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MECHANISM OF IGNITION IN SHOCK WAVE INTERACTIONS
WITH REACTIVE LIQUID DROPLETS

T. H. Pierce,*™ C. W, Kauffman.* and J. A. Kichol1stt
The University of Michigan
Department of Aerospace Engineering
Ann Arbor, Michigan 48105

Abstract

A detailed qualitative analysis of the pro-
cesses leading to the explosive ignition of a
reactive liquid droplet that is suspended in a
gas-phase oxidizer and subjected to the passage
of a shock wave, is presented. The interval of
time between shock wave passage and ignition is
described by identifying a two-stage process
which consists of a period of relative reactive
dormancy that is followed by a chemical induc-~
tion period leading to the thermal explosion
of reactant that has been stripped from the
1iquid drop, vaporized, and mixed with the gas-
phase oxidizer. The results of first-order
calculations based on this model are presented
and compared with experimental data for diethl-
cyclohexane drops in oxygen.

Introduction

Detonations which occur in reactive media
consisting initially of liquid fuel droplets
suspended in a gas-phase oxidizer have been
studied both theoretically® and experimen-
tally2+3. The most important features of
these detonations are their extremely long
reaction zones {which reduces their propaga-
tion velocity when they occur within ducts)
and the appearance of numerous pressure spikes
within the reaction zone {as much as 100% above
the shock pressure.} These features are ulti-
mately conngcted with the manner in which the
liquid droplets are converted to the vapor phase,
and to how the two vapor phase reactants then
mix and ignite. The conversion process invalved
is that of the interaction of the detonation
leading shock wave with each of the drops indi-
vidually in the spray. Much empirical data have
been gathered which have shown the major charac-
teristics of this particular process for the case
of shock interaction with non-reacting drops %78,
Unfortunately, much less information is avail-
able for the case of reacting drogs, which forms
the subject of interest herev-il,

Both non-reacting and reacting drops share
certain features of a shockwave interaction.
While the shock wave is passing over the initially
stationary droplet, very litile of consequence
occurs. In particular, the drop does not change
its velocity during this period while the sur-
rounding gas is accelerated. This produces a
flow field around the dropiet. If the shock
strength is sufficient, the free stream velocity

can be supersonic with respect to the drop.
Under these circumstances, & bow shock, wake
shack, and other characteristics of supersonic
flow over a spherei? are apparent (Fig, 1). The
drop subsequently contracts aleng an axis which
is parallel to the free stream, and expands in
the transverse direction, so that the frontal
area exposed to the flow increases with time.
The drop also begins to accelerate in the
direction of the moving shock.

The fluid near the surface in the drop is
set in motion by the boundary layer gases of
the convective flow. The liquid boundary layer
separates from the droplet and is apparently
broken up into a spray of droplets whose dia-
meter is of the order of the boundary layer
thickness. This “microspray” {uspray) is
thereby introduced into the near wake region
of the parent dreoplet. It appears that, at
the same time, a Taylor instability occurs on
the front surface of the parent drop, producing
waves whose amplitudes grow and wiil eventually
cause "catastropic! disintegration of the parent
drop 13,

After a certain period of time fg]]owing
passage of the incident shock (t = t7), the
parent drop ceases its transverse growth; the
frontal diameter thersafter decreases. Whether
or not catastrophic breakup due to Tayler insta-
bilities has occurred by this point is not clear.
Nonetheless, if the parent drop is reactive, it
is somewhat after this time that the ignitidn of
evaporated wspray occurs in the near wake region.
The ignition is explosive in character, producing
a blast wave. The explosive ignition accounts for
the reaction zone pressure spikes in a two-phase
spray detonation.

Beyond this ignition, the process of mass
stripping from the parent drop {or its fraaments
in the event of catastrophic breakup) continues
until nothing remains of {t. If ignition has
occurred, in the reactive case, the continued
stripping supplies fresh fuel to the wake region
where it is then consumed. This post-ignition
combustion process is usuaily relatively "smooth";
occasionally, however, multiple explosive igni-
tions occur in sequence.

Only incident shocks of sufficient strength
produce explosive ignition. As a rule, Hs > 3
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is required, typically. In what follows, it will
therefore be assumed that the incident shock is
of this strength, and also that the resulting
flow field around the parent droplet is initially
supersonic, )

The capacity to describe the sequence of
events, which was qualitatively outlined above,
in sufficient detail as to allow reasonable pre-
diction of the time between incident shock con-
tact with a reactive drop and its explosive wake
ignition, is of obvious interest. XauffmaniY
suggested a model in which groups of stripped
uspray, which move rearward inte the wake region,
remain as they move in volume elements of fixed
fdentity and fixed geometry. The uspray in each
such volume element evaporates, and the vapor
produced mixes homogeneously throughout the
element. Ignition is identified with that ele-
ment in which the concentration of fuel is
largest; ignition times are assessed from the
interval separating incident shock contact and
the formation of this element.

Pierce!S treated a simple model in which
stripped uspray enters the wake and therein

" evaporates and reacts with the hot oxidizer.

The energy thus liberated is conducted away to
the external flow until the total evaporation
rate (which controls the energy release rate
becomes s¢ large that thermal energy begins to
accumulate in the wake region. The point in
time at which this occurs is prescribed to be
the instant of ignition, since as the tempera-
ture of the region increases, the processes
responsible for further energy liberation are
accelerated.

Recently, Fishburni3:1% has suggested that
the density of wspray drops (in the wake region
of the parent drop) during the first period fol-
lowing incident shock passage, produces local
fuel vapor concentrations which are too low to
support explosive ignition. That is, boundary
layer stripping of the contigucus parent droplet
js considered to be toc slow a process to allow
for high uspray densities. Therefore it is
argued that fragmentation of the parent drop,
through Taylor instabilities, must first occur;
each fragment then individually strips, resul-
ting in a much higher rate of uspray production.
Again, the pspray drops enter the wake, evap-
orate and react, and a chemical induction time
is added (to the time until fragmentation occurs)
to obtain the overall ignition delay.

Each of these thecries shows some degree of
agreement with the avatlable experimental igni-
tion time data®,11,1%  yet none, in itself, is
able to convincingly explain all of the observa-
tions made of the ignition process. The ability
to extend any one of these computations to reli-
ably include a wide range of fuel/oxidizer com-
binations is vather questicnable. It is tha pur-
pose of the present exploratory study to contri-
bute towards the development of a unified theory

of shock induced reactive droplet ignition.

Theoretical Model

In its present form the sequence of events
leading to explosive ignition is considered as
comprised of two separate intervals; namely, 2

"dormant" period, followed by an "active" period.
These could also be described as mechanical and
chemical induction periods. As such, this model
is similar in kind to Fishburn's two-stage model.
That is, if the same terminology were applied to
that model, the "dormant" and "active" periods
would correspord to the intervals before and
after parent drop fragmentation, respectively.

It is to be emphasized at the outset that the

two periods in the following formulation both
differ qualitatively (as well as gquantitatively)
from the Fishburn model,

Dormant Period

This period begins upon initial contact by
the incident shock with the spherical droplet
in 1ts undisturbed, motionless state. Four pro-
cesses are initiated. First, the droplet begins
to accelerate. This in turn initiates the devel-
opment of Taylor instabilities on the forward
surface. At the same time, the droplet begins
to flatten, and the boundary layer formation
in 1iquid surface commences.

Complete boundary layer formation requires
a nontrivial induction timel?. However, it is
believed that the mass stripping process begins
well before the liquid boundary layer is fully
developed. This is based on the many early-tine
photographs such as in Fig. 2, as well as on
mass 1oss measurements®, In any event, it is
c¢lear that the mass loss rate accelerates with
increasing time during this period. In fact,
Reinecke® has obtained a reasonable empirical
correlation for mass loss, assessed from x-ray
photographs of stripping water drops, which is

%;_ = .;_ [] + cos ﬁ(t/ts)] ()

The mass, m, of the droplet at any time, t,
during the breakup process is thus correlated
with its initial mass, m,, and the time to
complete disintegration, tg (stripping time).

As the droplet continues to flatten, its
frontal diameter increases rapidly. Fluid in
the liquid boundary layer, which travels from
the forward stagnaticn point to the maximum
perimeter before separating into uspray
travels progressively further before being
stripped off. This, as well as the fact that
the liquid boundary layer becomes more fully
developed with passing time, leads to the ex-
pectation of increased uspray size with in-
creasing time.

No widely accepted means of computing
uspray sizes and separation velocities exists.
There is some agreement, however, that the

»Yspray diameter should be of the order of the

iquid boundar{ ]a{er thickness just prior to
its separationt»}>, Most anmalytical estimates
predict pyspray diameters of the order of 13
of the parent drop diameter, which roughly
agrees with what experimental evidence is
availables7, :

For example, the separation process can be
envisioned to proceed in two stages: First, an
annular sheet or film of fluid is shed from the
drop periphery, and sccond, this sheet breaks



up into the uspray drops by means of a process
similar to that which occurs in the breakup of a
free 1iquid jet!®. The micromist drops tan, by
that analogy, be expected to have diameters which

are approximately twice the thickness of the sheet.

The sheet thickness itseif is estimated by impo-
sing conservation of mass and momentum on the
fluid which enters it, batween the positions
just before separation {when the fluid is in

the parent drop boundary layer) and just after
separation (when the fluid is in the annular
sheet and has a flat velocity profile.)

When the 1iquid boundary layer is assumed
to have a Taylor velocity profile3, this par-
ticular means of analysis produces reasonable
early-time mass loss rates and uspray sizesis,
In addition, the velpcity of the uspray when
it separates from the parent drop, ug, can be
readily derived to the form

nl: {n.‘:

A
V2
in which u. is the relative convective flow

velocity, while

1/3
Py
A =(p£u£) (3}

and g, 1> & s 1 are the densities and
viscosities of the liquid and of the free
stream convective flow.

It is reasonably clear that boundary
layer stripping cannot account for the mass
loss rates over the entire breakup time. The
surface wave concept of Collins!® or the Taylor
instability theory of Fishburnl3 is needed at
later times to explain the high stripping rates.
It is believed, however, that simple boundary
layer stripping predominates the early stages
of breakup, and Eq. {2}, in spite of its crude-
ness, serves to show that ug/uc = 0(107!) for
typical intermediate shock strengths and typi-
cal fuel/oxidizer combirations. That is, the
fluid separates from the parent drop at veloci-
ties which are considerably lower than the pre-
vailing free stream gas velocity.

The velocity with which the point of sepa-
ration moves in the transverse {(or, radial)
direction due to drop flattening may be evalu-
ated from the well accepied empirical form??

T=1+dT (4)

in which U is the ratio of parent drop frontal
diameter at time t to its initial/undisturbed)
diameter, D,, and

- uz L
T e o 8l/%t (5)
0

is the non-dimensional time, g = p /pi,uz_
free stream gas velocity relative to the “drop
at t = 0, and o ic a correlating coefficient
whose value is o = 1.70. From Eq. (4), the
radial velocity, up, of the separation point
is

utug = 072) w8 ). ()

“The radial velocities computed from Eq. (6} show
. that u fu. is also 0(10‘1§ ‘

The inference from these two simple results
is that in general the separated liguid film can
be expected to turn in the direction of the pre-
vailing local flow field while it is still con-
tiguous with the parent drop (i.e. before break-
ing up into uspray drops). When the external
flow field is subsenic, the upspray is in this
fashion carried rearward, more or less parailel
to the axis of symmetry. It is gradually accel-
erated, and ultimately reaches the convective
fiow velocity. An example of this is shown in

Fig. 3.

When the flow field is supersonic, which is
the case of interest here, it appears that the
separated film is turnad inward by the flow
structure, in such & way that the uspray is
initially carried into the free shear layer of
the near wake, above the recirculation zone.
It subsequentiy becomes engulfed in the expan-
ding recirculation zone itself, and most does
not escape, having entered at low velocity.
This results in a remarkably well-defined re-
circulation zone, as in Figs. 4 and 5.

In fact, the rearward velogity of the re-
circulation zone tip can be estimated by not-
ing that its geometry remains roughly constant
while the parent drop is growing. Since the
droplet growth rate s given by Eg. (6), the
rate of growth in recirculation zone Tength is
simply

dt/dt = u, ctn 3 {7

in which g is the recirculation zone angle
with respect to the axis. For typical super-
sonic wakes, 4 < ctn g < 6. Equation {7) then
shows that dL/dt << u,, even for the larger
value of ctn 3. The dctual velocity of the
recirculation zone tip, measured from streak
photographs such as Fig. 4{b}, agrees with
the order of magnitude predicted by Egq. (7).
(It should be observed that the recirculation
zone is not filled by microspray in the sub-
sonic case and so it is not visible on photo-
graphs such as Fig, 3.)

Within the recirculation zone, the trapped.
uspray move with the low velocity vortices and
evaporate. If a given uspray drop is formed at
time 1 (measured after incident shock contact
with the parent drop), with initial diameter
dy, (t), then its diameter at time ¢ (i.e. after
an”interval t-t) can be approximated by the
quiescent evaporaticn rate expression?!

E’MOZ(T) - 2¢(t - rél”z Eot, (®

dM(t,T) w}

t

0 t ex

v

in which ¢
= Ak . P .
C= tr 1n [l + Fd (Tg Tl)] . (9)
p'a
where k is the coefficient of thermal
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“conductivity of the gas, T, 1is the gas temp-
erature and C, its spec‘ifig heat, and X and

Ty are the latent heat and temperature of the
ligquid wspray drop. The time to extinction of

the pspray drop {complete evaporation}), tox»
3 2
) dMo (T)
tex =TT I (10)

The rate of mass evaporation from this y spray
drop at time t is

ﬁev(t") = Cady(t,t)
= 7w, c/2.

(1)
where C,

These formulae allow computation of the
total amount of fuel vapor which has evapor-
ated from all uspray drops in the recircula-
tion zone up to time t, taking into account
the time varying initial uspray size, in the
following manner. First, the number of uspray
drops, én, which are formed during an interval,
81, about time 1, is

ﬁ(r!dT

(12)
mmér)

6n(1) =

where m(«) is the parent drop stripping rate,
at t = 1, and mpg(<) is the mass of the uspray
drops formed at that time; i.e. my (<) = o ndM°3
{t}/6. The contribution at time t %>  to %he
total ,spray evaporation rate from uspray
drops formed at t = 1 1is

érﬁev(t) = rﬁev(t,-c) sn(<}

or, in the limit,

* _ mi T
dmev(t) = Csz (t,T)mM - dr. {13}
Q

Therefore, the total evaporation rate, at time
t, due to all uspray drops present in the re-
circulation zone at that time, is found by in-
tegrating Eq. (18) over all 1 < t; namely,

t
m, (1) = czf

=0

rﬁ(r) dM(t,T)

Wd'{ ’ (14)
0

and the total mass of fuel vapor evaporated
from all uw spray drops prier to time t is

Tt £

: : m(x) dy(tr)

mev(t) = Gy f f —'“tl———(-{)—d'r dt.
0 <o Mo (15)

A simple parent drop stripping rate which
¢can be used is

h(<) My .
()= 5= sinf-

Zts t5 ‘ !
which derives from Eq. {1), by differentiation,

(16)

R TR e

is

and the time varying uspray Size,dho (<) is
obtained in the fashion described earlier, Then,
upon ‘appropriate selection of values for the
parameters which appear in £q. {9), the vapor
accumulation in the recirculation zone, mgy, can
be computed from Eq. {15) as a function o? time.

It is noted parenthetically that myq is, of
course, never actually zero, but that, on the
other hand, m(<} is zero at ¢ = 0, That is,
actual parent drop stripping can begin only when
the liquid boundary layer has developed to the
point that its kinetic energy cannot be dissi-
pated by the 1iquid surface, (i.e., by means
of surface tension} at the point of separation.
This occurs, approximately, when the balance

d
20,m D = (1/2) p, n Df u,? (y,thy (17)
0.

occurs, in which o is the liquid surface ten-
sion, uz{y,t) is the time-varying liquid boun-
dary layer velocity profile {measured inward
from the surface at the point of separation),
D is the parent drop frontal diameter, and de
is the thickness of the annular sheet, when it
is separated. This concept of a "boundary layer
induction time" is indeed similar in spirit to
that of Rangar®, hut it does not require that
the boundary layer be fully established before
initiation of stripping. For the present pur-

-poses, an estimate of the minimum film thickness

from Eq. (17}, was used to compute ™4 (G) re-
quired in Eq. (15).

Characteristic calculations from Eq. (15)
are summarized in Figs. & and 7, for the case
of diethylcycliohexane (DECH) drops in oxygen.
The vapor accumulation, at the moment, t*, of
maximum droplet expansion, is shown in Fig, &
as a fraction of the total mass removed from
the parent drop up to that time, mgt. Figure
7 shows the maximum pspray initial diameter,
dy (t*). Thai is, the initial diameter of the
microspray that enters the recirculation zone
increases from Gy (0) (an extremely small size)
to d {(t*) as t ifcreases from t = 0 to t = t*.
The etfect of initial pressure, P1, as well as
parent drop initial diameter, D,, and incident
shock Mach number, M_ is demons%rated. The ex-
tent of the evaporation which has occurred by t*
is surprisingly small for D, somewhat larger than
300u. .

The egquivalence ratio*, ¢, corresponding to
the accumulation of fuel vapor within the recir-
culation zone at t*, is shown on Fig. 8. It is
observed teat at reduced pressures and for small
parent drop sizes, the equivalence ratio could
reach significant values. The calculations indi-
cate, however, that the accumu]a;ian rates are
slow; i.e. mgy(t) from Eq. (14) is never very

" “large for parent drops which are larger than

300y diameter.

_*Equivalence ratio -is defined as the quotient

of actual fuel/oxidizer ratio to the stoichio-
metric fuel/oxidizer ratio, so ;hqt & =1 rep-
resents the stoichiometric condition.



From these results, three conclusions can be
drawn. First, the recirculation zone does not
impulsively reach an extremely fuel rich con-
dition {as was initially suspected). On the con-
trary, the region is generally quite lean. Second,
in those cases for which m,y, is non-negligible,
continuous reaction with tﬁe hot oxidizer will
preclude accumulation of fuel vapor to the ex-
tent indicated in Fig. 8. Moreover, at time t*,
most of the 1iquid fuel which was stripped from
the parent drop resides in its recirculation zone
in the form of unevaporated uspray. Therefore,
there is Tittle possibility that the recircula-
tion zone can itself support an explosive igni-
tion., In fact, when ignition occurs, the entire
wake region is consumed except for the recircu-
lation zone, as can be seen in Fig. 9,

Active Period

The frontal diameter of the parent drop
reaches its maximum when t = t*; t* correlates
roughly with T = 1.3. Catastrophic breakup, as
predicted by Fishburnl?, would have occurred

.prior to this time; viz., approximately T = 0.9. .
It is not completely clear as to whether or not
this is in fact the case, and, in any event, the
aggregate representing the remaining parent drop
shows no abrupt change in velocity during this
period. If it has been shattered into fragments,
these fragments, as a closely packed group, evi-
dently (thereafter) behave as a single {porous)
body. Fragmentation would, of course, explain
the accelerated stripping rates {which occur at
about this time), but Collins' surface wave
theory!%does so equally well. The experimental
data available at this writing simply do not
allow for discrimination between these two
possibilities.

Nevertheless, 1v > not essential to the
present phenomenological description of igni-
tion that the cause for accelerated mass remo-
val be actually identified, because a change
in the stripping mechanism does not appear to
be the single event that is primarily respon-
sible for eventual explosive ignition. Instead,
it appears that the termination of parent drop
flattening, which allows the escape of substan-
tial quantities of uspray from the near wake
regicn, is responsible for the final events
leading to ignition. That is, uspray which is
shed during the period follewing time t* is net
engulfed by an expanding recirculation zone, but
rather is injected outside of a shrinking near
wake so that it becomes exposed to the high
speed convective flow.

As the escaping nspray begins to move rear-
ward, it is itself accelerated, and this re-
quires a small, but finite, amount of time.
"HWith a drag coefficient of unity, the equation
of motion for a uspray drop is simply )

u 2
c )
(18)

2 dM .

du

p

(2]
s

==3
3

o
©

in terms of the relative convective velocity,
uc. For the case of constant dy, this inte-
grates to

-1
uco t
Py

S - 3 . -
i Hc UC 1 "‘a- E-;—-'H'M—‘ (19)

where v, 1is the relative velocity at separation.
Equation®(19) provides an upper bound on accelera-
tion times. For uc, = up, the time for a 10u
DECH drop to reach BC/uC = 0.3 is 0(1 usec)
corresponding to M. = 4,%nd P1 = 1 atm oxygen;
the time to reach uc/uc = 0.1 is 0(5 usec).
Acceleration times increase linearly with

uspray diameter,

The uspray that escapes at t » t* can be
observed on streak photographs such as Fig. 4(h).
Although the acceleration time of an escaped
uspray drop is very short, it can be expected
to have been largely converted to the vapor
phase during that period. The 10y BECH drop
in the above example has a Weber number, We =
{p2 uc2 dM)/a , which is 0{10%), and this is
still -~ far abo%e the minimum Weber number that
corresponds to the stripping mode, We = 15.

[f the siripping mechanisms are not essentially
different than those for larger drops, the

time for this 10y drop to strip is O(1 wsec).
This is the same time order as its acceleration
period. The “"second generation” uspray pro-
duced during this stri?ping process, whose dia-
meters should be 0(10714), would vaporize in
negligible time orders.

1f the stripping mechanism is unacceptable for
these small uspray drop sizes, rapid conversion
of the escaped uspray to the vapor phase can
also be expected simply by convection assisted
evaporation during the acceleration peried. When
the relative convective velocity is appreciable,
as in the case of escaped uspray drops, the
quiescent evaporation rate, given by Eq. {8},
should be replaced with22

dd
—Efﬂ = - = (1 + Rel/2 pri/3), (20}

n_lt')

M

in which Re = (py uc dy}/uzs and Pr = uy Cp/k.
The second term in grackets can account for a
five-fold increase in evaporation rate under
typical conditions, reducing the characteristic
evaporation time of the 10p diameter drop from
200 usec to 40 upsec.  Hence, if evaporation
alone musi account for the conversion of the
uspray to vapor, an appreciable amount of this
conversion can be shown to occur during the
acceleration period.

It is most probable that both stipping and
simple evaparation occur simultaneously. Neither
appears to cause complete conversion of the es-
caped wspray to vapor; that is, the pspray
remains visible on photographs. However, for
modeling purposes, complete conversion will be
assumed.

Under that assumption, the essential feature
of. the parent drop disintegration process, be-
ginning at t*, is characterized by the impulsive
continual injection of relatively large quantities
of reactive vapor into the outer near wake ragion
of the parent drop. This is somewhat similar
phenomenologically to forward stagnation point

s~
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mass addition as it might occur in supersonic
flow about a solid sphere or cylinder 23, By
that comparison, vapor concentrations can be
expected to decrease with increasing axial and
radial distance within the wake; the greater
variztion would be in the radial direction. In
fact, the assumption of constant radial vapor
distribution with increasing axial distance

1s not wholly unreasonable, over the first few
diameters of lenyth. On the other hand, an
assumption of radial uniformity in the vapor
concentration would appear to be a rather
dangerous oversimplification.

Each local element of mixed fuel vapor and
oxidizer may for modeling purposes be regarded
as a homogeneous chemical system which, at the
instant of initial mixing, has a specific
mixture ratio and injtial temperature. As
reaction proceeds toward "eguilibrium", the
products remain within the element. Diffusion
and thermal conduction between adjacent elements
are ignored. The later was justified based on an
estimate of laminar heat transfer over the time
orders of interest. Each element therefore ex-
periences an accelerated reaction rate due to
self-heating. After a chemical inducticen time,
Tehme the maximum rate of temperature rise is
reached. The energy release vate at this time
can be of explosive proportions; if so, it marks
the point of wake ignition. )

Now, the initial temperature in each element
is a function of the vapor concentration there.
That is, the maximum temperature of the fuel in
the condensed phase is its boiling temperature
at the prevailing local pressure, When the fuel
changes phase and mixes with the oxidizer, the
mixture temperature (assuming a mixing process
which takes place at constant pressure) can be
readily shown to be

_ T, .‘L“/cinc , aT,

1+a 1+a

(21)

in which T, is the boiling point of the liquid,
T, is the Etatic temperature of the oxidizer in
the free stream prior to mixing, and

T - re\C
o ( —-»-é-fi)fPi. (22)
f pf

Here, k. is the mass fraction of fuel vapor in
the e]eﬁent, and €px, Cpr are the constant
pressure specific ﬁeats of the fuel vapor and
oxidizer, respectively.

The self-heating process is initiated at
this temperature. To assess the duration of
the induction period, the Edelman-Fortune
quasi-glebal reaction rate equation for hydra-
carbon vapor combinations with oxygen2* was
used. This is

3C

f
Cat

= - 5,52 x 109p7-825 7 cfl/2 C

chm 02

“exp [(-1.22 x10m] . (@)

in which Cg and Cp, are the fuel and oxidizer

concentrations in gram-moles/cm3, while the
units of system pressure and tewperature are
atmospheres and Kelvin degrees.

“The induction period is assumed to proceed
under a constant pressure condition. Thus, as
heat is liberated by reaction, the element vol-
ume increases. Concentration changes are then
due both to volumetric expansion and chemical
reaction; the rate of energy liberation is de-
termined from the latter. The fuel concentration
in a constant pressure system can not be deter-
mined as a function of time from Eq. (23) alcne.
However, T(t) may be obtained from this expres-
sion directiy, because p = p{T), where p is the
total element mass density.

for any hydrocarbon, the stoichicmetric
equation is

CnHm +{n+1/4m)0; »nCOp+1/2mH0,

and, temporarily assuming a fuel-Tean system,
the dissappearance rate of oxygen molecules is
assumed to be approximately governed by this
equation, Hence,

%o, o o)
_ @ N — 24
¥t chm s ot chm ’

in which n_ = n + m/4. Now for either species
reactant, Ei = p./W., where o. is its mass
density and v, its tolecular weight. In terms
of its mass fhaction x., this is Ci = Kip/Wi.
Hence, Eq. {24) become

: 3&02 ] ns
T =

B»cf |
L =5 _f (25
w02 3 ot

chm ¥f chm

and also Eq. (23) may be rewritten in the form

1/2
1/2 </ %0,
= -5.52 x 108,.-8257;
chm wfI/Zwo2
- exp [(-1 22 % w“m] . {(26)

Of course, mass fractions are not affected by
simple volumetric expansion, and so Eq. {25)
can be integrated to give

1%
wf at

*The use of Eq. (23) (by itseif) to compute the
rate of depletion of fuel provides a straight-

forward means for estimating approximate energy
release rates. However, this empirical rate eg-

uation applies, strictly, only to the partial ox-
idation step in which the hydrocarbon reacts with
- .diatomic oxygen to form diatomic hydrogen and car-
bon monoxide gases. It is not actually an overall
global rate equation. It is important to emphasize

this point because, used without its concomitant

reaction steps (see Ref. 24), Eq. {23) predicts

an improper dependence of the chemical induction
time on the pressure of the system. However, the
order of magnitude of the induction times are
correctly predicted.
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lcoz = KOZ; 'w—f'—— (Kf1 - ICf) . (27)

Note that in Eq. (26), the units of p are
gram/cm3.

Now, assuming a fuel lean condition, the heat
of combustion per unit mass of fuel, AL , is
approximately constant. Temperature incheases
due to combustion are then related to changes
in quantity of fuel present through

dnf

chm

c
= -jé?dr (28)

which is integrated to give

c
Kp = Kp - —E-(T - Ti} » (29)
1 C

where C, is the constant pressure specific
heat of the mixture of gases in the element,
Upon insertion of Eq. (29) in Eq. (27) we find

ne w02 Cp
KozzKoz- -W(T-Ti). (30)
i
Then, combining Eq. (26) and Eq. (28-30)
there obtains, after changing units, the

equation for temperature rise in the ele-
ment,

dT /2
_——= 1/2
gt = ke~ <, M7 %,
P i i
C 1/2
WP (7.
« 1 4 (T T1)
it
] ng wo2 Cp : )
- T-71
“0,.f M !
e T2:2 X 00YT, (31)

which is in terms of the initial concentra-
tions in the wake, vy, and ¥g, . The con-
i Zi

stant k, has value
1/2
koo 1256 x 1011 [ My Y )
wE R G o) (32)
2

of which R is the specific gas constant of
the mixture of gases in the element. Equa-
tion (31) is written with consistent English
gravitational system units.

from Eq. (31), we find the time for the
temperature in the element to reach any
temperature T by integration, obtaining

pr325 €% y(x,) ‘
T B 177 ’ {33)
- K 4
b fi ) Oz.i

where

~r

X

'p(xi) Ef 172 ellx dx - (34)
) x - aftifiq)[l-aoz(x—xiﬂ
i

In this expression, x = T/E, E = 2.2 x 10% %R
and

Ct

4. = —B——
f ok 8/
i'¢
n_w, C E
$ 70,7

B, = —~———-———2§7—— (35}
02 KOz . wf C

1

With T properly chosen, the value of <
computed from Eq. (33) may be regarded as
characteristic of the induction time which
precedes very rapid reaction. for example, T
can be chosen as that temperature for which
the integrand in Eq. {34) has its minimum.
This would correspond to the moment of maxi-
mum rate of temperature rise, (dT/dt}max.

Some simplification of Eq. (34) is pos-
sible by noting that e*/X / x1/ 2 decreases
with extreme rapidity as x is increased. br
typical values of 55, 8p,, and xj, the inte-

‘grand. therefore, becomes very small before

0§(x - xi) or 8o, {x - xj) become significant
compared to unity. It suffices, in general,
to approximate Eq. (34) with

X .
N el/x dx
¥ (x‘i) = f “‘;‘VZ— s (36)
X

A

in which x can be chosen 75 virtually any
value for which e!/x 7/ x1/2 << e /%i yx31/2,
tquation {36) is then a universal function of
xi only, whose values appear on Fig. 10.

Each element of reactive gases in the near
wake of the parent drop begins at a temperature
Tj(or xj} from Eq. (21), and has an induction
time given by Eq. (33). It is clear from Ffig. 10
that w{x;), and therefore 1, is extremely sensi-
tive to +1, and this in turn is mainly a function
of initial mixture ratio. The mixture ratio is
not only spacially variable within the wake, but
its distribution is also not duplicated in prac-
tice between parent drops that are subjected to
identical ¢onditions, as is apparent from photo-
graphs such as Fig. 11, In spite of this, meas-
ured ignition times®»!% are reasonably reproducible

N N R B T R TR LT IR T



8l o et

RO

“and 50 the sepsitivity te the actual distribu-

tion of fuel vaper in the wake is apparently
reduced by the mechapism of ignition that is

fnvolved. e

An ignition mechinism whick is consistent
with these observations is as follows. It is
postulated that “"explosive ignition" of the
entire near wake can be traced to homogeneous
reaction which, cccuring in & local reactive
element, releases sufficient energy as to pro=
duce a shock wave capable of initiating deto-
nation in the remainder of the wake. For the
present purpose, a simplistic initiation re-
quirement will be assigned; namely, that the
local pressure rise due to homogeneous reaction
must be equivalent to that across a Mach 3
shock wave,

The induction period of the homogeneous
reaction is assumed to occur at constant
pressure, However, once reaction rates be-
come very large {i.e., T~T), the process is
better approximated by & constant volume
assumption. If most of the temperature rise
occurs at these high reaction rates, the total
local temperature rise is then simply

Mers

max " i T T

T . (37)
v

which again assumes the fuel-lean condition,
and Cy is the constant volume specific heat
of the reactive element mixture. It is readily

shown that if )
P
E max - " s
Py
the minimum mass fraction of fuel vapor re-
quired to produce a specified value of ¢ is,
from tq, {37),
K = """—"—Ti Cvg .
f yva
for the equivalent pressure rise of a M, = 3
shock, £ = 9,

(38}

It is easily shown that the initial value
of €, in the element is related to x¢ through

¢, = K¢ Cvf [1+ a(Yf/Yx)] ; {39}

where v, and y_ are the ratios of specific
heats of the fllel vapor and oxidizer, and «
is defined by Eq. (22). Combining £q. (38)
with Eq. {39} and {21), and assuming

Yf/vx = 71 results in

kg WO +W) (40)
min

where

) _
_ Pt c L T\ . (4
vETT et b

Py Ve Pg

Elements with <f < ®fy:, do not possess
sufficient energy to produce the pressure rise
corresponding to £, while elements with
kf > ¥fpin Will require a longer induction time,

because of thefr reduced Ti. By taking :%zh(xf)
Into account for fuel rich mixtures, a corre-
sponding maximum k¢ can be found in similar
fashion, but the fuel-lean element will always
ignite first, due to its higher initial temp-
erature. Hence xfi, in Eq. (40) 1s used to
compute the minimum chemical induction time
prior to wake detonation.

1t is noted that the mass fraction of fuel
vapor corresponding to the stoichicmetric con-
dition is easily found to be

*
* )'¢0

P B (42)
f 5 TF ag*

in which 3 * s the stoichiometric fuel-

“oxygen mas® ratio, and A is the initial mass

fraction of axygen in the oxidizer gas. (If

“the oxidizer is pure oxygen, » = 1}. If

Kfmin>xf*, explosive ignition is not possible;
i.e, more enargy is needed to initiate deto-
nation than is available in any reactive ele-
ment. Each element will preceed with local

.homogeneous reaction. This is also what should

occur in elements having K < wgo: oy which
pass through (dT/dtg,,) prior to T, and
explains the appearance of luminous turbulent
regions in the wake, which occur before explo-
sive ignition is observed, c¢f. Fg. 9.

Results and Discussion

The time to explosive wake ignition,
measured from first contact by the incident
shock with the parent drop, is prescribed to

be
t. = t*+4 1 {43)

19 chm
in which t* is the time for the parent drop
to reach pesk frontal diamster; namzly,

e = (0, T)/(uz 87°), (44)

and tchyn is obtained from Eq. {33) and (36)
using <fpi, from Eq. (42) to compute T., in
Eq. {21).  The results from this computation
are compared with experimental data on Fig. 12-14,
which show the effects of Mach number,

initial oxidizer pressure, and parent drop size.

The phenomenological description given here
is not applicable to shock wave interactions
with parent drops under conditions which would
produce first generation uspray whose charac-
teristic guiescent evaporation times are signi-
ficantly less than t*. Ip such a case, exploe-
sive ignition within the recirculation zone,
prior to t*, is conceptually possible. Under
typical conditions, this roughly restricts the
present formuiatien to Dy > 100u. It should
also be pointed out that the chemical induc-
tion time is guite sensitive to the liquid
boiling temperature, Ty, through its effect on
Tj, while accurate hign temperature boiling

‘point data is not availabie for all hydrocar-

bons. The simplistic gas-phase detonation

©oinitiation criterion {the pressure rise due to

Tocal homogeneous reaction in the wake equals
the equivalent of a My = 3 shock) could be
replaced by a more realistic criterion,



However, the failure of the calculations
to follow the trends in the experimental data
{as pressure and .Mach number are changed} de-
rives primarily from the incorrect pressure
dependcence appearing in £q. (33}, This in turn
is the result from having employed the quasi-
global reaction rate equation, Eq. {23}, as a
global rate equation, Lither the associated
reaction steps must be included with £q. (23},
or a true global rate equation should be
substituted for Eq. {23). The latter approach
is to be preferred in the present application
since 1t would Tead to a closed-form expres-
sion similar to Eq. (33).
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Figure 1. Supersonic Flow over a Sphere.
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Figure 4. Shock Have over a Water Drop;
{A) Bow Shock, (B) Recirculation Zone
{C) Escaped uspray
{(a} d = 750 ym, Mg = 2.7, t = 4.4 us

{b) d = 1400 ym, Mg = 3.34.
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d = 2700 ym, Mg = 3.5, t = 14 us.
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