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PREFACE

The U.S. Army Ballistic Research Laboratory was deactivated on 30 September 1992 and subsequently
became a part of the U.S. Amny Research Laboratory (ARL) on 1 October 1992,
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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 buili 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 treaiment 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 achicved with respect to pressure-time
histories, piston motions, and projectile velocity. Despite this success, more fundamenta! characterization
and modeling of Regenerative Liquid Propellant Gun (RLPG) processes is required for predicting high-

Onec technical issue which has received considerabie attention is the large pressure fluctuations
observed in virtually every RLPG caliber and geometry tested to date (Graham 1988, Knapton 1990,
Waltson 1989). Although muzzle velocity is lirtle affected by these fluctuations, there is concem that they
tnay have an adverse effect on projectile components. Analysis of pressure vs. time traces from 155-mm
gun firings reveals that the fluctuations have both coherert and incoherent wave struciure, with most of
the energy stored in the incoherent waves (Haberd 1992), The coherent waves can, in most cascs, be
relaled (o acoustic modes which depend on the global geometry of the combustion chamber. The source
of incobereit fluctualions is uncenain. Auempts 1o reduce or climinate pressure fluctuations guided by
analysis of cxperimenial gun fifng data have been only panially successful. Some reduction of tw
coberent fluctuations has been achieved through the use of baffles and cavitics (Watson, Knapton, and
Boyer 1989), jet dispersion devices (DeSpitito ¢ al. 1991), and modified injector faces (Watson, Knaplon,
and Boyer 1989). Rccently, fluctuations were climinated entirely in the Ballistic Research Laboratory
(BRL) 30-mm RLPG fixture by insering a rabber hoso in the combustion chamber (Boyer 1992).
However, the reason this davice works is not undsrsiood; and te implenentation and uscfulness of such
a device in larger, higher performance guns such as the 120-am tank gun or the 158-mm howitzer remain
o be proven.

Whether coerent or incoherent, pressure fluctuations will be eliminated if the volume of unreacted
propeliant prescat in the combustion chamber al any instant is reduced sufficiently. Realistic two-phase
flow modeling of gun combustion processes would suggest approaches to achieving this goal. However,
cxperimental daia concerning the dispersion pattiems of liquid in the chamber and actual volumetric




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) attempted to visualize spray dynamics and combustion in an
actual gun fixture, but the phenomens of interest 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 (LGP) sprays in windowed test chambers were
conducted by Birk (Birk and Reeves 1987) and later by Lee (Lee et al. 1990). In both efforts, LGP1846
was injected at velocities of 50 to 100 m/s into a post-combustion eavironment of argon/hydrogen/oxygen
(Birk and Reeves 1987) or nitrogen/methanc/air (Lee et al. 1990). Both groups also used high-speed
cincmatography 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 temperature
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 the ambient gas by heat losses to the walls limited test durations to a few
tens of milliscconds.

The photographic data of Birk (Birk and Reaves 1987) prompited Lee (Lee et al. 1988) to mode) the
LGP sprays using the locally homogeneous flow (LHF) approximation of multiphase flow theory. Later,
Lee and Facth (Lec and Facth 1992) conkluded from their own expeciments that separated flow
considerations for LGP sprays must be taken into account. Although the theorics yielded spray penetration
distances in reasonable agreement with e experiments, the asswnptions and choice of empirical constants
used are suspect. Also, neither the experimental results nor the theories provide sight with respect o
" the pressure fluctuations observed in aciual gun fixiures.

This repont summanzes experiments conducted at the BRL Spray Resarch Facility to visualize jot
breakup, atomization, and combustion of LGP sprays al pressures significantly above those studicd
previously. Obscuration of spray details duc to radiation from the ambient gas was avoided by initiating
speay reactivily (i.c., evaporation, ignition, and combustion) in 33-MPa S00° C clear nitrogen. In addition,
the LGPs were seeded with lithium and/or sodium nitrate to enhance flame visibility. To avoid problems
inherent in using shadowgraphic techniques, and to provide better distinction between flanie and unreacted
liquid particics, a copper vapor laser strobe was used o slice the spray at 90° (0 the camera. This allowed
true oolor high-speed cinematography to be used for visualization, and facilitaicd innovative color image
analysis for spatially mapping spray reactivity. Combusting sprays of LGP184S, aqueous solutions 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 1A 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 850° 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-mm
apertures. Chamber pressure is measured with a pressure transducer (P) (Kistler, Model 607C). The
pressure regulator (PR) upstream of the PBH maintains a (presct) minimum pressure in the test chamber.
System valving is controlled electropneumatically. 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 clectrodes fed through fittings on opposite sides of the chamber.

R Fur the experiments reported here the injector was loaded with 35 cm? of propellant.  Among the
7 “propellarts studied were LGP1845, LGP1898, aqueous solutions of HAN and TEAN, and nitromcthanc,
Experiments with ethanol and pure water were also conducted. A small amount of water (0.5 to 0.7 cm?)
was loaded between the propellant and the injection orifice to prevent the propellant from being ignited
prior to iniection by heat transfer from the ambient £a:. (Thus, the injection of the buffer water preceded
the actual propellant injection.) To flush the system after the propellant was injected, 47 cm® of water
was also loaded "behind" the propellant. The two (water) buffer zones in the injector were isolated from
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the propellant by traveling seals. In most tests, the propellants wers seeded with approximately 0.5 om?
of a saturated nitrate salt solution to produce flame enhancement and spectroscopic markers. Aqueous
Sr(NO,),, Ba(NO,),, LINO,, and NaNO, 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 S00° C 33-MPa nitrogen. These were the highest
terperature 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
temperature in the chamber was limited by the emperature to which the particle bed could be heated and
heat losses. For safety purpeses, and alsc for stabilizing the temperature in the test chamber, the chamber
gas was continually exhausted via a 1-mm orifice (far) downstream of the chamber. This 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 observadons.

In an attempt to achieve complete buming of propellant sprays within the field of view, and to provide
maximum test duration, propellants were typically injected through a small (0.S-mm-diametaer) circular
orifice. Tests utilizing 1.0-mm and 2.0-mm-diameler orifices were also conducted. ALl injector nozzles
had cylindrical exit channels with rounded inlets and a length to diameter ratio (/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 entoring the injector and
prematurely igniting the propellant,

For visualization, both a color video camcorder (Quasar, Model VM-21) and a high-speed framing
camena (Photonic Systems, Photec 1V) were used. A 10-W copper vapor laser (Oxford Lasers, Model
CU10) served as a sirobe. (The copper vapor laser radiates at 510.6 nm (green) and 578.2 nm (yellow)
with the 510.6-nm linc approximalcly twice as intense as the $78.2-nm line.) The laser pulses, which have
a duration of 25 ns, were synchronized to the {raming rats of the high-speed camera. The framing rate
was typically sot to either 2,000 or 5,000 fraracs/s. Tae camconder, which runs at 60 frames/s (only), was
operated in its high-speed shutter mode (1-ms exposuie). The laser's 25-mm-dianicter beam was opically
steered by a mirror (M), cylindrical lens (L1), and a concave lens (L2) to provide a 3-mm-thick planar
light sheet thet sliced the chamber volume symmetrically along the nylinder axis and a1 90° o the camerss,




In 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,
Mudel ST-1000) coupled to a monochromator (ISA Instruments, Model HR-20). A 1-m-long quartz fiber
optic (FC) was used for light collection. Measurements were limited to recording emission spectra of the
comoustion process. The spectra were collected from a region subtending a 25-mm circle of the spray
approximately S0-mm downstream of the injector—the 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 S00 nm. A 600-groove/mm grating, resulting in a 125-nm spectral range, was
used to obtain better wavelength resolution of features identified in the S00-nm scans.

3. IMACE DIGITIZ? "ION AND PROCESSING

Image analysis technioucs “vere applied to better interpret the cinematic data. This necessitated
digitzing the cireamatic records. Digitization was accomnlisl.ed by projecting the photographic images
onto a screen and recording the projection to a Super-VHS formatted tape via a professional video camer:
(JVC, Model HZ-811) and a digitd VCR (Panasonic Mudel AG-1830). The white balance feature of the
video camera was use3 to vorrect the color bias of the orcjected image caused by the deviation of the
projector lamp from “true white." (“True white" is defined as I(R)=1(G)=I(B), where IR), I(G), and I(B)
are the intensity valucs of the NTSC “red,” “green," and “olue * respectively.) The video tape records
were digitized with PC-AT-based frame grabbers to obain 8-bit monochrome (Truevision, TARGA M8)
or 24-bit color (Trucvision, ATVISTA) limages. A PC-based scitware package (Jandal Scientific, JAVA)
was used for monochrome image analysis, The Soior imaga {ides were pored via a local area network
(Ethemcr) to a Silicon Graphics Personal Iris 4D20G workstuia for analysis. Color image analysis was
performed with a UNIX-based soflware package (G. W. Har~away and Associates, WHIP) which was
further developed in-house for the specific necds of tus <tudy.

4. TEST MATRIX
This report is based on the results of 33 major tests. A swnmary of important experimental parameters

and tle diagnostic tecliniques employed for cach test is givan in Table 1. The rationale for choosing
various test parameters 2nd diagnostic probas s as follows.




Table 1. Test Matrix of Experimental Parameters and Diagnostic Techniques

Test* Propellant
1 LGP 1845
2 LGP 1845
3 LGP 1845
4 LGP 1845
5 LGP 1845
6 LGP 1845
7 LGP 1845
8 LGP 1845
9 LGP 1845
10 LGP 1845
1 LGP 1845
12 LGP 1845
13,14 LGP 1845
15 LGP 1845
16 LGP 1845
17 LGP 1845
18 LGP 1898
19 LGP 1898
20 LGP 1898
21 LGP 1898
22 64% HANY
23 64% HAN?
24 80% TBAN
25  HO

%  HO

21 HO

22 LGP 1845
29 LGP 184S
3031 Ethanol

32 Nitromethano

Inj.Vel.
(m/s)

100
100

100-2008
110
100
110
110
110
110
110
110
110

110
110
110
240
110
110
110
240

110

110

110

125
95-1108
100-1808

130
150

150
122

k) Nivomethane/ 141

LGP 1845

* Nominal ambient conditions: 500° C, 33 MPa

Imagingb

< <

< € <€ <

v,hsc
v,hsc
vhsc
v.hse
v,hse
v,hsc
v,hse
v.hsc

vhsc
v.hse
vhsc

vhsc
hsc

v.hisc
vhse
vhsc

vhsc
vhsc

Emiss.Spec.

-

-
-

250 - 750 nm
220 - 345 nm
300 - 425 nm
425 - 550 nm
540 - 660 nm
660 - 780 nm

270 - 770 nm

no signal
270 - 380 nm

270 - 380 am

270 - 770 am

-

no signal
no signal

-
-

23

by - video camcorder, hsc - high speed cinematography

€ ¢cvl - copper vapor laser illumination

¢ Batance H,0

® Unless specified, injection orifice had a 0.5-mm diameter

T EGAG - xenon strobe

8 Injection velocily accelerated during test.

Comments®>f

28 MPa, 480° C, EG&G

seeded w/ St(NO,),, 28 MPa,
48(° C, EG&G

28 MPa, 48(° C, EG&G

48(° C, EG&G, 1 mm

480° C, EG&G, 2 mm

333 MPa

seeded w/Sr(NO;),

seeded w/ Ba(NO,),

sceded w/ LiNO;, 27.6 MPa,
HeNe test

seeded w/ LiNO;

seeded w/ LiNO,, cvl

sceded w/ LiNQ;, cvl

seeded w/ LiNO,, cvi

seeded w/ LINO,, cvl

seeded w/ LiNO,, cvi

seeded w/ LINO,

sceded w/ LINO,, cvl
ignition in injector

cvl

seeded w/ LIND,, cvl

seeded wi LINO,, cvl

cvl, 40P C

cvl, 530° C, 31 MPa, | mm

20° C, Tungsten lamp,
shadowgraphy, 28 MPy, 3.2 mm

seoded w/ LINOy, cvl
34 MPs, | mm

seoded w/ LINO; + NaNOy
cvl, 37 MPa, 1 mm

cvl, 480° C. 28 MPa, 1| mm

cvl, 480° C, 28 MPa

seeded w/ NaNO;, ovl
480° C, 33 MPa




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 ITA) 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 LGP1845. 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 nitromcthane would not
autoignite at the ambient conditions employed. Therefore, an immiscible, S0/50 mixture of nitromethane
and LGP1845 was injected (Test #33) to provide an ignition source (combusting LGP1845) 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 three LGP1845 tests. The
chamber temperature shown is also an average of thesc three tests. Chamber temperature reached its
maximum carly in the pressurization process and remained stable thereafter.  Calibration tests with a
0.125-mm thcrmocouple established that the response iime of the 0.05-mm thermocouple uscd during the
spray tests was less than § 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 simultancously
(Birk and Reeves 1988).

Injection took place about 1 second after chamber pressurization. The post-injection temperature traces
are distinctly different for cach of the four cases. Paramelers of interest in these traces 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 rate 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. (This is an important result which is moie {ully discussed below.) The post-injection
temperature measured in the TEAN test is relatively low, indicating that TEAN provided a greater heat
sink to the chamber gas than the HAN solutions. The rate of temperature tise is a direct reflection of the
rcactivity of the given propellant and also provides an indication of flame propagation upstream and
inward on the spray. The post injection temperature profiles of the flameless HAN and TEAN sprays are
flat. This is consistent with the expectation that both HAN and TEAN, used as monopropeliants, release
only a small fraction of ths energy produced by LGP1845 combustion. The temperature records of the
LGP1845 vs. that of the LGP1898 sprays clearly reveal the greater reactivity of the LGP1898 spray.

" Figure 3 shows representative chamber pressure vs. time for experiments utilizing 1-mm and 2-mm-
iamaeter oritices. The injection velocities associated with these traces are similar to those gencrated in
tests with the 0.5-mm-diameler orifice; thus, the mass flow raie is proportional to d 2. The sharper
pressure drop at injection start for the larger diameter onifices is due to the greater cooling induced by the
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Figure 3. Chamber Pressures for Three Different Jet Sizes,

higher mass flow rate. Once ignited, however, the higher mass flow rates lead to higher pressure
excursions. 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 unseeded LGP 1845 test (Test #7) are shown in Figure 4. Only
OH A-X emission at 310 nm and Na 3s%S-3p°P (D-linc) emission at 589 nm are identifiable. (Sodium
is a propellant contaminant.) These transitions were also observed in LGP1898 tests. Line broadening
of the Na D-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 nm is apparent, but
carricrs for the signawre could not be identified. Emission features were not detected in the HAN or
TEAN tests. NO, fluorescence, which could have been induced via excitation by the copper vapor laser,
was not detected in any test.
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Figure 4, Emission Spectra of Unseeded LGP1845.

In addition to the Na 352S-3pP transitions observed in all experiments, Li 252S-2p?P transitions were
recorded in experiments seeded with LINO,. It was hoped that seeding the propellants with StNOy), or
Ba(NOy), would produce an excited state population distribution of the metal atoms which could be
determined from its visihle emission spectra. Coupled with color image analysis, this might have
pennitied mapping of flame temperatures. However, transitions from the Sr and Ba excited states of
interest were not obscrved.

The mechanisms leading to the electronic excitation of lithium and sodium are nut known. It seems
likely though that a chemiluminescent reaction between M-O (M = Na or Li) and a combustion
intermediate such as N,O is involved. Such a mechanism would be analogous to reaction of Na-O with
various oxidants to pioduce the mesospheric Na nightglow (Kolb et. at. 1991). Regardless of the
excitation mechanism, the energy splitting in the upper state in the Na and Li transitions is insufficiont
for calculating flame temperature. However, the dominance of these transitions in the emission specira
is useful in image processing, as will be discussed below,

An interesting result of the spectroscopic measurements is the nearly equal intensities of Na* and Li®
measured in Test #20. (See Figure 5.) In this test, the propellant was seeded with LINO, only, making
the number cf lithium atoms at least 300 times greaier than the number of sodium atoms. Also, the line
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Figure 5. Emission Spectra of LGP1898 Seeded with LINO,.

strength of the Li 25%S-2p’P transition is slightly stronger than the Na 352S-3p*P transition and lower
energy is needed for Li*® excitation. Based on thess considerations, it was expected that the intensity of
the Li* transition would be much greater than tiie Na’ transition. One possible explanation for this result
is that the decomposition temperature of NaNO; (280° C) is significantly lower than that of LINO,
(600° C). This 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 reconds with distinctly different time
scales and exposure requirements. The video pictures are 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, the relatively low
exposure requirements of the video CCD clement facilitate the caplure of “global” features created by
sidelighting the spray with an EG&G xenon sirobe light, (This strobe is not sufficiently intense for use
in sidetit high-speed cinematography.) Because a video frame comesponds to the integration of spray
variations over 1 ms, the penetration distances and divergence angles of the sprays are well defined. (See
Figures 6, 7, and 8.) The unreacted portion of the spray appears distinctly blue cotresponding to the rich
blue wavelength content of radiation from the xenon lamp. Conical spray outlines which have vertices
comresponding to the injection port are observed in the video pictures. This is clear evidence that
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Figure 6. Video Pictures of 0.5-mm LGP184S Jet (Test No. 1).

.. g t ¢
Figure 7. Video Pictures of 2.0-mm 1.GP184S Jet (Test No, 5).
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Figure 8. Video Pictures of 0.5-mm Jets of HAN and LPG 1845 (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.

The cinematic records reveal the actual spray dynamics occurring in these expeniments. Sidelighting
with the copper vapor laser strobe and seeding the propellants with nitrate salts provided breakthroughs
in high speed imaging of the sprays. Sidelit photography produced more informative images tan (the
commonly used) backlit photography. Imaging of scattered light is less sensitive to the index of refraction
vanations prevalent in high pressure gas than imaging shadows produced by backlighting.  Liquid
boundarics appear clearly against the black background when sidelighting was used. Seeding the
propeliants with nitrate salts created sufficient additional combustion luminosity for flame to be recorded

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

The cinematic records reveal an increase in turbulence as the injection proceeded. Flame spreading
upstream on the spray is commensurate with the increase in turbulence. In all combusting sprays buming
was 1nost intense in vortices adjacent to the spray envelopes. The slow accumulation of opague gases in

the chamber indicates that 1.GP1845 did not bum with optimum efficency. The He-Ne test (#12) shown
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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 pattems recorded on the high-speed film. A commercially
available instrument (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 licu 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 pattems which could be
scparated via color image analysis, could provide more accurate particle sizing than obtainable using a
monochromatic source.

7.2 COMPARATIVE SPRAY DYNAMICS
7.2.1 COMBUSTION INTENSITY vs. ORIFICE DIAMETER

Figurcs 6 and 7 represent the two extremes of orifice diameters utilized in tw combustion experiments.
These tests correspond (0 injections through 0.3-mm and 2.0-mm-diameter orifices, respectively. The
flame anchored about 20 mm from the injector nozzle in the test with the 0.5-mm-diameler odifice.
Quasistcady combustion, defined as the time when flame reached this distance from the nozzle, lasted up
to 0.3 scconds in the injections through the 0.5-mm orifice. Large (ca. | mm) liguid particles were
obscrved buming about the spray envelope. Despite the rather long exposure time (1 msec), the paticle
boundarics appear distinctly shasp, indicating very low local velocitics. In contrast, the streaking
associated with particle trajectorics in Figure 7 indicate high local velocities and turbulence in the test with
the 2.0-mm-diameter orifice. This is due o e higher mass flow rate. Combustion lasted for less than
50 ms (iwo to three video frames) in this test. The thermocouple in the middle of the chamber is
discemibly bent, indicating that the intact liguid core is *~pinging oa it
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Figure & Cine Pictures of HeNe Beam Through Test Seetion (Test No. 12).

7.2.2 HAN VS LGPIRAS SPRAY DYNAMICS

Figurc § compares HAN and LGPIBAS sprays generaied wath simaar experimental parameters. Of
interest iy the distance from the injector to the poind where the spray is totally convernted to gaseous
products.  (This is defined as the penctration distancey  The similarity of the penctration distances
mcasuted for these two sprays supponts the assertion that tire HAN decomposition is the rate limiting step
in LGPI84S spray combustion (Carleton, 1990). The yellow colaration of the tip of the HAN spray s
pobably duc o the S78.2 i line of the copper vapar laser. The S10.6 nm line may be absorbed

preferentially by NO,, a HAN decompasition product.
7.2.3 HAN VI TEAN SPRAY DYNAMICS

The dynamics of the HAN and TEAN sprays, shown i Figures 10 and 11, are much alike. The
similar penctration distances observed for these two sprays indicates that the time scale for TEAN
decomposition is the same as thal of the HAN under the given tost conditions.  Obscurztion of the spray

details due to opaque decomposition products procceded somewhat faster in the TEAN expenment. In
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Figurc 10. Cincmaiic Sequence of HAN Spray (2,000 frames/s, Test No. 23).
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both sprays, large particles are observed 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
decomposition products. Emission of visibie light due to decomposition or combustion was not observed
in eitner spray. The lack of visible emission is consistent with the low reactivity and heat generation in
these sprays indicated previously via the thermocoupie measurements.

7.24 LGP1845 VS. LGP1898 SPRAY DYHAMICS

Figures 12 and {3 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 fommulated LGP1898 (Klein et al. 1991) clearly exhibited more reactivity than
LGP1845. One manifestation of the increased reactivity is the extent to which the LGP898 spray bulges
compared to the LGP184S spray. Also, LGP1898 bumned to completion whiic LGP1845 diu not. Flam:
advanced within 15 mm of the injector in the case of LGP1898. Large, buming Yiquid particles and
buming in vortices arc evident in both: cascs.

To quantitatively establish the intensity, extent, and temporal characteristics of combustion, intensity
histograms of consccutive (monochrome) images produced i, the absence of extemal illumination (Tests
#13 and #20) were constructed. Intensity histograms of the flames depicted in Figure 14 are shown in
Figures 15 and 16. The gray levels in the histograms correlate with flame intensity and have a dynamic
range from 0 (total darkness) 1o 255 (CCD clement saturation). The number of pixels per gray level range
is proportional to the projecied arca of the corresponding luminosity level. Such histograms provide the
potential to correlate "combustion noise” with pressure fluctuations. For the high luminosity values (gray
levels above 200) the histograms for the LGP1845 and the LGP1898 flames are comparable, Since the
high luminosity values arc (presumably) associated with the large, buming droplets, the histograms
indicate that the d~~amics of the LGP1898 and LGP1845 sprays are similar with respect 1o droplet
formation and buming.

7.2.5 WATER SPRAYS
Cincmatic images of water injected through a 1-mm-diameter osifice are shown in Figure 17. The

images indicate extensive evaporation, snd a penetration distance which (apparently) did not extend much
beyond the window length (97 mm). The critical point of water is 374° C and 22.1 MPa. Although the
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Figure 14. Cincmatic Sequences of Flames of 0.5-mm LGP1845 and LGP1898 (2,000 frames/s, Test Nos.
13 and 20.
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Figure 15. Intensity Histogram of LGP184S Flame (Test No. 13).
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of LGP1898 Flame (Test No, 20).
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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 nitromethanc and ethanol are 315° C, 6.3 MPa, and 243° 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 LGP1845/nitromethanc 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 purc LGP1845 and became
progressively richer in nitromethane. Unlike the injection of pure LGP1845 through a 0.5-mm-diameter
orifice, this mixture bumed to completion. The nitromethane, which did not autoignite (Test #32), was
presumably ignited by buming LGP1845 particles. Since the LGP1845 and the nitromethane are
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 LGP1845
component. Because the flame temperature of the nitromethane is about 1,000° C higher than that of the
LGP1845, it is possible that the local ambient gas temperature around the LGP1845 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)
(Scquences at 5,000 frames/s).

Figure 19. An 1.8-ms Sequence of Supercritically Evaporating 1-mm_Ethanol Jet Demonstrating High
Depree of Stuctural Fluctuation (Test No. 31).
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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 bumning 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 LGP1845 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 LGP1898 to viscous heating is unknown.

8. COLOR IMAGE PROCESSING AND ANALYSIS

Color image processing was uscful 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
5782 nm. Thus, the color images effectively result from the combination of just four different
wavelengths. The relative amounts of I(R), I(G), and I(B) produced for unit 2xposure of the high-speed
film (Kodak, Ektachrome 2253) at these four wavelengths were approximated from the published speciral
scnsitlvity 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, IRR) is
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Figure 21, High Injection Veloeity Tesis with 0.5-mm Jets of LGPISS and LGP INON

(Clests Nos, 17 and 21).
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Table 2. Film Response to Prevalent Wavelengths in Buming Spray Illuminated by Copper Vapor Laser

o nw
RGB Senasiltivity v. Selected Wavelengths for Unit Exposure 2 / $ T
(Kodak Ektachrome 2253 High Speed Daylight Film) d|
10¢
Wavelangth R G B sl
(nm)
. u i
510.6 05 61 59 2 P
578.2 16 161 <01
589.0 18 84 <01 10}
670.7 275 <01 <Od 4

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
are coincident.

It should be ncted that the film color sensitivity data has only been established for exposure times
ranging from 10° to 10 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
(<10* fps), the published data should provide reasonable values for color analysis of flame. The film's
exposurc to laser scatter, however, is determined by the duration of the laser pulses which are
2.5x10°® seconds long,

To establish sensitivity data for the 2.5x103-second exposure to laser scatter, images from experiments
involving the injection of H,0 were analyzed. For these experiments, the image is solely a product of
laser scatter, We found that the I(B):1(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 particles changes with their size and index of refraction in accordance with
the Mie theory. For panicles of submicron size (Rayleigh), scattering efficiency is greater at shorter
wavelengths. Hence, for finely atomized sprays undergoing significant evaporation, it is possible that the
510.6-nm laser line scattered move effectively than the 578.2-num line. This would result in an image with
higher than 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 NO, has an absorption cross
section which is much higher at 510.6 nm than at 578.2 nm. Preferential absorption of the 5§10.6-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)=1(B)=0). I(G) values were particularly instructive in this regard because both
emission from the combustion process and laser scatter produce images with 1(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 cuntribution 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 delincates 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 (IR)+1(G)+I(B)) in
the original image. Intensity modulation was niecessary to retain the details of the original image in the
pseudocolor map. The noise reduction and pseudocolor mapping (detailed in Appendix A) wes optimized
cmpirically 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 cincmatic
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
achicved 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 cincmatic images of Test #29, and Figures 23 and 25 show their image enhanced versions.
The pscudocolor map in the cnhanced versions delincates three major regions in the spray. Blue indicates
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Figure 22. Cinematic Sequence of Progression of 1-mm 1.GP1845 Reactants From Ignition 10
Behavior (Every 3 ms, Test No. 29).

Figure 23. Color Image Analysis of Figure 22 Sequence: Blue - Nonreactant Liguid; Green, Red
Yellow - Increasing Degrees of Reactivity,
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Figure 24. Cinematic Sequence of T-mm L.GP1845 Quasisteady Combustion (5,000 Lrames/s,
Test No. 29).

Figure 25, Color Image Analvsis of Fisrure 24 Sequenve.
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unbumed 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, buming in vortices is
prominent, as is the ¢xistence of submillimeter size buming particles. The cclor image enhancement
(Figure 25) of the large bumning 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 particulady evidert
close to the nozzle,

9. DISCUSSION
9.1 LIQUID JET BREAKUP AND SPRAY FORMATION

Of the mechanisins leading © the combustion of LPG, the rate limiting process is expected to be the
breakup and atomization of the LGP jet into small liquid particles. The dynamics of this process,
therefore, control the amount of LGP present in the coimbustion chamber al any given time. If LGP
accumulates beyond a dueshold amount, the combustion process has the potential 1o become unstable and
prone to pressure fluctuations. The visualization of LGP spray achicved in this siudy provides a basis for
approaching the snalysis and modeling of RLPG combustion processes.

Although in present RLPGS, the LGP is injected through annular orifices, the dynamics of full cone
sprays geicrated from simple circular orifices were investigated in this study. This was done for both
practical and scicntific reasons. Experiments with circular onifices could be made safer, more controllable,
provide longer quasi-steady test conditions, and with hetter visualization than comparable experiments with
annular sprays. Also, the experimental results could be interpreted and comparcd to the exicnsive data
base which exists for full cone sprays. The dalabase for annular sprays is comparatively small and of
questionable valuc. Admitiedly, annular sprays may have some unique characteristics (Birk and Reeves
1987), but fundamental LGP spray combustion dynamics should be the same for 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. 1930).

Numerous models have been proposed to predict the behavior of full cone sprays. After an exhaustive
search of the literature, we chese 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/py > 0.1, the regime in which we are interested. For comparison, the
spray structure observed in Test #27, where pg/p; = 0.334, is shown, The intact liquid core length (z,)
in the spray corresponds to the potential core length (z,;) in a single-phase turbulent jet. (The intact core
length is also referred to as the breakup length.) When the orifice diameter (d,) and the injection velocity
(uy) are the same for both cases, z, is longer than z; by a factor which is primarily a function of
(pL/pG)”z. The turbulent jet reaches a fully developed region called the far field after a development
length designated z,;, Similarly, a far field is achieved in a spray (z, > z,) 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-z,) where r is the radial
distance from the centerline and the z, is the virtual origin of the jet divergence angle 6. The tangent of
the divergence angle 0 is linearly proportional to a semiempirical constant related to /d,, multiplied by
(Pa/e)™. The center-line spray velocity decreases with distence as (p/pg)'/(z-2,), and entrained mass
increases as (pg/pp) ! 4z-z,).

The spray outline in the far field dces not form a pure conical shape. Rathier it has a jagged envalope
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 2; in gun
applications. This conclusion is confirmed in the present work where combustion is shown to occur in
the dense spray region delincated 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 transition zone are most relevant for gun
applications, the following discus:ion focuses on characterization of this region.
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With respect to atomization processes, the basis for drop formation in the acrodynamic theory is
related to disturbances on the core (or on large liquid blobs constituting the core region [Reitz 1987])
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 (Rey, = ppu,d/uy) of the flow
through the injector nozzle is above the critical vaiue for turbulent flow in pipes (i.e., above 2,000).
However, fully developed turbulence was achieved only after I/d, > 40 and the injector nozzles used in
this study had [/d, 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. Modcling based on the acrodynamic theory provides relationships
for predicting the spray angle (6), intact core length (2y), and primary drop sizes (dp) for a given set of
test conditions. The values of 8, 2,, and d, 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 pg/py, < 0.1, the spray angle may be calculated from the acrodynamic theory using
1an(6/2) = ¢ g(Oh, Weg, Wey) 8y
where Oh = (i /p, 6d.)M2 is the Ohnesorge number, Wey = pyu 2d /o is the liquid Weber number, and
Weg = pgu,2d,/0 is the gas Weber number. The Ohnesorge number contains the influcnce of liquid
viscosity (u ) while the Weber numbers contain the influcnce of surface tension (6). (The function g can

be found in (Reitz 1987) and the reader is referred to this anticle for its explicit expression.) The
parameicr ¢q is an empirical constant related to the nozzle geometry. It depends mainly on /d,, and the




Table 3. Summary of Test Conditions Related to Atomization®

p 1] Pa/PL

g/em® glcm-sec g/sec?
LGP18450 1.47 0.071 0.098°
0.110d
Water 1 0.01 0.130¢
Ethanol 0.79 0.011 0.1680!
Nitromethane 1.13 0.08 0111

2 Values of Re, We and Oh are based on u,, d, .
b Values for LGP1845 are representative (within 7%) of the LGP1888 and HAN and TEAN water

mibdures used.

Rel_

5690
15500

$1300
54500

§7800

132000
403000

222000
313000

127000

We,  Oh
€500  0.045
27100  0.082
9490  0.0053
58500  0.011
11400 0.0085

¢ Atnominal test conditions (0.5 mm jet injected at 110 m/s into 500°O. 33 MPa).

d Maximum conditions - 1 mm jet injacted at 150 m/s into 500°C, 37 MPa (test number 28).
* { mm jet injected at 103 m/s into 530°C, 31 MPa (test number 28).

t 1 mm jot injected at 150 m/s into 480°C, 28 MPa (test number 31).
8 0.5 mm jet injected at 122 m/s into 480°C, 28 MPa (test number 32),

Table 4. Estimated Spray Attributes*

0(Eq.1) 6(Eq.2)

Dagrees Degress
LGP1845 127° 162
129 164
Water 187 167
Ethanol 184 172
Miromethane 169 18.4

fo Tabie 3 tests.

[- - - g

2men jot (number 8) 2, = 63 mn.

0 (Exp.)
Degress
18.5°
185

1¢
12

<12

For high spaed tests (tumbers 17 and 2t) 0 =119
FF:W\MNNO-N. For TEAN test (umber 24) 0 «17.
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16
309

8

18

dp(Eq. 4)
pm
0.77
0.37

017
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nozzle entrance profile. For the present case where //d, = 4, cg = 0.19 is suggested (Reitz 1987). The
0 values calculated using Equation 1 range from 12.7° for an LGP test to 18.7° 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(6/2) = 0.13(1 + pg/pp)- : ¢

Unlike Equation 1, this equation is valid for a wide range of pg/p,. Spray angles calculated using
Equation 2 fall within a fairly narrow range (16.7 +/~ 0.5°).

The spray angle could be measured in the present experiments to an accuracy of +/~ 1° 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 acrodynamic 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 acrodynamic theory also significantly
underpredicts 8 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 acrodynamic theory and available experimental data establish that for pg/p, < 0.1, the
breakup length is given by

2y = cclPpe)'? . &)

where cc is a constant equal to a value between 7 and 16 (Chehroudi, 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 temperatire, and not the >200° 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,
z; was less than 45 mm. In Test #5, the only experiment utilizing a 2-mm-diameter orifice, z; was found
to exceed 45 mm. Thus, the experimental results and the z, 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 acrodynamic theory provides reasonable estitnates for the jet breakup

length,
9.1.3 PRIMARY DROP SIZE DISTRIBUTIONS

When Oh and pg/p,, are less than 0.1, primary drop sizes predicted by the aerodynamic theory can
be calculated using the simplified relation

dp = CBd/wcG ' (4)

where ¢ is a constant with a value between 10 and 40. Based on this equation, droplets formed via
primary atomization in these tesis arc expected to have a submicron mean drop diameter. However, it is
not possible using currently available experimental techniques to determine primary drop size distributions.
Extremely large particles were observed in subcritically reactive sprays, but these are presumably the result
of droplet coalescence—a secondary process. This observation highlights the fact that the particle size
distribution depends to a large extent on coalescence and secondary breakup processes in the dense spray
region. These processes are not considered in the acrodynamic theory; therefore, the acrodynamic theory
and its estimates of primary drop size distributions (alonc) may not properly represent 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 tiv2 and volume (np) is
estimated to be (Hinze 1975)

f, ~ 0(1 - ayd (5)

where 1, is the relative mean velocity between the particles and o is the 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 wil: form whose size will be
controlled by secondary breakup processes.

The extent of secondary breakup processes is correlated with the ges Weber number (Wepg) and a
temporal parameter (t,). The Weber number above which a drop will break is known as the critical Weber
number. Unfortunately, several experimentally determitied vélues have been reported for this parameter
and a consensus favoring one has not been reached. We have chosen to follow Clift (1978) in which
breakup was found to occur for ‘

Wepg > Wepg' = 6.5 | (62)

where |
Wepg = Pady(u, = ug)iss. (6b)

Following Ranger and Nicholls (1969), the lifetime of a droplet is given by
t = 44, /Pg) Py, - ug) . )

lfmediffcrcmcup-uciskmmBquaﬁmﬁm7cmheuwdwfmdunlugwpossiblesizeof
stable drops and the lifeiime and trajectories of larger drops.
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Unfortunately, it is very difficult to approximate u, - 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 dp/(pc)m (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 U, - Ug. Therefore, they
will be stable with respect to secondary breakup. Interestingly, if such small drops do exceed WepG*.
Equation 7 implies their lifetime will be very short. Larger drops are more likely to be broken in eddies
by local trbulent 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 tb* are shown vs. a range of u; - ug
up to 20% of the injection velocity. As the values in Table S 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 THRERMAL 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 cormesponds
to the conversion of liquid into gaseous products. (See Figure 8.) This condition is also reached in purely
cvaporating 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 trajectorics. The most conservative
calculation of the time () it takes to heat a droplet a certain AT, is oblained by assuming no heat transfer
augmentation due to convection, and by considering the droplet temperature to be uniform. For this case,

{, may be approximated using

ty = P opdpAT /12K AT, , ®
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Table 5. Critical Drop Size and Secondary Breakup Times for LGP1845*

u,- u 1 2 5 10 20
mis °

dg 3018 755 121 30 75
nm

ty 38.85 483 0.308 0.038 0.0048
msec

2 At nominal test conditions.

where AT, is the average temperature difference between the gas and the liquid, Kg is heat conductivity
of the gas, and cp is the specific heat capacity of the liquid. For the present test conditions,
AT; ~ 200° C, and we assume AT, ~ 2AT, ~ 400° C. Using values of K¢ = 0.00026 cal/cm-K-s for
nitrogen and cpy = 0.57 cal/g-K for LGP1845, Equation 8 yields t, = 0.001, 0.003, 0.034, 0.13, 0.54 ms
fordp =1, 2, 5, 10, 20 pm, respectively. Assuming a drop velocity equal to the injection velocity of
110 m/s, a 1-pm dropiet (from primary atomization as per Table 3) will traverse 0.1 mm during a typical
heat-up to 200° 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 rapidly decreases as the liquid
approaches its critical temperature. Thus, the liquid core breakup at such conditions may not result in
spray at all. This is likely the situation deplcted in Figure 18. This situation is in contrast to subcritical
conditions ‘where the average drop size may increase markedly due to coalescence. In the case of LGP,
coalescence may occur well before drops reach their decomposition or ignition temperature. This produces
stower 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 the virtual
origin of the spray. At the point where the temperature is measured in the prosent tests (about 45 mm
from the injector), it is estimated, based on the spray angles, that the ratio of the entrained gas to liquid
masses is well over 10. Because the heat capacity of the gas per unit mass is close to that of the Liquid,
mmwmmmammwmmmmmmmmmwmuwmmm.



Based on the thermocouple measurements (Figure 2) and drop heating times (t,) 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,, N,. and water at about 120° C. This process is only mildly
exothermic. When the nitric acid reaches 180° C, it decomposes into NO, 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
litle decomposition occurred until well downstream of the thermocouple. Taking into account the
characteristic heating times calculated eadier, 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 250° 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
determings the ignition location in the spray. If the temperatures inside the spray are not high enough to
rapidly decompose HAN and HNO,, 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 LGP1845 and LGP1898 sprays also indicates that, in addition
to a temperature threshold, the LGP sprays require some threshold concentration of reactive species before
significant reaction occurs. The LGP1898 uses DEHAN instead of TEAN for a fuel component (Klein
et al. 1991). The DEHAN decomposition temperature is similar to that of the HAN and, therefore, HAN
and DEHAN decompose almost simultancously. This results in a prompier, more vigorous reaction than
achioved with the LGP1845 under the conditions of these experiments.

The test results also demonstrate the impact of gencral turbulence on the periphery of ihe spray in the
transition and far field regions. Turbulence enhances heat transfer and the mixing of reactive species in
these regions. It was always observed that ignition first occusred in the far field. Flame advancement
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iowards 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 understood, 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 sufficieatly low that the secondary breakup of the drops is
precluded. The photographic records indicate apparent bumning 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 changes in their trajectories.
Once the large drops accelerated, secondary breakup tock place and the fragments were consumed by
combustion.

The supercritically evaporating sprays exhibited unique characteristics. The photographic cvidence
indicates intermittent breakup of blobs from the tip of the liquid core. The blobs, apparently composcd
of denscly 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 subcritical
sprays) is a manifestation of rapidly decreasing density as the liquid particles approach their critical
temperature. The structure and behavior of supercritically cvaporating sprays are still poorly understood.
Presumably, the behavior of supercritical combusting sprays resembles that of supercritical evaporating
sprays.

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

Recent effort has been devoted 10 modeling the pressure fluctuations prevalent in RLPGs.  Coffee
(1992) has been successful in numerically simulating coherent pressure oscillations associaled with
acoustic modes. In his model, the liquid is injected with a known average Sauter mean diameter drop size.
daving specified the initial buming area and a pressure-dependent 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 burn rate is assumed (d dp/dt ~ p”, 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 buming segments. Also, the validity of the
bum rate pressure dependence used in the mode! 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 realistic, experimental data useful for validating such a model is lacking.

The combustion in these experiments occurs at subcritical conditions and the amount of propellant
bumning 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/d, = 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 those studied in these experiments and, at pressures
abovc 60 MPa, the combustion in guns may be supercritical (Kounalakis and Faeth 1988). At gun
temperatures and pressures, reactions would accelerate such that droplets formed via primary atomization
might not have time to coalesce into large droplets. Supercritical conditions would further render large
droplets unstable due to reduced surface tension. These considerations suggest that buming sprays in guns
will be consumed a short 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 trbulent with sizable local
fluctuations. At the high pressures in guns where the combustion intensities are extremely high, it is
possible thai turbulent fluctuations could generate high local pressures. These could then be echoed by
adjacent chamber walls and reinforced. The LGP184S/nitromethanc test (#33) indicates that large L350
drops can be formed cven whicn amblent gas temperatures are higher than the S00° C obtained with heetre
nitrogen alone. However, more definitive studies arc required to characterize the competing proc. ses &
sccondary atomization and droplel coalescence at high tsmperatures.

Uniil data is available reganding the structure and pressure dependency of buming rates in sprays at
pressures above 60 MPa, it is suggested that modeling of separated flow phenomena, such ss droplet
trajectories in the far ficlds of sprays, be avoided. Modeling should instead concentrate on the breakup

process of the liquid core since the core exists for both subcritically and supercritically combusting 1L.GP



sprays. Existing models of liquid core breakup in sprays apply turbulent theories such as the LHF
approximation (Facth 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 casier to implement. Even so, it is important
to remember that the physical basis of the established theories have wecak points and all include
questionable empirical parameters. It should also be remembered that the injection nozzles in most RLPG
are annuiar and have complex exit channel geometries. The adaptation of the aerodynamic theory to these
cases is not straightforward.

Future testing with the existing facility will be undenaken 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 nat be possible due to the low pressure rating
and the limited combustion intensities which can be achieved. A 150-MPa spiay-combustion visuaiization
facility which addresses these shortcomings is now under design. This facility will reveal whether the
LGP burns supereritically at pressunes where pressure oscillations are found in guns.

10. CONCLUSIONS

1) In the pressure range tested (i.c., <40 MP2), the combustion of HAN-bascd LGP sprays is
subcritical.

2) Subcritical combustion of LGP sprays at high pressures is controlled by turbulert mixing processes
and oocurs in vortices enveloping dense spray in the transition region between the near ficld Qiguid core

break-up) and the far ficld (fully developed turbulent jot).

3) Drop coalescence in vortices resulls in a significant peroentage of the LGP buining as large (ca.
1 mm) particles. The small buming area to volume ralio for Uiese particles can increase the level of
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unreacted LGP in the RLPG combustion chamber and render the combustion more susceplible to pressure
fluctuations.

4) The experiments with nitromethane and ethanol demonstrate that 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 core. Pressure fluctuations may interact strongly
with liquid core dynamics.

5) Subcritical combustion of LGP was observed to occur in the transition region. This indicates that
even if combustion at high gun pressures is still subcritical, combustion is likely to be complete within
a few centimeters beyond the liquid core.

6) The highly turbulent and random nature of the combustion observed in this study indicates a
mechanism whereby local pressure excursions can be triggered. However, as no pressure oscillations were
observed, the present work does not establish a mechanism for their sustained growth.

7) If the mechanisms driving pressure fluctuazions in RLPG's are to be unequivocally detsrmined,

experiments will have to be extended to pressures above 100 MPa, The visuaiization wechniques presently
developed are applicabls t such clevated pressures.
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APPENDIX:

COLOR IMAGE PROCESSING







Once an image is ported to the Silicon Graphics Personal Iris 4D20G, 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 O to 255). These
components can be separated into individual frame buffers and 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., IR) = I(G) = I(B) = (). Based on this survey, threshoki values for
IR), I(G), and I(B) or their sum were set to a limiting vaiue 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 1(G) < 50 and I(R) < 32 were typical. Some
enhancement of image detail was achieved by this threcholding procedure.

The second step in processing an image involved calculating the ratio M=I(R)/I(B) and the total pixel
intensity I(T)=IR)M+KG)+1(B) for each pixel not mapped to black. For high values of M (M > 5), pixel
color components were mapped to: I(R)=25S, (G)=0.63*K(T), I(B)=0. This results in an output color
ranging from red to yellow, with yetlow signifying input pixcls having the highest value for M. Since
this mapping is for high IRVI(B) ratios, yellow also corsesponds to the highest flame intensity. For
1SMSS the input pixel was mapped to: I(R)=0. I(G)=0.63*I(T), I(B)=0. This mapping gives shades of
green. The value 0.63 was found to result in the best detail contrast in the processed image. For M<1
and 1(B)>50, the input pixel was mapped to: I(R)=0, KG)=(0.63 *I(T)+64)/2, I(B)=0.63*1(T)+64. This
resulted in a green-tinted bright blue color which printed well on the color video printer (Sony, Model UP-
5000). This process resulted in pscudocolor mapping of reactivity without significant loss of image detail
related to todal intensity variation.







LIST OF SYMBOLS

Cp - constant related to primary drop size

Cc - constant related to liquid core length

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

Co - constant related to spray angle
d - liquid blob diameter, cm

d, - nozzle exit diameter, cm

dp - liquid drop diameter, cm

K - beat conductivity, cal/cm-k-sec
! - nozzle length, cm

fp - particle collision rate, 1/cm-sec
Oh - Ohnesorge number

1y - droples breakup time, s
t - beat-up time of dropiet, sec
u - velocly,mfies
v, - injection velocity, misec

o, mlﬁivemmvdndlywmwﬁdu.w

We - Weber number

z - axial distance o spray, cn .




p - density, g/em®

p - viscosity, g/cm-sec

G - surface tension, g/sec?

6 - spray angle, deg

o - void fraction of liquid in spray

SUBSCRIPTS

P - panicle (droplet)
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