000 frames/s).
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Figure 19. An 1.8-ms Seuuenee of S criicaI±y Eya|rating ,1-mm 1i.thatiol Jet IDemonstratingi High
DeIgree of Stnictuml Fluctuation (Test No. 311.
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is observed in these figures. An interesting aspect of this spray is the intermittent shedding of large

segments of the spray from its tip. (This is similar to the pure supercritical evaporation depicted in

Figures 18 and 19.) The segments then bum in a large vortex beyond the spray tip. This behavior is

distinctly different than that of pure LGP sprays.

7.2.8 HIGH INJECTION VELOCITY SPRAYS

In tests #17 and #21, the propellants were injected at 240 m/s (Figure 21). (Although termed "high

velocity," 240 m/s is less than 20% of the injection velocities typical in guns.) The LGP1845 decomposed

completely within the field of view, but burning was less complete than in the lower velocity injection

tests. Commensurate with the high velocities, more frequent shedding of vortices from the boundaries is

observed. The high-velocity test with the LGP1898 was catastrophic. About 10 ms after the onset of

injection, the injector top sheared away due to the ignition of the propellant inside the injector. Prior to

the explosion, the jet emerging from the injection orifice thickened significantly. This observation may

indicate that viscous heating ignited the propellant inside the injector. Viscous heating has been suspected

in the Ignition of LGPI845 in small orifices at injection velocities above 240 m/s (Messina et al. 1990).

However, these earlier findings involved flows in which cavitation was likely. Cavitation should not have

occurred in the present tests due to the design of the injector. Its regenerative principle of operation

results in low cavitation numbers. The sensitivity of LGPI898 to viscous heating is unknown.

8. COLOR IMAGE PROCESSING AND ANALYSIS

Color image processing was useful for enhancing the details of Images involving laser illumination.

As discussed earlier, the spectroscopic data show that the flame of combusting lithium nitrate-doped LGPs

1845 and 1898 can be considered to have just two wavelength components, the 589.0-nm emission line

of sodium and the 670.7-nm emission line of lithium. The copper vapor laser radiates at 510.6 nm and

578.2 tn. Thus, the color Images effectively result from the combination of just four diffement

wavelengths. The relative amounts of I(R), 1(0), and I(B) produced for unit exposure of the high-speed

film (Kodak, Ektachrome 2253) at these four wavelengths were approximated from the published spectral

sensitivity curves. The relative amounts determined in this manner are shown in Table 2. This table

shows that the 510.6-nm laser line is the only color source which contributes to I(B). Likewise, 1(R) is
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Figure 20. Cinematic Seguence ol' 0.5-mm In GP1845/Nitromtthiane Jet (5,000 franmcs/s. Test No. 33).

1I,0 1'l i 15

m2

F~igure 21I. H iglh !llicclioll Veloc'ity Tets %vth 0,5-1uml Jetls tit' 1.0i118,45 anld 1,( 111StRs

(I'lesls Nos. 17 anld '21
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Table 2. Film Response to Prevalent Wavelengths in Burning Spray Illuminated by Copper Vapor Laser

ROB Sensitivity v. Selected Wavelengths for Unit Exposure 2

(Kodak Ektachrome 2253 High Speed Daylight Film)

Wavelength R G B
(nm) .11

510.6 0.5 6.1 5.9 -CA1

578.2 1.6 15.1 <0.1
589.0 1.8 8.4 40.1 -1.0
670.7 27.5 40.1 40.1 - ____......._,__,_______,___

no 400 410 1M 1 600 6 700 760
Wavowqu

predominantly due to emission from lithium. Thus the color content of the images provides a means of

identifying contributions due from flame and laser scatter from liquid in regions where these two processes

arm coincident.

It should be neted that the film color sensitivity data has only been established for exposure times

ranging from 100 to 10'4 seconds. Exposure durations outside this range necessitate corrections for color

biasing and/or f-stop. Since the film's exposure to flame is controlled by the framing rate of the camera

(<404 fps), the published data should provide reasonable values for color analysis of flame. The film's

exposure to laser scatter, however, is determined by the duration of the laser pulses which are

2.5x10"8 seconds long.

To establish sensitivity data for the 2.5x1O8-second exposure to laser scatter, images from experiments

involving the injection of 110 were analyzed. For these experiments, the image is solely a product of

laser scatter. We found that the I(B):I(G) ratio in these images is close to 1: 1.2 vs. the 1:2 ratio calculated

from the values in Table 2. This deviation may be due to light scattering phenomena. The effective cross

section for light scattering from panticles changes with their size and indx of refraction in accordance with

the Mie theory. For particles of submicron size (Rayleigh), scattering efficiency is greater at shorter

wavelengft Hence, for finely atomized sprays undergoing significant evaporation, it is possible that the

510.6-rnm laser line scattered more effectively than the 57&2-nm line. This would result in an Image with

higher dan expected blue content.
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While this explanation may account for the observed ratio deviation, other factors (such as variations

in the developing process) are probably also important. And combusting sprays have additional

considerations. For example, the known LGP1845 combustion intermediate NO2 has an absorption cross

section which is much higher at 510.6 nm than at 578.2 nm. Preferential absorption of the 510.6-nm line

would tend to lower the I(B):I(G) ratio. Since it was not possible to quantitatively assess all the factors

which could have affected the color balance, we focused on noise reduction and image enhancement based

on the simple process identification criteria noted above. That is, I(B) is associated with laser scatter and

I(R) is associated with flame emission.

Criteria to identify noise in the images was established by sampling background regions which should

have been black (I(R)=I(G)=I(B)=0). I(G) values were particularly instructive in this regard because both

emission from the combustion process and laser scatter produce images with I(G) values. (See Table 2.)

From this analysis, a threshold characteristic of true signal was determined.

The next aspect of the analysis involved enhancing the details of gas-liquid interaction. This was

approached by calculating the I(R):I(B) ratio on a pixel by pixel basis. A large I(R):I(B) ratio indicates

a high contribution due to emission from flame while a low ratio indicates a high contribution due to laser

scatter from liquid particles. (Because both flame emission and laser scatter produce images with I(G)

values, I(G) values do not provide information which delineates the combustion process from the laser

scatter.) The pixels were then mapped to a pseudocolor based on the I(R):I(B) ratio. Additionally, the

Intensity of each pseudocolor pixel was modulated in proportion to its total intensity (I(R)+I(G)+I(B)) in

the original image. Intensity modulation was necessary to retain the details of the original image in the

pseudocolor map. The noise reduction and pseudocolor mapping (detailed In Appendix A) was optimized

empirically to provide the best details of the gas (flame) - liquid interactions. It was applied

systematically to sequences of images which were then animated and compared to the raw cinematic

Images.

The color image analysis techniques were initially developed and tested on the cinematic record from

Test #29. This record was chosen because both high combustion intensity and excellent visualization were

achieved in the test. The high combustion intensity was a result of using a large (1.0 mm) diameter

orifice, an above nominal injection velocity, and an above nominal ambient pressure. Figures 22 and 24

show original cinematic images of Test 029, and Figures 23 and 25 show their image enhanced versions.

The pseudocolor map in the enhanced versions delineates three major regions in the spray. Blue indicates
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Figure 22. Cinematic Sequence of Progression of I-mrm I.GP1845 Reactants From Ignition to

Quasisteady Behavior (Every 3 iris, Test No. 29).

Figure 23. Color Iiuape Analysi% of -'i Eure 22 Sutlence: Blue - NonrLictant lizuid: Green, Red,
Yellow - lncreasing, ,grees of Reactivity.
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Figure' 24. Cinemiatic Seguence of I -inn I.GPI 845 Ouasisi ulv (Combustion (5,000) traniv.
Test No. 29)).

Firuri. 25. C'olor Imagý Analyi s, pf I-is~ure 241 solucu.



unburned liquid, green indicates a transitional case, and red shading into yellow indicates progressively

more energetic combustion where flame emission is most intense. As shown in Figures 22 and 23,

ignition started in the far field and flame propagated upstream. In all sequences, burning in vortices is

prominent, as is the existence of submillimeter size burning particles. The color image enhancement

(Figure 25) of the large burning particles creates green circular specks surrounded by a yellow circle

(flame). Thus, liquid particles underlying the flame were revealed via the image processing procedure.

The sequences also show that some features change gradually from frame to frame while others

change drastically. For example, some of the drops in Figure 24 and 25 can be followed for several

frames while others occur in one frame only. Interestingly, a (solar type) prominence lasts for the entire

sequence. These result indicate some coherency in the combustion process. This is particularly evident

close to the nozzle.

9. DISCUSSION

9.1 LIQUID JET BREAKUP AND SPRAY FORMKAON

Of the mechanisms leading to the combustion of LPG. the rate limiting process is expected to be the

breakup and atomization of the LOP jet into small liquid particles. The dynamics of this proces,

therore. conrol the amowm of LOP present in the conbustion chamber at any given time. If LGP

accumulates beyond a threslold aount, the combstion process hs the potential to become uns•e sM

prone to pmssure fluctuations. The visualiztaion of LOP spray achievcd in this study'provides a bAss for

approwbing the analysis and modelng of RLPG combustio processes.

Although in present RLPGs. the LGP is injected though annular orifices, the dynamics of full cone

sprays genera from simple circular orifices were investigatcd in this study. This was done for both

practical and scientific reasons. Experiments with circular orifis could be made safer. more controllable,

provide longer quasi-steady 1e coditions, and with better visualizarii than O mparable exprimet•s with

annua sprays. Also, the exprimental results could be Inspreted and compd to the extensive dwa

base which exists for full cone sprays. The data•b•e for annular sprays Is comparatively small and of

questionable value. Admittedly, annular sprays may have some unique characteristics (Birk and Reeves

1987), but fundamcal LGP tspay combustion dyamics should be the same fWr these two configurations.
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As a case in point, pressure fluctuations have been observed in combustors employing full cone sprays

(Rychnovsky et al. 1990).

Numerous models have been proposed to predict the behavior of full cone sprays. After an exhaustive

search of the literature, we chose to analyze the present results following the treatment suggested in the

elegant review by Bracco (1985). This review considers the full cone spray atomization from simple

circular orifices as the two-phase counterpart of single-phase incompressible turbulent jets. The closer the

gas density is to the liquid density, such as found at the very high pressure reached in guns, the more

physically correct it becomes to consider a spray as a turbulent jet. The review also outlines the use of

aerodynamic theory for predicting primary atomization parameters.

A schematic diagram of spray structure and some characteristic parameters are shown in Figure 26.

The schematic is appropriate for PG/PL > 0.1, the regime in which we are interested. For comparison, the

spray Gtructure observed in Test #27, where PW/PL = 0.334, is shown. The intact liquid core length (z1)

in the spray corresponds to dhe potential core length (zli) in a single-phase turbulent jet. (The intact core

length is also referred to as the breakup length.) When ihe orifice diameter (d.) and the inection velocity

(u) are the same for both cases, z1 is longer than z11 by a factor which is primarily a function of

(PL/Po)' 12, The turbulent jet reaches a fully developed region called the far field after a development

length designated z2i. Similarly, a far field is achieved in a spray (z2 > z21) In which the spray Is dilute

and there is no slip velocity between the phases. The velocity and spray concentration profiles are self-

preserving in both turbulent jets and sprays. That is, their profiles scale to r/(z-zo) where r is the radial

distance from the centerline and the z; is the virtual origin of the jet divergence angle 0. The tangent of

the divergence angle 0 is linearly proportional to a semiempirical constant related to 1d0 multiplied by

(pdpL)u/2. The center-line spray velocity decreases with dist'•nce as (pL/pG)1a(z-z), and entrained mass

increases as (pG/pL) 11(@-zo).

The spray outline in the far field does not form a pure conical shape. Rather it has a jagged €.nvolope

and exhibits a high degree of vorticity. Although most information and data relates to the far field, from

modeling (Coffee et al. 1991) it Is expected that unreacted liquid does not exist much beyond zt hi gun

applications. This conclusion is cnfirmed in the present work where combustion is shown to occur in

the dense spray region delineated by Box A in Figure 26. This region is a transition zone between the

near and far fields of the spray. Since. the jet breakup and Lansition zone are most reWevant for gun

applications, the following discu&Ion focuses on characterization of this region.
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With respect to atomization processes, the basis for drop formation in the aerodynamic theory is
related to disturbances on the core (or on large liquid blobs constituting the core region [Reitz 19871)
which grow unstable due to capillary/aerodynamic forces. The most unstable protuberances detach and
form the primary atomization droplets. It should be noted that other mechanisms for jet breakup have
been postulated (Bracco 1985). These include "pipe" turbulence in the nozzle, liquid supply pressure
oscillations, and cavitation. Of these, only turbulent-induced breakup is a potentially viable atomization
mechanism for the experiments presented above. The Reynolds number (ReL = PLuodo/ýL) of the flow
through the injector nozzle is above the critical value for turbulent flow in pipes (i.e., above 2,000).
However, fully developed turbulence was achieved only after i/do > 40 and the injector nozzles used in
this study had Udo ratios equal to 4. Thus, the high Re, flows probably created some degree of
turbulence, but the velocity profile of the flow in the exit channel was primarily laminar. (This is
particularly true for experiments in which a 0.5-mm-diameter orifice was used.) Therefore, the following
comparisons are mainly with respect to the aerodynamic theory.

The values of experimental parameters which are used to predict behavior based on the aerodynamic
theory of jet breakup are summarized in Tabie 3. All tests were within the regime where breakup begins
immediately at the injector nozzle exit, Modeling based on the aerodynamic theory provides relationships
for predicting the spray angle (0), intact core length (zl), and primary drop sizes (dp) for a given set of
test conditions. The values of 0, z1, and dp calculated for the experiments of Table 3 are given in Table 4.
The basis for the calculated values and their comparison with the experimental results is as follows.

9.1.1 SPRAY DIVERGENCE ANGLE

For P(/PL < 0.1, the spray angle may be calculated from the aerodynamic theory using

tan(0) = CO g(Oh. We, We0), (1)

where Oh = (iPLado)1'* Is the Ohmesorge number, WCL = PLuod/o is the liquid Weber number, lnd
WeG = Ppu02old/ is the gas Weber number. The Ohnesorge number contains the influence of liquid
viscosity (pt) while the Weber numbers contain the influence of surface tension (a). (The function g can

be founW in (Reitz 19871 and the reader is referred to this article for its explicit expression.) The
parameter ce is an empirical constant related to the nozzle geometry. It depends mainly on //do and the
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Table 3. Summary of Test Conditions Related to Atomizationa

P A (F pG/pL ROL .ReO We( Oh
glcm3  gocm-sec g/sec 2

LGP1 845 b 1.47 0.071 67 0.0980 5690 132000 6500 0.045
0.110 d 15500 403000 27100 0.032

Water 1 0.01 72 0.130* 51300 222000 9490 0.0053

Ethanol 0.79 0.011 24 0.1 60f 54500 313000 58500 0.011

Nltromethme 1.13 0.06 41 0.1119 57800 127000 11400 0.0055
a Values of Re We and Oh are based on u do.
b Values for LGPI 845 are representative (wit*n 7%) of the LGP 898 and HAN and TEAN water

mixtures used.
o At nominal test conditions (0.5 mm Jet Injected at I 0 m/s into 0d0'c, 33 MPa).
d MaXdmum conditions -1 mm jet kIjeoted at 150 m/s Into 50d0, 37 MPa (test number 29).
* 1 mm jet injected at 103 m/s Into 5300C, 31 MPa (test number 28).

1 1 mm jet Injeoted at 150 mls Into 480C, 2B MPa (test number 31 ).
0 0.5 mm jet Injected at 122 m/s Into 480ft 28 MPa (teat number 32).

Table 4. Estimated Spray Attributes'

0 (Eq. 1) 0 (Mq. 2) 0 (Exp.) z, (Eq. 3) dp(Eq. 4)
Desrees Degees Doers mm ;L m

LGP1845 12.7 b I , 18.50 16
12.9 164 18U5 s0.37

Water 18.7 6.7 16 28 1

Ea 1U.4 17.2 12 25 017

Nftrometane 1,9 1M4 - 12 15 0.44

SCorrespondng to Tale 3 tuIt.
b ForhdWhspeedteats rOube1nd20 0) - 11.9
o ForhighspeedtestsO -16 . ForTEAN tee(numbe 24) 0 -17.
d For 2mwJet(number8)za .n63 =.
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nozzle entrance profile. For the present case where l/do = 4, co = 0.19 is suggested (Reitz 1987). The

0 values calculated using Equation I range from 12.70 for an LGP test to 18.70 for a water test.

For comparison, we calculated spray angles based on consideration of the spray as a fully developed

turbulent jet. Following Abramovich (1963), 0 for a fully turbulent jet can be determined using

tan(0/2) = 0.13(1 + pG/pL). (2)

Unlike Equation 1, this equation is valid for a wide range of Po/PL" Spray angles calculated using

Equation 2 fall within a fairly narrow range (16.7 +/- 0.50).

The spray angle could be measured in the present experiments to an accuracy of +/- 10. The

comparison of experimentally observed and calculated spray angles does not provide evidence which

favors the use of either the aerodynamic theory or the turbulent jet theory to predict spray performance.

The water spray angle fits the result from the turbulent theory, and it is in fair agreement with the

aerodynamic theory. The trend to smaller angles for higher velocity sprays fits the aerodynamic theory.

However, the higher degree of liquid evaporation and decomposition (due to increased heat transfer

associated with greater turbulence created by the higher speed) could also account for the smaller angle.

Reduced spray angles associated with increased spray reactivity is clearly demonstrated in the

supercritically evaporating ethanol and nitromethane sprays. The aerodynamic theory also significantly

underpredicts 0 for the HAN-based propellant sprays. Based on these results we tentatively conclude that

the sprays behave like single phase turbulent jets only in the far field.

9.1.2 BREAKUP LENGTH

Both the aerodynamic theory and available experimental data establish that for PcIPL < 0.1, the

breakup length is given by

Szt = Ccdo(p~ffo) . (3)

where cc is a constant equal to a value between 7 and 16 (Chehroudl, 1985). Calculated values range

from approximately 15 mm to 63 mm.
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Experimentally, it is very difficult to determine the length of the liquid core using visualization

techniques because it is masked by the dense spray region. Although the intact core length could not be

measured accurately, the large temperature difference between the (room temperature) injected liquid and

the hot ambient gas provided a means for determining if the intact core reached the thermocouple fixed

45 mm above the injector. If the core reached the thermocouple, the temperature readings would have

been close to room temperature, and not the >2000 C readings observed. (See Figure 2.) This approach

to characterizing the intact core length may be compared to the established experimental technique of

using probes which conduct current when the intact cores act to close an otherwise open electrical circuit.

The thermocouple measurements established that in all tests involving 0.5- and 1.0-mm-diameter orifices,

zI was less than 45 mm. In Test #5, the only experiment utilizing a 2-mm-diameter orifice, zI was found

to exceed 45 mm. Thus, the experimental results and the z1 values calculated in Table 4 are consistent.

The intact core length is expected to be the parameter least sensitive to evaporation and combustion.

Therefore, it is possible that the aerodynamic theory provides reasonable estimates for the jet breakup

length.

9.1.3 PRIMARY DROP SIZE DISTRIBUTIONS

When Oh and PG/PL are less than 0.1, primary drop sizes predicted by the aerodynamic theory can

be calculated using the simplified relation

dp = cBd/Weo. (4)

where cB is a constant with a value between 10 mad 40. Based on this equation, droplets formed via

primary atomization in these tests am expected to have a sutxnicron mean drop diameter. However, it is

rit possible using currently available experimental techniques to determine primary drop size distributions.

Extremely large particles were observed in subcritically reactive sprays, but thes are presumably the result

of droplet coalescence-a secondary process. Ths observation highlights the fact that the paricle size

distribution depends to a large extent on coalescence and secondary breakup ptocesses in the dense spray

region. These processes are not considered in the aerodynamic theory; therefore, the aerodynamic theory

and its estimates of primary drop size distributions (alone) may not properly represem the actual size

distributions in high-pressure sprays.
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9.2 SECONDARY ATOMIZATION AND DROPLET COALESCENCE

Submicron-sized drops produced by primary atomization are not expected to last any appreciable

distance down the spray. They are prone to elimination by both collisional processes and by rapid

evaporation. Assuming uniform size particles, the number of collisions per unit t and volume (fp) is

estimated to be (Hinze 1975)

S- r(1 - ax)2/p,4, (,5)

where 0ir is the relative mean velocity between the particles and a is thc void fraction. Equation 5

expresses the strong dependence of the collision rate on drop size and void fraction. In the dense spray

region where the submicron primary drops are formed, the void fraction is close to zero. Therefore, if

the liquid is relatively unreactive, the collision rates will be extremely high and drop coalescence will be

significant. If evaporation is not significant in the dense zone, larger drops wih, form whose size will be

controlled by secondary breakup processes.

The extent of secondary breakup processes is correlated %,t:i the gzs Weber number (Wepo) and a

temporal parameter (tt). The Weber number above which a drop will break is known as the critical Weber

number. Unfortunately, several experimentally determihcd values havw been reported for this parameter

and a consensus favoring one has not been reached. We have chosen to follow Cliff (1978) in which

breakup was found to occur for

Wem > Wep* =6.5 (6a)

where

We = Po%(u. - uodji,. (6b)

Following Ranger and Nichols (1969). the lifetime of P droplet is given by

S- %(pdpG)1/(U - U) . (7)

If the difference u - u(o is known, Equations 6 and 7 can be used to fn d the Wgw possibe siz of

tbe drops and the fifetime and trajectories of lUrger drops.
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Unfortunately, it is very difficult to approximate up - UG. Collisional processes tend to increase the

average drop size and, therefore, the drop response to gas motion is very complex. Since the response

time of drops to velocity fluctuations is proportional to /(pG)ltf (Faeth 1987), it can be assumed that

micron size droplets in dense gas will have no slip velocity. Therefore, the relative velocity will be equal

to the local turbulent velocity. For example, if the submicron size primary droplets instantaneously attain

local gas velocities, they can coalesce to rather large drops with low values of up - uG. Therefore, they

will be stable with respect to secondary breakup. Interestingly, if such small drops do exceed Wem*

Equation 7 implies their lifetime will be very short. Larger drops are more likely to be broken in eddies

by local turbulent velocity fluctuations if their breakup time is shorter than the time they spend in the

eddies. In Table 5, the critical drop size dp* and its breakup time t,* are shown vs. a range of up - UG

up to 20% of the injection velocity. As the values in Table 5 indicate, drops 0.1 mm and larger are

possible in the sprays tested if the local velocity fluctuations are below 5 m/s. Such conditions exist in

vortices in the transition and far field regions of the sprays. Indeed, the cinematic records reveal large

droplets associated with semi-stationary vortices on the spray boundaries. (See Figures 24 and 25.)

Table 5 shows that such droplets could be stable for a few milliseconds.

9.3 THERMAL CONSIDERATIONS -HEAT TRANSFER, EVAPORATION, AND COMBUSTION

In guns, as in the present tests, the injected liquid has a much lower temperature than the ambient gas.

As the liquid particles ignite and bum, the spray attains a certain penetration distance which corresponds

to the conversion of liquid into gaseous products. (See Figure 8.) This condition is also reached in purely

evaporating sprays. Heat transfer processes may not significantly affect the breakup length, but they have

a profound effect on the particle sizes of the spray, particularly in the transition and far fields. At

supercritical conditions, even the dense spray zone will be significantly affected.

The heat transfer processes in dense sprays are highly complex. They depend on particle size,

distribution, number density, turbulence characteristics, and droplet trajectories. The most conseadve

calculation of the time (th) it takes to heat a droplet a certain AT1 Is obtained by asswuming no heat transfer

augmentation due to convection, and by considering the droplet temperature to be uniform. For this case,

t. may be approximated using

tb = pLcpdpATl/I2KG&T2 , (8)
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Table 5. Critical Drop Size and Secondary Breakup Times for LGP1845a

- " ue-1 2 5 10 20m/fs

d; 3018 755 121 30 7.5
ALm

tb 38.65 4.83 0.309 0.039 0.0048
msec

a At nominal test conditions.

where AT2 is the average temperature difference between the gas and the liquid, KG is heat conductivity

of the gas, and cpL is the specific heat capacity of the liquid. For the present test conditions,

AT1 - 2000 C, and we assume AT2 - 2AT1 - 4000 C. Using values of KG = 0.00026 cal/cm-K-s for

nitrogen and cpL = 0.57 cal/g-K for LGP1845, Equation 8 yields th = 0.001, 0.003, 0.034, 0.13, 0.54 ms

for dp = 1, 2, 5, 10, 20 pm, respectively. Assuming a drop velocity equal to the injection velocity of

110 m/s, a 1-pm droplet (from primary atomization as per Table 3) will traverse 0.1 mm during a typical

beat-up to 2000 C. Thus, small droplets formed via primary atomization in the hot ambient gas on the

periphery of the dense zone will reach high temperature in very close proximity to their detachment points

from the liquid core.

In supercritically evaporating sprays (Tests #30, #31, and #32), the lifetime of such droplets may be

so short as to preclude the formation of a dense spray region. Furthermore, supercritical conditions hinder

the coalescence of primary atomization droplets because surface tension rmpidly decreases as the liquid

pVroachw, its critical temperature. Thus, the liquid core breakup at such conditions may not result in
spray at all. This Is likely the situation depicted in Figure 18. This situation is in contrast to subcritical

conditions ,here the avage drop size may increase markedly due to coalesce . In the case of LOP,

coalescence may occur well before drops reach their decomposition or ignition temperature. This producs

slower drop heating rates and postpones ignition to regions beyond the dense spray zone.

As already discussed, the entrained gas mass in sprays grows very rapidly downstream of he virtual

origin of the spray. At the point where the temperature is measured in the present tests (about 45 mm,

from the injector), it is estimated, based on the spray angles, that the ratio of the entraired gas to liquid

mase is well over 10. Because the heat capaty of the gas per unit mass is close to that of the liquid.

the entrained gas has sufficient capacity to heat the liquid close to the local ambient gas temperature.
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Based on the thermocouple measurements (Figure 2) and drop heating times (th) calculated above, it seems

likely that the sprays are homogeneous at the measurement location. If this is the case, then the

temperatures measured are indicative of the local liquid temperature.

This observation is interesting in view of the proposed scheme for LGP1845 spray combustion

(Carleton et al. 1990). In this scheme, combustion is assumed to occur in stages which start with the

decomposition of HAN into nitric acid, NO., N2. and water at about 1200 C. This process is only mildly

exothermic. When the nitric acid reaches 1800 C, it decomposes into NO2 and OH, which react promptly

and exothermally with the TEAN. Significant reaction (re: sustained ignition) is not expected until the

temperature reaches this point.

In view of this scheme, we found it surprising that the temperature measured inside the spray was

above the nitric acid decomposition temperature (Figure 2), yet well below flame temperature, even when

flame was enveloping the spray. Furthermore, the measured HAN spray angles (Table 3) indicate that

little decomposition occurred until well downstream of the thermocouple. Taking into account the

characteristic heating times calculated earlier, significant decomposition on the periphery of the HAN

sprays was expected. This would have resulted in much smaller spray angles than those measured. It is,

therefore, surmised that even at 2500 C and 33 MPa, the decomposition kinetics of the HAN is relatively

slow (Figure 2). In these experiments, the rate of heat transfer from the entrained ambient gas to the spray

determines the ignition location in the spray. If the temperatures inside the spray are not high enough to

rapidly decompose HAN and HNO3, the decomposition products will be diluted by the entrained inert

ambient gas and combustion will not be complete.

Comparison of the tests results for the LOPI 845 and LAP1898 sprays also indicates that, in addition

to a temperature threshold, the LOP sprays require some threshold concentration of reactive species before

significant reaction occurs. The LOP1898 uses DEHAN instead of TEAN for a fuel component (Klein

et al. 1991). The DEHAN decomposition temperature is similar to thai of the HAN and, therefore, HAN

and DEHAN decompose almost simultuuiously. This results in a promptmr, more vigorus reaction than

achieved with the LOP1845 under the conditions of these expeient

The test results also demonstrate the impact of general tUbulee on the periphery of the spray in the

tansiton and far field regions. Tubuence eahances heat mrsfer and the mixing of remaive species in

these region. It was always observed that ignition first occu= d in the far field. Flame advancement
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towards the transition region was associated with turbulent recirculation of the gas. (Turbulent

recirculation of the gas is a result of injecting into a closed chamber.) Also, evaporation/combustion acts

to redistribute axial momentum in the radial direction. Coupled with the turbulent recirculation, this

facilitates flame advancement up the spray by seeding the spray with reactive species.

The cinematic records clearly indicate vortex formation on the spray envelope. The long residence

time of liquid particles in vortices facilitates ignition and sustained burning in this area. The cinematic

records also indicate that the large drops (hundreds of microns in size) were associated with the vortices.

The mechanism of the formation of these large droplets is not well tmderstood, but it is hypothesized that

the drops are produced by the coalescence of much smaller drops in converging stream lines in the

vortices. The slip velocities in vortices are sufficiently low that the gecoridary breakup of the drops is

precluded. The photographic records indicate apparent burning rates for the large drops of 10 to 100 cm/s,

regardless of LGP type. These rates are only rough estimates, but they are in the range found in previous

studies (Lee et al. 1990). Another observation is that the formation process of the large drops apparently

induced occasional magnus forces on droplets, causing abrupt and random c4anges in ttheir trajectories.

Once the large drops accelerated, secondary breakup took place and the fragments were consumed by

combustion.

The supercritically evaporating sprays exhibited unique characteristics. The photographic evidence

indicates intermittent breakup of blobs from the tip of the liquid core. The blobs, apparently composed

of densely packed small particles, expand and swell downstream before complately evaporating. It is

possible that the swelling, rather than indicating radial droplet velocities (as in conventional subcrtical

sprays) is a manifestation of rapidly decreasing density as the liquid particles approach their critical

temperature. The structure and behavior of supereuitically evaporating sprays arm still poorly understood.

Presumably, the behavior of supernritical combusting sprays resembles that of supercritical cvaporating

sprays.

9.4 IMPLICATIONS OF THE PRESENT WORK TO MODELING OF COMBUSTION IN GUNS

Recent effort has been devoted to modeling the pressure fluctuations prevalent in RLPGs. Coffee

(1992) has been successful in numerically simulating coherent pressure oscillations associated with

acoustic modes. In his model, the liquid is injected with a known average Sauter mean diameter drop size.

Having specified the initial burning amea and a prewssuc-dpenlc bum rate, the evolution of the spray
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is followed using the LHF approximation. (This approximation assumes no slip velocity between the two

phases.) When a steep pressure dependency of the bum rate is assumed (d dpddt - pn, n > 1.2), pressure

oscillations develop due to wave reflection from the chamber walls. One shortcoming of this model is

that it does not consider liquid core breakup processes. Such processes are certainly important.

Equation 3 indicates that liquid core size will decrease with pressure. Therefore, a transverse pressure

wave may break a large section of the liquid core into rapidly burning segments. Also, the validity of the

bum rate pressure dependence used in the model is at present tentative. In principle, a model can be

devised which considers the interaction of the liquid core with transverse pressure oscillations while

assuming a much milder dependency of burning rate on pressure. While such a jet breakup model would

be more physically iealistic, experimental data useful for validating such a model is lacking.

The combustion in these experiments occurs at subcritical conditions and the amount of propellant

burning in large drops appears to be a large fraction of the total. Even so, the present work establishes

that combustion on the periphery of the sprays can take place within z/do = 20 of the injector. This

corresponds to the dense spray region (Figure 26). The ambient temperatures and pressures during most

of an interior ballistic cycle are much higher than, thos studied in these experiments and, at pressures

above 60 MPa, the combustion In guns may be supercriftical (Kounalakis and Faeth 1988). At gun

temperatures and pressures, reactions %ould accelerate such that droplets formed via primary atomization

might not have time to coalesce into large droplem Supereritical conditions would further render large

droplets unstable due to reduced surface tension. These considerations suggest that burning sprays in guns

will be consumed a shoit distance from the liquid core and a far field region will not develop. Also, the

combustion, whether subcritical or supercritical, is likely to be highly turbulent with sizable local

fluctuations. At the high pressures in guns where the combustion Intensities are extremely high, it is

possible that turbulent fluctuations could generate high !ocal pressures. These could then be echoed by

adjaceut chamber walls and relnforced. The LGP1845/nitrmethan test (#33) indicates that large Li2r

drops can be formed even when amblent gas temperatures are highW r than the 500° C obtained with heat,3

nitrogen alone. However, more defaitive studies are rqulrd to characterize the competing promc.':.s Of
econdary atomization and droplet coalescence at high

Until data is available reganling the structure and pressure dependency of burning rams in sprays at

pessurcs above 60 MPa. t is suggested that modeling of sepated flow om na, such as dtoplet
usjectories in the far fieldds of spays, be avoided. Modeling dsol instued cmcentrate on the breakup

process of ft liquid com since the cor exists for both siberiticay and sperlcally combustiag LOP
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sprays. Existing models of liquid core breakup in sprays apply turbulent theories such as the LHF

approximation (Faeth 1987), the aerodynamic theory (Reitz 1987) and the jet embedding technique

(Przekuas et al. 1988). At this time, the LHF approximation has not yet been attempted in gun codes, and

a partial use of correlations based on the aerodynamic theory of jet breakup was unsuccessful (Coffee

et al. 1991). The present work shows that in dense sprays drop coalescence and secondary breakup

processes are very important if the sprays bum subcritically. Computer codes developed to account for

such processes may be prohibitively time consuming to run. Thus, it may not be desirable to attempt to

model the results of this experimental study. In contrast, an LHF-based code suitable for spray conditions

at the high temperatures and pressures in a gun should be far easier to implement. Even so, it is important

to remember that the physical basis of the established theories have weak points and all include

questionable empirical parameters. It should also be remembered that the injection nozzles in most RLPG

are annular and have complex exit channel geometes. The adaptation of the aerodynamic theory to these

cases is not straightforward.

Future testing with the existing facility will be undertaken to establish liquid core lengths of both full

circular and annular simulant jets through the use of soft x-ray photography. However, the study of

pressure fluctuations and their interaction with the core will not be possible due to fte low pressure rating

and the limited combustion iniewides which can be achieved. A 150.MPa spiay-combustion visualization

facility which addresses these shortcomings is now under design. This facility will reveal whether tie

LGP bums supeeriftically at pressures where pressure oscillations are tound in guns.

10. CONCLUSIONS

1) In the pressure range tested (i.e., <40 MPa), th combustion of HAN-based LOP sWays Is

subcritical.

2) Subcritical combustion of LOP sprays at high pr•sures is controlled by turbulcnt mixing processes

and •ccurs in vortices enveloping dense spray in the transition region between the near field (liquid core

brak-up) and the far fricd (fully developed turbulent jet).

3) Drop coalescenc in vortices results in a significant perctntage of the LOP butring as large (ca.

I am) particles. 11m small burning area to volume ratio for thse particles can ireasc the level of
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unreacted LOP in the RLPG combustion chamber and render the combustion more susceptible to pressure

fluctuations.

4) The experiments with nitromethane and ethanol demonstrate tt supercritical combustion is likely

to be controlled by liquid core break-up dynamics. Spray particles will be extremely small and

combustion will be complete in close proximity to the com- Pressure fluctuations may interact strongly

with liquid core dynamics.

5) Suberitical combustion of LOP was observed to occur in the transition region. This indicates that

even if combustion at high gun pmssums is still subcritical, cmbustion is likely to be complete within

a few centimeters beyond the liquid com

6) The highly turbulent and random natu of the combustion observed in this study indicats a

mechanism whereby local pessur excursions can be triggered. Howcver. as no pmssure oscilations wcxe

observol. the present work does no estaish a mechanlsm for thr sustained gtowth.

7) If the mechanisms driving pressur fluctuailo in RLPO's are to be unequivocally dewmined,

ciperimew will havc to be exterded t prsure abve 100 Mt Ila vLWlzaio teduiques pesny

developed arm appliAbl to =0c elevaWe pressu=
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APPENDIX:

COLOR IMAGE PROCESSING
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Once an image is ported to the Silicon Graphics Personal Iris 4D200, it is converted to an RGB image

file and placed in an RGB framebuffer in ".pic" format. The RGB image file created from a video frame

typically has about 133,000 pixels. Each pixel contains three color components: red, green, and blue.

Each color component has an 8-bit dynamic range (i.e., an intensity value from 0 to 255). These

components can be separated into individual frame buffers arid operated on as appropriate, based on

objective criteria for color sources in the original image. It is this feature, three component bit mapping,

that allows manipulation of the color content in an image on a pixel by pixel basis.

For the present study, the first step in processing an image involved the elimination of color noise.

The characterization of noise levels was done empirically by sampling background regions in the image

which should have been black (i.e., I(R) = I(G) = I(B) = 0). Based on this survey, threshold values for

l(R), I(G), and I(B) or their sum were set to a limiting value below which a pixel element was mapped

to black. The threshold values were then adjusted by trial and error until the background was clear with

the threshold(s) set as low as possible. Threshold values of I(G) < 50 and I(R) < 32 were typical. Some

enhancement of image detail was achieved by this thrczholding procedure.

The second step in processing an image involved calculating the ratio M=I(R)/I(B) and the total pixel

intensity IMT)I(R)+I(G)+I(B) for each pixel not mapped to black. For high values of M (M > 5), pixel

color components were mapped to: I(R)=255, I(G)=0.63*I(T), I(B)=0. This results in an output color

ranging from red to yellow, with yellow signifying input pixels having the highest value for M. Since

this mapping is for high I(R)/I(B) ratios, yellow also orrsponds to the highest flame intensity. For

l1M9. the input pixel was mapped to: I(R)=0. 1(G)=0.6301T), I(B)=0. This mapping gives shades of

green. The value 0.63 was found to result in the beg detail contras in the processed image. For MWl

and I(B>50, the t pixel was mapped to: 1(R)=O, 1(G)=(0.63 *1(T)+64)W2, (B)=0.63*I(T)+64. This

sulted in a green-tinted brig blue color which printed well on the color video priner (Sony, Model UP-
5000). This pVoce•s resulted in Wpeudoolor mapping of reactivity without significant loss of image dtadl

rlae to total intesity variation.
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LIST OF SYMBOLS

CB - constant related to primary drop~ sine

C - constant related to liquid cowe length

Cp - specific heat at constant pressure, cal/g-k

.. -constant raed to spray angle

d - liquid blob diameter, cm

d. - nozzle exit diameter, cm

.dp- liquid drop diameer, cm

K - beat conductivity, cal/cm-k-sec

I -nozzleleng cm

AP - particle collision rate, l/Cm 3-sec

Oh - Ohnesorge amber

P - prcesure MPa

Re - Reynold nmnber

r, - rdialf ditaaon spay, cm

T toempure.0 K

t time. See

* b dropltbre upt dme. se

u - velocity, aue

UQ IJctdoA velociy, im/wc

0, V -tl Wiv m eanv lciy betwee pAilida mhec

We. Weber mnbet

z - axWd owwn qvyy
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p - density, g/cm 3

p - viscosity, glcm-sec

o - surface tension, g/sec2

o - spray angle, deg

ct - void frltion of liquid in spray

SUBSCRIPTS

G -gas

L - liquid

P - particle (droplet)

SUPERSCRIPT

* - critical value
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