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he proposed fue l , RJ - . 5 , i s  a b lend  of ~~‘v t  r a l  f u s e d  r ing  hvdro-

carbons  of low ca rbon /hydrogen  ra t io .  This p r o p e r t y  im ports  hi gh

densi ty and high volumetr ic  heat of combus t ion  to the fuel , f e a t u r e s  which

make it a promis ing  candidate for vo lume- l imi ted  app l i ca t ions  such as

the ASALM program. Unfortunately, the need for improvements  in

several  of its phys ica l  proper t ies , such as f r eez in g po int and v iscos i ty ,

as well  as p roduc t ion-re l a t ed  d i f f icu l t ies , have necess i t a t ed  modi f ica t ion

of the fuel’ s isomer ra t io  and the use of addi t ives .

It is well established that small quant i t ies  of additives can have

major effects  on combustion pa ramete r s  such as flame ve1ocity~~
’
~~ f i r s t

and second ignit ion delays~~
1, and h o t - w i r e  igni t ion  t ernpera tures~~~~

Many of these e f fec t s  a re  di f f icul t  to pred ic t  a pr ior i  and to exp lain

a poster ior i .  For this reason , cons iderable  in te res t  has been g e n e r a t e d

in the development of new and innovat ive  techni ques to moni tor  the ef fec t

of var ia t ion in fuel  composition and to obtain a bet ter  unders tanding  of

fuel combustion k ine t i cs  by using additives to tailor fuel pe r fo rmance  to

engine needs.

One promising tool for combustion research  is the chemical shock

tube. With this method, fue l -a i r  mixtures  can be rapidly heated to a

preselected temperature  and p r e s s u r e , and their combustion can be

studied f ree  from the complicat ing tempera ture, p ressure, and density

gradients  associated with flame studies .

Two previous shock tub e studies on the combustion kinet ics  of

lU-S have been ca r r i ed  out by Shel1~
4
~ , and Mar t in  Mar ie t ta  Labo ratories

(MML)~
5
~ to m e a s u r e  ign i t ion  delays , 1 , The goals of these p re l im ina ry
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~t u d i t s  w e r e  to: (1) i~~vt st~~ate the -ff t ct L I  r e a c t i o n  c o n d i t i o n s  on r ,

and (2 )  de t e rmine  the inf luence of v i s c o s i t y - r e d u c i n g  addi t ives.  While

ex tens ive  data on the variat ion of r w e r e  obta ined  with  the exper imental

techniques employed , it is not clear how these data would cor re la te

with engine test f i r ing  resul ts  because T is merely an indicator of the

onset of combustion and is not d i rect l y related to combustion durat ion

or e f f i c i ency .

Because of the uncer ta int ies  associated with ignit ion-delay measure-

ments , a more extensive stud y was car r ied  out at MML to establish

procedures for  monitoring the en t i re  combustion profile for R J -5  vapor - -

air mixtures  rather than just  ignit ion~
6
~ . In this study ,  the in f ra red

emissions emanating from a hot shock- in i t ia ted  combustion zon e we re

f i l te red  to y ield CO2 and H20 time prof i les .  From these data , the ef fec t

of variation in the reaction temperature , pr e s s ur e .  and f u e l/ a i r  rat io

on the combustion rate and duration were obtained.

It was recognized , however , that combustion in real systems is

hete rogeneous , i. e . ,  ignition of fuel vapor occurs first , followed by the

much slower burning of a fine mist of li quid droplets in the hot combustion

zone. This aspect of the combustion problem is more si gnificant for

R J-5  than for JP-4 or 7 because R J - S ’ s hi gher  viscosi ty leads to much

larger  drop lets due to air blast shear ing in rocket engines~
7
~.

The present  work has been undertaken to study the heterogeneous

combustion of R J - 5  air  mist .  To stud y this  complex but technically

more realist ic  situation, we have added an ul t rasonic  nebulizer  to the

down stream end of a shock tube (Fi g. 1). With this device , a f ine  mist

of controlled par t ic le  s ize and conc entrat ion is genera ted  near  the shock

- a -____________ r
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tube end wait. A shock w a v e  is  init~ated throu~ h a i r , c omp r e s .-. i n g  and

heating the mis t  and causing combustion of the a tomized  fuel.  The c on-

s t ruc t ion  details of the nebul izer-coupled shock tube sys tem have a l read y
(8)been discussed

The present  report  will be concerned with the fo rmation , stabiiity,

and characterization of the precombustion shock-induced R J - 5  air  mis ’.

Shock Wave Production

Since combustion in heterogeneous system s must be preceded by

vaporization, it is inherently slower than simple vapor phase combustion.

This d i f fe rence  would probably lead to combustion times that would

exceed the reflected shock wave duration of the exis t ing MML system.

To a first  approximation, the useable durat ion of the reflected

shock zone is proportional to the shock tube length. However , wall drag

(in small diameter tubes) and inadequate diaphragm openings a re  impor-

tant parameters in causing reflected shock decay. It was felt  that these

deficiencies could not be overcome with the existing shock tube. Conse-

quently, a new tube has been constructed to eliminate thest two d i f f i cu l t i e s .

To ensure uniform and rapid diaphragm rupture , a spring-loaded,

double -bladed knife has been installed into the dr iver  sections. Dia-

phragm rupture is initiated by release of the cocked knife which accel-

erates downstream and cuts the diaphragm in a quadrant petaling pattern.

The knife is rapidly retracted from the foil reg ion by spring tension ,

producing an unh indered path for driver gas expansion, and hence , a

longer lifetime for the reflected zone. Aluminum diap hragms rat&in

their post-shock configuration and , readily exhibit the quadrant pattern

( Fig. 2).
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Figure  2. (a) Photograph of r u p t u r e d  aluminum diaphragm showing
quadran t  peta l ing pa t te rn .

- I 
Figure 2. (b) Ar t i s t  concep t ion  of above.

_ _  

L 
_~~~~ _~~~~~~~ _ ___ i -- - -



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~

-
~~~~~~~ ~~~~~~~~~~~~~~

To .~~ ri~:~~ize  ~hc e f f e c t  3f wal l  drag. 1. 75 in. i. d. square polished

a~~::~~inum pipe was used for the shock tub e con structic ’n instead of the

I in. i .d.  c i rcu lar  tubin g previous ly ern picyed.  This c or r e s p o n d s  to a

fourfold increase in shock tube cross-sectional area , which should

significantly reduce drag effects .  Fur thermore,  c a r e  was taken to

ensure that shock tub e at tachments, e. g. , windows , valves , p re s su re

t ransducers, etc. , were  f lush-mounted to limit tu rbulen t  e f fec t s .

Figure 3 shows clearly that the re f l ec ted  shock zone is stable

beyond 1500 ~ sec. As wiU be demonstra ted later , this t ime interval

should be ample for  vaporization and combustion of the fuel mist.

Aeroso l  Charac te r iza t ion

The coupling of an u l t rasonic  nebul i ~nd shock tub e has  not

previousl y been a t tempted.  For this reason , c edures for  mis t

charac ter iza t ion  in shock tubes have not been fu~ , . stablished. Hence ,

— the factors  affect ing aerosol  proper t ies  a r e  d i scussed  in some detail

below.

1) Particle Concentra t ion

Upon initiation of nebulization in the preshocked combustion zone ,

a fine air mist will be formed. However , drop let settling will begin

immediately. This process  is depicted in the f i g u r e  shown below.

— 

.

1
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Figur e 3. (a) Polaroid r eco rd  of p r e s s u r e  profile during shock experiment
at 2000°K; sweep speed equals 200 ~~ sec. /cm.

LU

U,
1~

0~
LU

a
C-)
° -+1 50~ sec

0 400 800 1200 1600

;~ ~
- TIME , ,asec

Figure 3. (b) Line drawing of above experiment
a) Incident shock arr ival  at obs e rvation station;
b) Reflected shock arrival at same station.
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A S~~r~~~~V s tate  s i t~~a t :o i~ b e t -.’.-~~en p a r t ~ c~ t f u r : r a ~~~ :~ and s e tt Lr~g w~ll

rapidl y be achieved; thus , the mist c~ r t r t r~ t~~i~~~ ; wi l l  be independen t

of time. This is represented mathematicall y b y the expression

~~(drop let s )/ ~~tim e = 0 k N - k~ 
(drop lets)

where k N and ks are the nebulization and settling rate constants,

respectively. Thus , the steady drop let concent ra t ion , (d rop le t s ) ,  is

g iven by

(drop lets) =

S

The value of kN can be obtained f rom the tim e required to nebulize a

known quantity of fuel under a f lowing c ondition where  the drop lets

cannot return to the tr ansduce r  sur face .  The set t l ing rate  constant

can be calculated as d iscussed  below. Thus , both fac tors  a f fec t ing  the

steady state par t ic le  concentrat ion can be readil y obtained.

The settling velocity of spher ica l  part ic les  in a stagnant air mass

is g iven by the “ t ranqui l  s ettling expression”

c = 
~~d

2
(P p~~~ P~~ )

l8~~

t where d is the droplet diameter , ~ is the viscosi ty  of the medium , and

p and p are the densi t ies  of the part icles and settling medium , re-

spectively. For R J -5  droplets in air , P air <<P R J 5  and , hence , can

be neglected. Also , the viscosity of air is essentially independent of

pressure ove r the reg ion of in teres t .  The calculated set t l ing rates of

the droplet sizes of interest  to the present  stud y, those of d iameter

0. 5 - 50 ~i, are given in Table I. ’

Of s ign if icance here  is the fact that the part icle se t t l ing  t ime ,

indicated 1/C , is a strong function of par t ic le  diameter .  This has two

- 8 -  :~~~~~~
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TAB LE I .

Settling Rates of RJ-5 Drop lets in A i r

dp (p. ) C ( c m / s e c . )  1 / C ( s e c .  / c rn~

0 .5  3. 27 x l0~~ 306

1.0 1.31 x l0~~ 76. 5

S 3. 2 7 x l 0 ~~ 3. 06

10 1.31 x 100 0 .765

50 3. 27 x 10 1 0 .0306

g = 980 cm/sec. , ,7~~~~2 O D  
= 1.8 x IO~~ poise , 

~~R J 5  1.08 g / cm 3

implications with r ega rd  to mist  s t ruc tu re:

• It will be necessary  to vary  the i r rad ia t ion  power to mainta in

the same droplet concentrat ion as the mean drop let diameter

13 varied via the irradiation frequency; and

• The steady-s ta te  par t ic le  d is t r ibut ion  of the mist  will differ

somewhat from that of the drop lets as they leave the t ransducer

sur face. Fortunately, ultrasonic nebulizers have fairly na r row

distribution curves.  Hence , this d i f f e rence  should not pose any

serious problem s to mist charac te r iza t ion .

2) Pa rticle Size Distr ibution

In addition to the ease with which it could be coup led to the shock

tube , an important  reason for  the choice of the u l t rasonic  nebulizer  for

producing the fuel  aerosol  was  its abil i ty to vary  the r.-iear .  pa r t i c l e  size.
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Drop (et Si:~ in ‘\l icrons

However , the theory of u l t r a s o n i c  n e bu l i z e r s  has  not been a d e q u a t e ly

developed  to account  for  changes  in liquid physical prope rties , such as

v i s c o s i t y ,  s u r f a c e  tens ion , etc. Consequ e ntl y,  it will  be n e c e s s a r y  to

exp er imenta l ly d e t e r mi ne  the drop let  s ize  d i s t r i bu t i on  cu rve  for  R J - 5

as a fun ction of the i r r a d i a t i o n  f r e q u e n c y .  Of the var ious  methods

available , the approach taken by Kou saka~
9
~ seems ideal l y su i t e d  for

nebulizer characterization. In this method, particle size distribution

is determined by the time and number of particles settling through the

depth of focus of an u l t r amicr o scope .  This method has been succes s fu l ly

employed to c h a r a c t e r i z e  water  aerosols  in the r an g e  o~ 0. 5 to 10 p..

The equi pment n e c e s s a r y  to c a r r y  out t h i s  p r o c e d u r e  is p r e sen t l y

available at MML.

3) P a r t i c l e  Vapor iza t ion

Prior to shock arrival in the m i s t  region , the RJ-5 liquid-vapor
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1~equi l ibr ium will a l read y be e s t ab l i shed .  (T c ’nsequent l y,  mass  loss

through vaporization will not be a sign i ficant problem in the preshock

mist. However , vaporization will beg in immediately upon shock heat ing.

The tota l time required to vaporize the droplets in a stagnant , non -

combustion atmosphere, e. g . ,  a shock -heated nitrogen , rather than

air-mist, can be readily calculated from the relationship ( r efe r  to

Appendix I)

2
r p H  r / ( Z A  i T  - T I)

V V O  L m dj

where H~ is the heat of vaporization, r0 the initial drop radius, A is the

thermal conductivity of the atmosphere , and Tm and Td are the air and

drop temperatures, respectively. For instance , a 50 p. (dia. ) drop of

RJ-5 , initially at 300°K arid shock heated to 1273°K (1000 °C), will

• completely vaporize in about 1400 p. sec. ,  which is about the lifetime

of the reflected shock zone (refe r to Fig. 3). However, when surrounded

by flame in a combustion environment, the vaporization time will be

substantially less. Therefore, it is unlikely that combustion of 50 p.

RJ-5 droplets would be incomp lete in the observation time available.

4) Axial Stability

Upon arrival of the incident shock wave in the in st region, the

aerosol particles will suddenly come under the influence of a frictional

force or drag, which, given time , will accelerate them to supersonic

shock speed. Fortunately, however, the accelerating force is instantly

neutralized when the particles collide with the stagnant reflected shock

zone. Although the time between-the incident and reflected shock

arrival, t , is short - - about 50 p. sec. ( r e fe r  to Fig. 3), the particles

will have a finite velocity in the direction of the end plate when they

- 1 1 -
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, -i o r r  t h .  r e t l e ~ t , • d  . .‘nr .  S i i n t h t r l ~~, t~~~v w i l l  t~~~’n d~-~ e l e r a t e  due t t ~ =

1r i c t i ~’n. i l  d r ag  w i t h  t h e  ~ t .~t i ’ n a r y  r e f l e c t e d  sl~o k  . t s~~cs .  Since it is

i m p o r t a n t  that  t h e  b n r n i n ~ RJ - ~ mis t  r e m a i n  in th e  v i e w i n g  r eg ion

~located about 1 cm f rom the end pla te)  and not be s wep t  into it  during

the  obse rva tion  t i m e,  an an al y s i s  of the mis t  ax ia l  d r i f t  is  p r e sen t ed

below.

According to Stokes, a spheri cal partic le moving in a s ta t ionary

gas s t r e a m , or converse l y , a gas s tr e a m  flowing over a s t a tiona ry

Nt r t i c l e ,  wil l  exe r t  a f r i c t i o n al  forc e on the p a r t i c l e  desc r ibed  by the

re l a t i on sh Lps~~~~ 
dvForce = 6~~ ’~rv -m

w h e r e  r and m a r e  the p a r t i c l e  rad ius  and m ass , r e s p e c t i v e l y ,  ar id  v

is the par t icle  v e l o c i t y  re la t ive  to the gas. This r e l a t i o n s h i p  leads  to

thc  e xp r e s s ion  for  the pa r t i c l e  speed , s , r e l a t i v e  to t~u’ side v i e w in g

port (A ppendix 11). -4.

s~~~~~a [ l _ e  r p

w h e r e  p is the drop let d en s i t y ,  and “ a” is  the inc iden t  shock ve locity .

The ve loc i ty ,  s , of a ~0 p. ‘lt.i , RJ -5 dr op let exposed to a Maeh ~ inc iden t

shock wave would be 1380 c m / s e c .  a f t e r  50 p. sec. Thus , d u r i n g  this

50 p. sec. , it would have moved onl y 0. 35 mm from i ts  o r ig ina l  preshock

position. Fur t h e r m o r e , the re f lec ted  shock gas v i sc o s i t y ,  and hence

its  dece l e ra ting  fo rc e , would be s u b s t a n t i a ll y h i g h er  than in the inc iden t

zone due to the h igher  t e m p e r a t u r e .  C o n s e q u e n t ly ,  d rop lets of approxi-

rnat el y this  s ize should r ema in  in the o b s e r v a t i o n  r eg ion  d u r i n g  combust ion.
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nebu liza t ion  ra te

k5 drop let set t l ing rate

d droplet diameter

= 
viscosi ty  of gaseous medium

p droplet dens i ty

9m density of gaseous medium

c settling veloci ty

vaporizat ion t ime

H heat of vapor iza t ion
V

X thermal conduct iv i ty  of medium

T tempera tu re  of medium

Td t empera tu re  of drop

t incident shock t ime at observa t ion  s ta t ion

v relative part icle veloci ty

r particle radius

rn par t i c le  mass

s axial par t icle  velocity
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The ra t e  of hea t  t r a n s f e r  to a sph e r i c a l  d rop  of RJ-5  f rom the

surrounding atmosphere , d g /d t .  is~~~~

d g l d t  4 r A ( T  - Td)

where  A is the t he rmal  conduct iv i ty  of the atmosphere .  It is is assumed

that all the heat t r a n s f e r r e d  is  used to vapor ize  RJ-5  at cons tant  temp-

era ture  Td. then

dg/d t  ~~~ 
dxn/dt 4 - i r p r 2 H~ d r / d t , where

where  H
~ 

is the heat of vaporizat ion per unit weight , and p is the

density of Ri-S. Combining these two equations leads to

d r / d t  = - A (Ta - Td)/ (  ~ r H )

which , upon integration, leads to an express ion  for the to tal vaporization

time ,

= pH r 2
/ [(2 A (T -

&
P ~~~~
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