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INTRODUCTION

The proposed fuel, RJ-5, is a blend of several fused ring hydro-

carbons oF low carbon/hydrogen ratio. This feature of the fuel gives rise

to a high density compared to the simple non-cyclic hydrocarbons which

predominantly constitute JP-type fuels. The high density of the RI -types ,

along with their high energy content, imparts to them a large volumetric

heat of combustion, thus making them promising candidates for volume-

limited tactical weapon systems . Typical components of the fuel are

shown in Figure 1.

I I I

Figure 1. Typical components of PJ-5

The effect of structural differences on the combustion characteristics

of RI-S is unknown. Furthermore, ~~rk is still in progress to improve the

physical properties of the fuel by variation of the isomer ratio and/or by

the addition of additives’. It is well established that small quantities

of additives can have major effects on combustion parameters such as flame

(1) A. Schneider , et al., “Air-Breathing Missile Fuel Developnent,” Sun
Oil Company, Contract No. F33615-73-c-2022 , and related contracts ,
l97S to date.
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velocity2, first and seconci ignition delays3, and hot-wire ignition tem-

peratures4. Many of these effects are difficult to predict a priori and

to expla in a ~~steriori.

Three prior studies on the combustion kinetics of RI-S have been

carr ied out by Shell5, Esso6, and Martin Marietta Laboratories (!41L)7.

The goals of these preliminary studies were to: (1) investigate the

effec t of reaction condit ions on the ignition delay (T), and (2) determine

the influence of viscosity-reducing additives. While extensive data on

the variation of T were obtained with the experimental techniques employed,

it is not clear Low these data ~~uld correlate with engine test firing

resul ts because T is merel y an indicator of the onset of combustion and

is not directly related to combustion duration or efficiency.

(2) H.G. Wagner , “Studies of Inhibitors as Anticatalytic Extinction
Agents (Preliminary Report),” Research Contract No. 3155 (1955).

(3) B. Lewis and G. von Elbe, Combustion , Flames and Explos ions of
Gases , 2nd Ed., Chapter IV, Ac~~ Ic Press, New York (1961).

(4) M.E. ~~rrison and K. Scheller ,”The Effect of Burning Velocity
Inhibitors on the Ignition of Hydrocarbon Oxygen-Nitrogen Mixtures,”
Combust. Flame 18, 1 (1972) .

(5) Shell Oil Company , Final Report Part II , AF APL TR 76-114 (1967).

(6) V.J. Siminshi and F.J. Wright , Paper No. 72-71 presented at the
AiM 10th Aerospace Science Meeting, San Diego, California ,
January 17-19 (1972).

(7) M. McCarty , Jr. , J.N. Maycock, and D. Skean, “A Shock Tube Study of
the Combustion of Shelldyne-H with Mditives ,” presented at Western
States Section/The Combustion Institute, Monterey, California,
ck tober 30-31 (1972).
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Because of the uncertainties associated with ignition delay measure-

ments, a more extensive study was carried out at T41L8, supported by the

Naval Air Systems Comand, with the aim of establishing a method for

monitoring the entire combustion profile rather than just fuel ignition .

This study showed that the infrared-coupled shock tube could y ield valuable

informat ion on RI-S vapor combustion under homogeneous gas phase conditions .

For instance , it was demonstrated that the burn rate increased with increasing

temperature, with an apparent activation energy for combustion of 18 kcal/mol

over the temperature (l900-3600°K) and pressure (1-1 .5 atm.) range investi-

gated. Furthermore, the study demonstrated that burn rate of Ri-S vapors

increased with both fuel and oxygen concentration but was unaffecte.~ by

total gas pressure. It was also shown that the combustion rate depended

only weakly upon the fuel isomer ratio. However, the combustion kinetics

of a possible viscos ity-reducing blending component, exo-tetrahydrodicyclo-

pentadiene (exo-THDCPD) , exhibited complex behavior under similar reaction

cond itions , suggesting that the behavior of RJ-5/exo-ThDCPD blends might also

be complex. The influence of this factor in real systems is still uncertain.

While this shock tube study provided much more information on the

combustion kinetics of RI-S vapor than that obtained from ignition delay

measurements , the results obtained could not be related to combustion in

rocket engines where combustion is heterogeneous, i.e., fuel is introduced

as a liquid into a hot combustion zone. The overal l combustion process is,

therefore , influenced by such parameters as rates of heat transfer and

(8) John Brupbacher, M. Thomas McCall , and Maclyn McCarty, “Combustion
of High Density Fuels,” Martin Marietta Laboratories Final Report,

TR 76-91c (1976).
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vaporization of the fuel, and gas dynamics , as well as by the combustion

kinetics of the homogeneous vapor phase.

Because of the difficulties associated with extracting meaningful

combustion data from ignition delay measurements or from homogeneous vapor

phase combustion profiles , the present study has been undertaken with the

aim of developing a laboratory technique capable of more closely simulating

combustion in real systems. The approach taken was the nebulizer-coupled

shock tube in conjunction with infrared and visible monitoring techniques

.6



EXPERIMENTAL APPROAQ-I

A number of approaches have been used for the study of hydrocarbon

combustion , including use of laboratory flames, engine combustors , flow

syst ems , and shock tubes. The difficulties in obtaining kinetic data from

each of these devices vary considerably and involve such factors as heter-

ogeneous reactions, finite heating duration, and temperature, pressure,

and density gradients throughout the reaction zone. The approach that

seems to present the fewest obstacles and to offer the greatest versatility

is the chemical shock tube, which was therefore chosen for the present

study. Wi th the shock tube, premixed fuel-air mixtures can be rapidly

heated to temperatures above the fuel autoignition temperature, whereby

ignition and combustion will occur. Furthermore, the physical properties

of the gaseous mixture can be readily varied to simulate a wide range of

combustor conditions. When the chemical shock tube is used in conjunction

with a technique that produces a fine liquid mist , a heterogeneous combus—

tion environment is produced, which more accurately simulates combustion

in rocket engines than the laboratory techniquc~ presently used. The

misting technique selected was an ultrasonic nebulizer. A description of

shock tube and nebulizer operation follows.

Shock Tube

The chemical shock tube used in this program consists of two

segments of pipe separated by a diaphragm. The first portion, the driver

section, contains gas at a higher pressure than the second section. The

driven section contains the gas mixture to be studied (e.g., P.1-S + air).

When the diaphragm is broken, either by bursting due to ove~~ressure or by

mechanical puncture , the driver gas expands into the driven section

,7



compressing and heating the gaseous mixture. The shock wave travels down

the tube at supersonic speeds, sweeping the reaction mixture with it and

generating the incident shock wave. When the shock wave reaches the end

of the tube, the gas cannot be further displaced , and a second shock wave

is produced , whi’-n leads to additional heating and compression. This wave

moves away from the end of the tube and is referred to as the reflected

shock. Aside from having much higher temperatures and pressures, the

reflected zone differs from the incident zone in that it is stagnant , i.e.,

the gas in the reflected zone has no net velocity along the tube axis.

As a first order approximation, the temperatures of both incident

and reflected shock zones are determined by the pressure differential

across the diaphragm. In practice, the act~ia1 shock conditions are

calculated from the experimentally measured shock velocity, the initial

driven gas t emperature and pressure, and a knowledge of the temperature -

dependent heat capac i ty profile for the driven gas . Temperature and

pressure profiles for a typical shock experiment monitored at a point near

the end of the tube are illustrated in Figure 2.

Generation of Fuel Drop1c~s

The methods available for the production of aerosols include the

spinning disk9’10, La Mer9’10, atomizer impactor10, isolated droplet11’12 ,

(9) H.L. Green and W.R. Lane, Particulate Clouds: Dust, Smokes, and
i-lists, Van Nostrand, Princeton (1964) .

(10) K.T. Whitby, D.A. Lundgren , and G.M . Peterson, Int. J. Air and
Water Pollut., 9 263 (1965).

(11) N.R.  Lindblad and J.M. Schneider,”Method of Producing and Measuring
Charged Single Droplets,”Rev. Sci. InstrtgTl. , 38 , 325 (1967).

(12) J.R. Adam, R. Catanev, and R.G. Semonin ,”The Pro~’iiiction of Equal
and Unequal Size Droplet Pairs ,”Rev. Sci. Instrum., 42 , 1847 (1971) .
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Figure 2. Temperature-pressure profile for shock tube experiment at a
point  near the tube end plate , showing incident and reflected
shock conditions. Reaction zones are defined as follows :

A Preshock conditions

B Incident  zone

C Reflected zone

a incident shock arrival

b Reflected shock arrival
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and pneumatic generator techniques13 . However, these methods produce

only limited concentrations of aerosols or yield a wide distribution of

particle sizes and are not readily suitable to shock-tube coupling.

In contrast , ultrasonic nebulizers have recently been developed

that overcome these difficulties . With these devices , acoustical energy

is transmitted directly to a pool of liquid from the surface of a barium

titanate piezoceramic transducer operating in a non-focused mode. A

radio frequency (RF) signal produces ultrasonic vibrations in the trans-

ducer , causing the liquid to break rapidly into a fountain of small drops.

Lang has found that the count median particle diameter, d, of droplets

produced in this manner is given by14

d = 0.35 (8iio/pw 2)~
’3

where a is the solution surface tension

p is the density

~ is the resonance frequency.

This expression has been found to be valid for frequencies between 12 kHz

and 3 ~1-Iz, although there is some tendency for droplets to be smaller than

predicted at f requencies above 1 M1z15.

Furthermore, Denton, in adapting the ultrasonic nebulizer to the

flame spectroscopic technique, has verified that the droplet size

(13) J.A . Dean and ~~~ Carnes,”Drop Size of Aerosols in Flame Spectro-
photometry ,”Anal. Chem. , 34, 192 (1962).

(14) R.J. Lang, “Ultrasonic Atomization of Liquids,” J. Acoust. Soc.
Amer., 34 , 6 (1962).

(15) Yu. Ya . Boguslavskii and O.K . F.knadiosyants ,’~ Physical Mechanism
of the Acoustic Atomization of a Liquid , ’ Akust . Zh. , 15 , 14 (1969).

10



distribution is relatively narrow’6. At 1 M-lz, 90% of the droplets

produced were between 4 and 6 p while 80% at 3 M-Iz were between 1 and

3 p. The droplet size distribution curves for the aqueous solutions

examined by t~nton are shown in Figure 3.

U)

I
,J ’~~’\ ill MHz\

Droplet Size in Microns

Figure 3. Droplet size distributions observed for 1 and 3 ?‘t-iz operation

Larger droplets can he readi ly obtained with a lower RF frequency . The

nebulizing rate can be as high as 1 m2/min and depends only weakly upon

the solution depth . Also , the particl
~ size distribution does not depend

strongly upon the nature of the solution, in agreement with theoretical

considerations.

Combustion Prof iles

The species involved in the combustion process PJ-S + 02

CO + CO2 + F-I
~
0 have widely different physical properties , which make the

fuel well suited for analytical analysis. One property of the combustion

system, an intense infrared emission at high temperature, has been

chosen as a means of obtaining detailed, in situ, product profiles. The

(16) M.B. Denton and D.B. Swartz;’An Improved Ultrasonic Nebulizer
System for the Generation of High Density Mists,” Rev. S d .
Instrurn. , 45 , 81 (1974).
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room- temperature absorption spectrum for the combustion system, shown

in Figure 4 , demonstrates the ideal nature of this system for infrared

analysis. The fuel and both combustion products, CO2 and H20, as well as

a product of incomplete combustion, CO, are well separated in the infrared.

A Polaroid record of the infrared emission from CO2 in a typical experi-

ment of P.1-S vapor in air is seen in Figure 5. The sharp increase in the

shock tube pressure, marked by the sudden increase in the upper trace ,

si gnals shock wave arrival at the observation station. Production of

CO2 is clearly depicted by the slow increase in the infrared emission

(negative signal) displayed on the lower trace. Analogous profiles are

observed for the production of H20.

12
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‘rime (20 lisec/cm)

Figure 5a. Shock tube experiment of Ri-S at 2200°K. Upper trace,
pressure profile; lower trace, CO2 emission at 4.2p

Pressure
TIME (/.Lsec)

I I I
0 50 100 150 200

CO2 Em
~~

on 
- - -

Figure Sb. Line drawing of above experhnent , defining parameters used
in kinetic calculations ; (a) incident shock arrival ; (b) reflected
shock arrival
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EXPERIMENTAL DESIGN

The existing shock tube system at Martin Marietta Laboratories

proved to be inadequate for nebulizer coupling because of the short life-

time of the reflected shock zone. Consequently, a new shock tube system

was designed and constructed. An overall view of the shock tube is shown

in Figure 6,and a detailed drawing illustrating the combustion region is

given in Figure 7. As before, the shock tube consists of two sections,

a driver and a driven section, along with their associated control and

monitoring devices . In the present application, the nebulizer constitutes

a third major element. The three components are described below.

Driver Section

The driver or high-pressure section is constructed from a 32-liter

stainless steel, military surplus oxygen bottle (500 psi) approximately

12 in. in diameter and 24 in. in length. A spring-loaded, double-bladed

knife, installed into the driver section, ensures uniform and rapid

diaphragm rupture. Diaphragm rupture is initiated by release of the

cocked knife , which accelerates downstream and cuts the diaphragm in a

quadrant petaling pattern. The knife is rapidly retracted from the foil

region by spring tension, producing an unhindered path for driver gas

expansion and, hence , a longer lifetime for the reflected zone. Aluminum

diaphragms retain their post-shock configuration and readily exhibit the

quadrant pattern. Also housed in the terminal knife mounting flange is

a 1/2-in. port used for mechanical evacuation and as a driver gas (He)

inlet . The entire dri ver section rests on a slide mounting frame so that

it can be easily moved back for diaphragm changing. Pressure in the

driver section is monitored on a 0-200 psi bourdon gauge.

15
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Driven Sec tion

The driver section is connected to a second segment of 1-3/4 in.

i.d. square stainless steel pi pe by a quick-releas e flange clamp , which

perm i t s  rap id diap h ragm changing . Located 1-1/2 in. from the diaphragm

is an end-sealed Veeco valve with a 1-cm inlet , which serves as a vacuum

and filling port for the test section of the shock tube. In the closed

posit ion , the expansion volume created by this valve is small; thus, the

shock-front disruption is negligible . The remainder of the test section

is constructed from two 147-in , segments of 2-in , square (1-3/4 in. i.d.)

seamless aluminum p ipe fol lowed by a terminal 18-in , combustion chamber

constructed from 1/4- in, stainless steel plate. The use of stainless

rather than aluminum serves the twofold purpose of increasing the strength

in the explosion region and facilitating multiple flanging. The total

volume of the driven sec tion is about 16 li ters .

The test section is terminated by a 1-3/4 x 1-3/4-in, solid

aluminum plug which protrudes 1 - 1/ 2 in. into the shock tube. Through

the plu g is a 1-1/4-in , circular hole drilled axially , and the inner

plu g surface is fitted with a 1-1/2 in. diameter x 1/4 in. -thick quartz

window mounted flush to the plug surface. This window allows end-on

viewing of the :one in the visible and ultraviolet regions. Side viewing

can be accomplished through two circular, 1 in.- diameter LiF windows

mounted flush with the shock tube inner surface and located on either side

of the tube. The window centers are located 0.5 an from the end plug.

With the onset of combustion, the intense infrared emissions from

the combustion products will pass through an LiF window (Figure 7, Detail

A) onto a narrow slit (1 ,iu~) to ensure that the radiation observed has

18



originated from a narrow slice of gas perpendicular to the tube axis.

The unfiltered radiation emerging from the slit will pass through a

narrow-band infrared filter with a characteristic transmission coincident

with the emiss ion of the species to be observed and finally impinge on

the active element of an InSb infrared detector.

In a similar manner , the opposing window is equipped with a

visible and ultraviolet monitoring device (Figure 7, Detail B) . However,

the active detecting device is a photomultiplier tube.

Located at positions 12 and T1, 0 and 10 cm from the end plug,

respectively, are two pressure transducers. The shock velocity can be

calculated from the sudden increase in pressure associated with the

incident shock arrival at these two positions. This velocity determines

the precombustion shock temperature . The rate of pressure change at T2
also serves as a monitor of the fuel burn rate.

The gas handling system, attached to the test section near the

diaphragm , consists of two 32-liter , stainless steel cylinders for gas

mixture storage, 0-SO and 0-800 Torr absolute pressure gauges for mixture

preparation , and a 2-in , oil diffusion pump. Vacuum measurements are

made using an NRC vacuum monitor , which contains both the thermocouple

and ionization gauges.

Nebulizer

Located on the bottom of the tube between the two side-viewing

windows is a Channel Products ultrasonic transducer specifically designed

for cavitating small volumes of li quids to create a fine mist. The

transducer is mounted on the tube by a teflon flange which also houses a

bronze spring and a spacer ring (Figure 7, Detail C). Pressure on the

19



transducer is generated by three compression screws that press against

the spacer ring and serve as the second electrical contact to the trans-

ducer. The transducer resonance frequency and hence the mist particle

size are inversely related to transducer thickness.

The pie:ocerainic transducer is driven by a radio-frequency power

source16 (Figure 8) capable of delivering over 100 W of energy over a

frequency range of 700 kHz to 3.5 ~1-1z. Irradiating power is controlled

by the step resistors and potentiometer in the screen circuit of the out-

put amplifier. Power is coupled to the piezoceramic transducer via a

0.01 jiF , 4 kV transmitting mica capacitor, which isolates the high

voltage plate supply from the transducer. The high-current, high-vol-

tage D.C. power supplies were produced by modification of a Bendix

Corporation Model 925 Knudsen cell power supply.

Located on the upper tube wall directly above the transducer is a

rubber septum seal. This inlet allows direct introduction of a known

amount of liquid fuel onto the crystal surface from a calibrated syringe.

20
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RI SULTS ANI) DISCUSSION

RI-S Mist Formation

In the experiments reported here , a piezoceramic transducer with

a resonance frequency of 1.4 ~41z was used. At this frequency , eq. (1)

predicts a count median particle diameter of 2.6 u when values of 1.08

gm/cm3 and 3’~.4 dyne-s/cm
2 are inserted for the density and surface

tensi on of RJ -5 , respectively. However, this relationship only describes

the droplet distribution once nebulization has taken place , when , in fact ,

many other factors , such as the liquid viscosity and the surface tension

correlation between the liquid and the ceramic , play an important role in

the nehuli:ation efficiency . Acoustic properties of the liquid , deter-

mined by their chemical and molecular structure , also influence the

efficiency . Unfortunately, it was impossible to predict the significance

of these effects a priori .

~nal1 samples of methanol , hexarie , acetone , and water were placed

on the oscillating transducer , producing an opaque cloud which emanated

fror~ the t ran -~ducer surface. Unfortunately , howeve r , mist formation with

RJ-S and exo-THDCPD could only be initiated intermittently . This diffi-

culrv was particul arly severe with RJ-5. It was not clear what property

of these two potent i al ly hi gh -density fuels led to this difficulty . In

an attempt to alleviate the problem, small amounts of surface tension

reducing agents , e.g., oleic acid , and viscosity-reducing agents, e.g.,

toluene , were added, None of the additives used appeared to improve

mist formation .

Despite the difficulty in producing an Ri-S mist , nebulization in

the shock tube combustion chamber, located at the very end of the shock
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tube , periodically yielded a mist that  appea red to be relat ively un i f orm

throughout the last several inches of the shock tube and took about 15

seconds to completely settle. These properties were verified by a

‘I vndall-tvpe experiment in which a narrow beam of light was directed

along the shock tube axis. The perpendicularly scattered li ght from the

small droplets was viewed thru~~h the side viewing ports, as shown in

Figure 9. There appeared to be no tendency for the droplets to mi grate

t o the shock tube walls or to agglomerate into larger drops .

•\ photograph of mist collected on a microscope slide passed

through it is seen in Figure 10. Two features are readily apparent:

fi rst , the droplets are approximately of the predicted size (Ca. 3 u ) ;

second , the s i ze  distribut ion is very narrow , varying only a few microns

f rom the largest to the smallest drop .

The mist generated in the combustion chambers in the experiment

j ust described was produced at ~tmosphcr ic pressure. However , the

mechanics of the shock tube design precluded preshock pressures much

above SC) toi- r lest the final reflected shock pressure exceed the safe

operating l imits of the combustion chamber. The mist produced at 50 torr

tende d to hover over the ceramic disk  as a hemispherical cloud 1 inch in

radius i a the r  than l i s t  r ihute i t se l f  uniformly throughout the combustion

region . This e f fec t  cannot he rationalized in terms of the “tranquil

s e t t l i ng  eX l ) ressiOn ”7 .

c = 

- 

!m) (2)

(17) 1. Yoshida , Y. Kousaka, and K. Okugama, m d .  and Fng . Chem. Fund.,
14 , 47 (1975).
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where g = 980 cm/sec

d droplet diameter

p density of droplets

density of settling medium

viscosity of settling medium

since the viscosity of air does not change significantly over this pressure

range, arid << r~ . Although the origin of this effect is not clear , it

can be overcome by mechanical or airjet mixing.

One area in which the literature is deficient concerning ultrasonic

nebulizers is the lower liquid volume limit at which they efficiently

operate. In fact , in most reported applications, the transducer was

ent i rely submerged under a layer of liquid. We were concerned with this

question because successful deployment of the initial shock tube design

required the capability for nebulizing very small amounts of fuel (<2S~9~).

Furthermore, the modifications required to accomodate large liquid volumes

would not have been easy to implement. However, experiments showed that

samples of liquid as small as 0.5 p2.. could be easily nebulized inside the

shock tube combustion chamber.

It is noteworthy that even very small amounts of RJ-5 lead to

enormous numbers of fuel droplets. For instance, complete nebulization

of a S-p2 . sample of RI-S with an ave rage particle diameter of 5 micron s

would lead to 8 x lO~ droplets. If these droplets were isolated in the

last 100 cm3 of the shock tube , the droplet density would be about 106

droplets/cm3.
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‘list Combustion

Having determined that a stable mist of fuel droplets could be

successfu l lv generated in the shock t ube combustion chambe r , we performed

a series of experiments to demonstrate that heterogeneous fuel combustion

was indeed occurring in the shock tube combustion chamber. The results

of these experiments are depicted in the series of Polaroid records dis-

cussed be low.

A preliminary shock wave was initiated into oxygen-containing Ri-S

mist. .An explosion clearly took place, as evidenced by a loud noise and

an intense visible flash (Figure 11) which emanated from the windows of

the combustion chamber. An infrared detection system containing a narrow

band filter to selectively monitor emissions from one product of combos-

tion , C02, was then coupled to one viewing port. The opposite Viewing

— ——~ ~•1~~~ ~~~~~~~~~~~~ 
_ _

-

Figure II. ‘~i s i h 1 e  f lash  from RI-S combustion; visible li ght emitted
during combustion exper iment is indicated by wh i t e  cen t ral
spot .
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port was equ ipped with a phototube assembly to detect the visible omissions

during combustion . The signals from these two detectors , along with the

signal f rom a pressure transducer, were simultaneously displayed on an

oscilloscope for the remaining experiments. A detailed schematic of these

moni toring devices has already been presented (Figure 7).

The purpose of the first fully implemented nebulizer-coupled shock

tube experiment was to ascertain background visible and infrared emission

levels for RI-S vapor combustion to be used as reference for the nebulizer

experiments. This was essential since it would otherwise be impossible

to distinguish with certainty vapor from droplet combustion . In this

initial experiment , fuel was placed on the surface of the transducer but

not nehulized ; a shock wave was generated through 02 saturated with RI-S

vapor. The ~olaroid record of this experiment is shown in Figure 12. At

the signal sensitivities chosen , no visible light was observed in the milli-

second observation time; however, there was a small but detectable signal

in the infrared which was attributed to the small amount of RI-S vapor

combustion . The pressure profile was steady throughout the entire time

period , suggesting that extensive energy releasing reactions had not

taken place.
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Figure 12. Background emission l evels for Ri-S vapor combustion near l500°K.
Lower t rac e :  infrared en I ssion from (:02 ; middle  t race , visible
emiss ion ; upper t race , pressure p r o f i l e ;  t 0 marks reflected
shock an i \ -a I a t  oft~y 

~~;i t ion s tat  ion

Following this vapor combustion experiment , the experiment was

repeated with a snail :u no ii t of liquid fuel nehul i :cd to produce a low-

density mist . Tie r~ su I t s  of t h i s  experiment arc shown in Figure 13.

The appearance of both v i s i b l e  and inf ra red  cm i s s i o~ s shows clearly that

mist ignition occurre d ~F t 2 r  about 300 ~isec , fc~ l owed by a slow droplet

burning . The infra red en i s s i o n  prior  to this ~— o in t  uas again most ly

due to the very ronid hui -~ j u g  of the lU-S al r~ iiy in the vapor phase .

E
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Figure 13. Nehu l ized RJ- 5  coinbust ion experiment near lSOO °K. Lower trace :
infrared emission from (~~~) 2 ;  m i d d l e  t race , vis ib le emission ;
upper t race , pressure 1) 101 1 Ic; to marks reflected shock arrival
at obse rvation s ta t ion .
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Fi gure 14 represents a repeat of the previous experiment with a

slightly hi gher concentrat ion of fuel droplets. The driver pressure was

also increased sli ghtly to obtain a higher initial temperature, and thus

drive droplet combustion to completion . This had the effect of decreasing

the droplet ignition delay to about 100 psec. The amount of CO2 produced

was significant ly increased , as is indicated by the increased infrared

emission (note: the si gnal sensitivity for the infrared profile has been

halved). Also, the signal leveled off , suggesting that combustion was

complete. Furthermore , there was a pressure rise coincident with igni-

t ion , indicat ing tha t  a large amount of fuel was now burning .

U

...
-
~~~~------- ~~ --k-IP——~~~~~ 

—

t Tine (100 psec/cm).

Figure 14. Nel vilized ,low-density RI-S combustion near 1700°K. Lower trace:
infrared emission from C02 ; middle  trace, visible emission;
upper trace , pressure profile; to marks refl ected shock arr ival
at observation Station .
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This exp erul ent  was once aga in  repeated with the combustion

chamber sat ur ated ~:i t h  ~~ ~ i r~j lets. As can he seen in Figure 15,

~O, pr oduct ion w~ s f u r l  ic inc reased , and a lai c 
~~~~~~ 

pulse

sugge~ t ing the occu rrence ~1 e.~t ens i ci- canhust ion , was observed.

=
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t Time (100 psec/cm)

Figure 15. Nehulized , lii ~ 1i deic~it v R I - S  combustion near 1700°K. Lower
trace: i n f r a red i-ui i s s  ion from (0 ; middle trace, visible
emiss ion;  uppe r t r ;wc , pressure profile; to marks reflected
shock arriva l i t  ul~~i r ~ , l t  ion  s t a t i o n .
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The results of these experiments are typical of those obtained

with the nebulizer-coupled shock tube. In all cases, vapor ignition

coincided with reflected shock arrival (t vapor <1 psec) and was followed

by ignition and combustion of the fuel droplets. The rapid vapor

ignition was consistent with results from the first phase of this study .

In contrast to the vapor ignition, the ignition delay and combus-

tion duration of the fuel drops were highly dependent upon temperature

Increasing the temperature from 1500 to 1700°K led to a decrease in igni-

tion delay from 200 psec to 100 iisec. The combustion duration was

af fected to an even i~reater extent. At l700°K, CO2 production ceased

after approximately 100 psec, whereas , at 1500°K, CO2 formation was

still occurring 500 psec after ignition of the fuel drops.

In suninary , the significant results from this work are:

• Fuel mist ignition and combustion can be induced in a
chemical shock tube .

• The shock tube combustion of fuel mist can be monitored by
infrared , visible , and pneumatic detectors .

• Fuel mist ignition delays are nuch longer than those of vapor.

• Ignition delays and combustion duration of fuel mist are
significantly decreased by increasing temperature .
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CONCLUSIC?~S AND RECOI+IEiNDATICNS

The goal of kinetic studies of combustion is to provide sufficient

insight into this phenomenon to assist in the design and use of systems

deriving energy from fuel combustion. The problems encountered in these

efforts are usually due to difficulties in extrapolating from laboratory-

measured kinetic parameters to fuel performance in comercial devices,

and arise from the failure of most laboratory experiments to adequately

simulate practical conditions. In the present study, we have demonstrated

that the hi gh- temperature heterogeneous fuel mist-air environment of real

systems can be simulated by using the nebulizer-coupled shock tube

technique. Furthenrtore , infrared, visible , and pneumatic devices can

be used to monitor the combustion process n situ. Although the results

reported he re are only prelim inary , further refinements of the technique

should yield results of direct relevance to real systems. We ,therefoi

reconinend that support in this area cont inue unti l  the technique is

fully developed.
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