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Abstract—Consideration is given to the problems of combustion and detonation propagation in hetero-
geneous media containing an oxidant in the gaseous phase and a fuel in the condensed phase in the
form of dispersed particles in the oxidant flow or of a thin film on the channel walls. Detonation in such
systems is shown to have a complex unsteady-state structure substantially differing from one-dimensional:
the forward detonation front can exhibit mobile discontinuities and can pulsate periodically. A physical
model of pulsating and spin detonation in heterogeneous media is developed. A closed system of equations
with boundary conditions is composed that makes it possible to mathematically simulate the transition of
slow combustion to detonation. The transition process and the detonation determining parameters are
calculated numerically. Unsteady-state processes of combustion iransition to detonation in dispersed
mixtures of air with a hydrocarbon fuel are studied experimentally.

1. INTRODUCTION

HeTerOGENEOUS fuel particle-laden gas systems
appear in combustion of fuel droplets or of pulverized
hydrocarbon fuel in furnace chambers [1] and in pneu-
matic transport of combustible materials. Gas-film-
type heterogeneous systems originate also during the
transport of oxidants in pipelines and operation of
compressors when various combustible impurities
(lubricating oils), occurring in a flow, settle with time
on the walls of tubes. Relatively recently, it has
become known that combustion of these systems can
turn to be unstable [2, 3] and lead to the change-
over from the deflagration to the detonation mode. In
particular, these processes are responsible for ex-
plosions and destruction of equipment in air piston
compressors and manifolds [4].

The specifics of dangerously explosive multi-phase
systems resides in the fact that in the case of the cross-
section mean mass concentration of fuel, being smaller
than the lower concentration limit of homogeneous
detonation, heterogeneous detonation is possible and
it propagates in a stable self-sustaining regime.

The self-sustaining detonation in systems with
liquid fuel droplets was studied, e.g. in refs. [3, 5-8].
Detonation in non-mixed two-phase gas-liquid film-
type media was first found experimentally in 1952
[9]. Systematic studies were undertaken 10 years later
under the guidance of Troshin [4, 10], were continued
by Ragland and co-workers [11, 12] and culminated
in the creation of the non-one-dimensional unsteady-
state model of detonation in non-mixed two-phase
systems {13-15] containing secondary shock waves
which give rise to periodic pulsations of the leading
detonation front.

In 1975 the possibility of spin detonation in non-
mixed heterogeneous systems was discovered theor-
etically in works guided by Zverev [13]. In the same
year independent experimental studies under the
leadership of Mitrofanov [16] revealed for the first
time the existence of spin detonation in heterogeneous
air—kerosene systems and allowed the measurement
of its main characteristics.

The self-sustaining detonation in heterogeneous
systems simultaneously involving droplets and a
liquid fuel film on a wall was considered in ref. {17]
in which the process of combustion transition into
detonation was also investigated.

2. PHYSICAL MODEL OF DETONATION
ORIGINATION AND PROPAGATION IN
MULTI-PHASE MEDIA

The internal structure of detonation in hetero-
geneous systems of gaseous oxidant—condensed fuel
type differs essentially from the structure of the fam-
iliar homogeneous detonation. This difference con-
sists in a much more extended reaction zone sustaining
the bow shock wave and in the presence in this zone
of strong discontinuities (secondary shock waves)
generated by local explosions. This difference in the
structure of the detonation zone is explained by the
fact that at the initial instant the oxidant and fuel
occur in different phases and are non-mixed and there-
fore not only combustion of the fuel-air mixture takes
place behind the bow shock wave, but also the process
of mixture formation.

Interphase mass transfer occurs as a result of the
thermal and mechanical influence of a gas flow behind

779



780

N. N. SMirNoOVv

SN

Y

Cpy Cpn ©

©

gt AR

~

e

g ™
=R

352

NOMENCLATURE
inner cross-sectional area Y mass concentration of components in
speed of sound gaseous phase
parameter of mass transfer z energy release in secondary explosions
exponent in reaction rate law (order of z coordinate along curvilinear axis.
reaction)
resistance coefficient
specific heats Greek symbols
mean velocity of detonation wave in o volumetric concentration
heterogeneous systems B coefficient of detonation (fuel mass
tube diameter (inner) fraction which, together with oxidant,
diameter of fuel droplets forms a mixture capable of detonating)
internal energy of phases Y specific heat ratio, ¢, /c,
zone of possible detonation 8 longitudinal size of zone of possible
mean volumetric forces of interphase detonation
interaction E mean cross-section thickness of fuel film
force of interphase interaction between on walls
a single droplet and other phases { smoothing parameter
gravity acceleration n integration variable
specific enthalpy K coefficient of compressibility
specific heat of vapour generation A thermal conductivity
mass inflow into a unit volume by u dynamic viscosity
interphase mass transfer v,v" stoichiometric coefficients before and
kinetic coefficient after reaction
dimensionless coefficients 4 proportionality coefficient
boundary of the zone of possible II perimeter of inner cross-section of fuel
detonation film surface
parameter of Reynolds analogy T1°  perimeter of tube inner cross-section not
tube length wetted with fuel
mass of vapours per unit volume p density
Mach number o surface tension coefficient
molar mass T shear friction induced stress
rate of mass supply by evaporation and ® zone of detonation products
fuel shedding from unit surface area @, stoichiometric relationship determining
number of components in gaseous phase the mass of the jth component
Nusselt number undergoing complete conversion on
number of particles (droplets) per unit oxidant unit mass reaction
volume ¥ production of particles per unit volume.
rate of generation of particles per unit
surface area .
Prandtl number Functions )
pressure () delta ft}nctlon .
y(x) Heaviside function.

mean-volumetric heat removal by
interphase interaction

heat of chemical reaction at pressure p
and temperature T

heat flux on phase interface

universal gas constant

Reynolds number

coefficient of temperature recovery
Stanton number

temperature

time

gas velocity

mass of fuel vapours burning up per unit
volume per unit time

Weber number

coordinate along tube axis

Vectors: X, A, D.

Subscripts

av Eckert-type average parameters

d parameters of interphase interaction
between dispersed and gaseous phases

f parameters of interaction between
second and third phases (droplets and
film)

i phase number: i = 1, gas; i = 2, fuel film
on tube walls; i = 3, fuel droplets in a
flow

j component in gaseous phase: j =1,
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oxidant; j = N, fuel;

Jj=2,...,N—1, reaction products and
inert components

effects of added mass

parameters of leading wave
parameters of interphase interaction
between fuel film and tube surface

N0 3

W parameters on gas—film interface
u viscous effects.
Superscripts
0 parameters on tube surface not wetted
with fuel
* ignition parameters.

a shock wave on the droplets and liquid layer on the
inner tube surface. The shedding and atomization of
the droplets of fuel, its evaporation and the diffusion
of vapours into the oxidant are responsible for the
origination of a combustible gas mixture behind the
bow wave.

One of the main factors that determine the mode
of detonation propagation in two-phase systems is the
process of fuel-air mixture formation behind a bow
shock wave. This type of detonation is studied with
the aid of different models for the mixture formation
mechanism. Among these are models of instantaneous
shedding, mixing and evaporation of fuel droplets
over the entire flow cross-section [18]; the shedding
of droplets from the liquid surface due to the for-
mation of surface waves and phase interface insta-
bility [19-27]; for relatively thick fuel films at small
detonation rates the shedding of droplets is considered
to be the main mechanism of mass supply into the
boundary layer, while at high (>1000 m s~') rates
an initially combustible mixture is considered to be
formed as a result of evaporation and diffusion [24,
25). The atomization of droplets in shock waves was
also identified as the basic governing mechanism in
detonation propagation in a gas—droplet medium [3,
7]. In refs. [28-30], the basic mechanism of mixture
formation was considered to be evaporation and
diffusion of fuel vapours in a boundary layer.

Among theoretical publications that consider deton-
ation in two-phase systems, two groups of works can
be distinguished : in one group the authors suggest a
purely shedding mechanism of mixture formation [3,
7, 31, 32], in the other a purely diffusion one [33, 40].

In the present author’s opinion, both mechanisms
of mixture formation should be taken into account.
The shedding and atomization of droplets occur some
distance down the shock wave and lead to a sharp
increase in the interfacial area. At the same time,
the formation of the volumes of combustible mixture
capable of exploding results from fuel evaporation
and mixing of vapours with an oxidant. Also the pro-
cesses of evaporation and combustion that take place
behind the bow shock wave before the origination of
perturbations on the surface and start of shedding are
essential. It is these processes that determine the fields
of temperatures and velocities in gas and liquid
against the background of which the perturbations
of the surface develop and droplets shed from wave
crests.

Thus, on detonation in a heterogeneous medium
containing dispersed droplets and a liquid film on
the tube walls, phase transitions of various types are
possible. First, the fuel can evaporate from the film
surface and liquid- droplets. Second, there can take
place the shedding of fine droplets from the film sur-
face and atomization of large droplets (it is convenient
to consider the film and dispersed droplets as different
phases). Third, there can take place the deposition of
large droplets on the tube surface, film formation and
coalescence of small droplets into large ones.

In most cases the ignition of a combustible mixture
in a boundary layer takes place at a distance of about
1 cm from the leading wave [41]. Heat liberation dur-
ing combustion substantially increases the heat flux
into the liquid layer and enhances evaporation. In
many systems the rate of fuel mass supply into the
boundary layer by means of evaporation and shedding
of droplets exceeds the rate of combustion, and the
fuel accumulates in the boundary layer farther and
farther away from the bow shock wave. As a result of
this, at a distance of about 10 cm from the bow shock
wave, the zone of possible detonation, %, is formed
[42, 43] where the conditions develop, as to the con-
centration limits and critical diameter, which are a
prerequisite for detonation propagation in homo-
geneous media. Thus, inside the structure of het-
erogeneous detonation, the conditions are created for
the propagation of a homogeneous, proper det-
onation wave. At the edge of the zone of possible
detonation, the detonation wave degenerates into a
secondary shock wave which overtakes the bow shock
wave and serves as the mechanism which transfers
energy from the proper detonation wave to the bow
wave.

Thus, detonation in a two-phase system is repre-
sented by a complex which contains a bow shock
wave, an extended zone of reaction with fuel evap-
oration and combustion, and a proper detonation
wave degenerating into a secondary shock wave. The
mode of two-phase detonation propagation is deter-
mined by the net effect of the flow on the bow shock
wave for the period. The flow net effect is determined
by the influence of the proper detonation wave (by
means of the secondary shock wave and subsequent
rarefaction) and also by the influence of weak per-
turbations, because of the presence of a boundary
layer on the tube walls (due to friction, heat fluxes to
the walls and fuel layer, evaporation and combustion
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of fuel) and by the dispersed phase influence (shed-
ding, atomization, acceleration of droplets, warming-
up, evaporation and combustion). The self-sustaining
mode of detonation propagation in non-mixed sys-
tems is determined by the equality of losses and sup-
plies of energy to the bow shock wave for the period,
i.e. by the net flow effect being equal to zero.

Depending on the shape of the tube cross-section,
different variants are possible for the propagation of
the proper detonation wave in non-mixed hetero-
geneous systems.

In a square duct, when a fuel layer covers one or two
opposite walls and, probably, the entire perimeter, the
detonation in the zone & occurs periodically. The
subsequent detonation is initiated by secondary shock
waves reflected from the opposite tube wall or orig-
inating on it [42, 44]. The propagation of hetero-
geneous detonation is of forced pulsating nature [41].

In a circular duct with a fuel layer covering the
entire perimeter, continuous helical propagation of
the proper detonation wave is possible in the wall
boundary layer (spin detonation in non-mixed sys-
tems) [43, 44). This character of the proper detonation
wave propagation (rotation) is explained by the fact
that, when propagating in the gas behind the bow
shock wave with a supersonic velocity, it should have
a subsonic longitudinal velocity component equal to
the velocity of the bow shock wave.

Thus, the character of propagation of the proper
detonation wave and of the associated secondary
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shock waves determines two different limiting modes
of detonation propagation in non-mixed two-phase
systems : pulsating and spin-like. Each of these modes
will now be considered in more detail.

In a rectangular duct with one of its walls (lower)
covered with a fuel layer the detonation-induced sec-
ondary shock wave in the zone & (Figs. 1(a) and (b))
reaches, while propagating in oxidant, the opposite
(upper) wall, reflects from it (Fig. 1(c)) and falis onto
the lower wall. For this time the bow shock wave
moves a distance § and the evaporating fuel forms a
new zone of possible detonation in the boundary layer
on the lower wall # (Fig. 1(d)) which is located
between the bow shock wave and the zone & with
the detonation products from the previous explosion.
Detonation in the newly formed zone % originates
in the case when the intensity of the reflected sec-
ondary wave falling onto it is higher than some mini-
mal intensity required for detonation initiation. A new
explosion generates a new secondary wave (Fig. 1(e))
which, after being reflected from the upper wall, falls
onto the lower wall and initiates explosion in a newly
generated zone % . Thus, the process of the formation
of secondary waves has a forced periodical character.

With a premixed dispersed phase being present in
the flow core, the zone & can occupy a gredt portion
of the tube section. In this case the flow pattern is
close to one-dimensional, secondary waves propagate
mainly along the tube axis and the intensity of origi-
nating transverse waves is relatively small.

{a)

(b)

- N

(c)

e

(d)

X

(e)

FIG. 1. Scheme of the development of pulsing heterogeneous detonation in gas-fuel film systems.
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In circular tubes the entire inner surface of which
is covered with a fuel layer, the proper detonation
wave moves in a spiral in the zone of possible deton-
ation. In this self-sustaining regime the longitudinal
velocity of the proper detonation wave coincides with
the bow wave velocity which determines the move-
ment of the possible detonation zone boundary. The
velocity of the bow shock wave relative to the gas
behind it is subsonic. Since the proper detonation
wave propagates with supersonic velocity relative to
the gas behind the bow wave and the longitudinal
component of its velocity is subsonic, the presence
of the transverse velocity component of the proper
detonation wave is required for the process to proceed
in the steady-state regime.

Outside the zone of possible detonation, a rotating
detonation front degenerates into a secondary shock
wave which interacts with the bow shock wave on
which a discontinuity thus appears which rotates
together with the secondary wave.

The pattern of the flow near the tube surface in the
system of coordinates (%, %) is presented in Fig. 2. The
coordinate system is so oriented that the X-axis is
directed along the tube generatrix, while Z is the curvi-
linear axis of coordinates which is normal to the gener-
atrices and embraces the cylinder around the peri-
meter. The flow pattern (Fig. 2) is nd-periodical
(where d is the diameter of the tube inner cross-
section) along the Z-axis. Here, to the bow shock
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FI1G. 2. Flow structure near the tube surface in spin hetero-
geneous detonation (gaseous oxidant-liquid fuel film).
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wave discontinuity there corresponds the branching
point C.

The system of coordinates (%, £) rotates spirally so
that the branching point is at rest and gas flows into
the system of waves formed at some angle with the %-
axis. The leading edge of the zone of possible deton-
ation is conventionally shown by the straight line
ZLZ. The front of the proper detonation wave AB
passes into the secondary shock wave BC. Over the
stretch BB’ the zone of chemical reaction BA’ lags
behind the shock front [42-44]. The trajectory of par-
ticles intersecting the transverse wave AC at point B’
is conventionally shown by the dashed line B’A’. It is
the demarcation between the combustible mixture,
which will fully react by the time the proper deton-
ation wave completes its one revolution and the mix-
ture which will start to react during the consequent
revolution of the proper detonation wave AB (wave
A’B’ in Fig. 2).

3. MATHEMATICAL MODEL OF THE
PROCESS

Consider the process of combustion and detonation
propagation in a long tube (L » d) filled with a gase-
ous oxidant with suspended fuel droplets and having
a thin fuel layer on the inner surface. The problem
will be solved within the framework of the unsteady-
state one-dimensional model. Such a model does not
take into account non-one-dimensional effects of the
flow structure in the reaction zone, but makes it pos-
sible to determine flow integral characteristics with a
sufficient degree of accuracy.

Consider a heterogeneous system incorporating
three phases: i = 1, gas phase; i = 2, fuel filth on the
inner tube surface; i = 3, condensed fuel dispersed in
a flow. In the case of a large scatter in the size of
droplets, the introduction of fine-dispersed (fog) and
large-dispersed condensed phases (i = 3,3) is possible.
The condensed phase is considered to be incom-
pressible (p, = p, = p = const.).

The law of mass flow variation for each phase is
formulated as

) i,
Ta e el 0
dpa dpo,u
A"
dpoy  Oposu
e 3

where p, u, a are the density, velocity and volumetric
concentration of phases; Iy, I, I, are the mass inflow
per volume unit due to evaporation from the film
surface, evaporation of droplets and shedding of par-
ticles from the walls, respectively. Atomization,
agglomeration and settling of particles are not incor-
porated in this formulation. Assuming the mean volu-
metric concentration of the dispersed phase to be
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small (a5 « 1;a, &~ 1 —a,), determine the mass inflow

_mWHA e 6oy _‘rﬂf_lz
IW‘_ Ag s Id"'ma‘ dk » I[ Ao s
nm 114 4o,
e i 4
Ay, A Ay, d—2 @

where A, d are the area and diameter of the tube inner
cross-section ; I1 the inner perimeter of the fuel film
surface cross-section ; d;, the mean diameter of drop-
lets; # the rate of mass supply as a result of evap-
oration or shedding from the unit surface area; ¢
the average cross-section thickness of the film on the
walls.
The law of momentum flux variation is written as

0p 01y +apx°‘l“%
ot ax
op.
= —alamFW_FO_Fd_'Ff+IWuW+Idu3 (5)
Opoiatis 4 Opot,us
ot Ox
d
= *az’bp}l""Fw"l"Ff—FT"Iwuw"lqu (6)
dpasu;  Opoyul dp
a; 2 a; 2 = —a3a—xl+ Fd—Idu3+Iqu.
M

When deriving equations (5)—(7), the change in pres-
sure on the phase interface was neglected (p, = p, =
ps=p), collisions and agglomeration of particles
were not considered. The mean volumetric forces of
interphase interaction are determined by the relations

11 75 II° o basfy
AO, AO, Fd"‘fdn—n’?a

FW= F():

_ g omy =TTH:r
f“fknd}p, Fr 4,

where 1y, 15, Ty are the friction-induced stress on the
tube surface wetted with fuel, on a dry surface and on
the gas—film interface, respectively ; I1° TI; the per-
imeter of the tube inner cross-section not wetted and
wetted with fuel; f, the interphase force acting on a
single spherical particle in the gas flow; n the number
of particles per unit volume; f, the pulse of the force
of interaction between the film and a droplet during
flow separation ; u,, the fluid velocity on the gas-film
interface.

Note that with no liquid flow in the film, i.e. the
velocity uy = const. being different from zero only in
a mobile coordinate system, equation (6) is greatly
simplified. Multiplication of equation (2) by 5 and
subtraction from equation (6) yields the statics equa-
tion

9
aza—f:sz‘*‘Ff“‘Fr (8)

N. N. Smirnov

which can be eliminated from the system since it deter-
mines the unknown reaction Fi.
The law of the variation in the number of particles
s will be written in the form
on  duzn
ot + 0x
Neglecting the agglomeration and atomization of par-
ticles, determine the birth of particles as a result of
film destruction ¥ (Weber numbers for particles
are 10° smaller than for a film): ¥ = #ll/d,, A=
6m,/(nd}p), d, is the diameter of shedded particles
which is assumed to be constant.
The energy equations for each phase have the form

=Y.

591“1(91“‘"“!/2) P
31 (3 Pixu | €y + B +P;

- "QW_Q,j—Qo+ WAH—-—FWuW——FouO

_qu3 Ffuw+lw(€W+pl+ 2)

+fd(ew+’; + 2)+z ©)
dpay(e; +u3/2) V4
3 +0 pxU, 32+2+p

=Quw—Qr+Fyupy+Frty—Fru,

Pi | Ui Py Ui
_IW(EW'F‘;‘%*”;)*{/(?W'F?!-F%) (10
dpas(es +u3/2) Pi
—61”——-*—5 o3 eg+2+p

=Qd+qu3_ld(eW+g:; + 2) (an

where u, is the velocity of the tube walls different
from zero only in a mobile coordinate system; in the
majority of problems u,=wu, =u,=0 in a lab-
oratory system; e; the internal emergy of the ith
phase (without allowance for the chemical energy):
e, =6,T,, ey=cT,, e5=cT;, ey = c,uwTw; Ty the
phase interface temperature; AH the specific heat of
fuel combustion; W the mass of fuel vapours burnt
per unit volume per unit time. The interphase heat
transfer is accounted for by the formulae
gwll®
A,

QWH_

Ow = Ao s

Q¢ =

6
Q. = nding, = o:;qd
¢4

(12)

where g%, gy, 94, ¢ are the heat fluxes from gas into
the wall, fuel layer and into the droplets and from the
fuel layer into the wall, respectively.

The function Z(x,t) in equation (9) determines
energy liberation on secondary explosions

Z = BMWAHS(t—ktoyp(x— x (g +3—x)/6  (13a)
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where 4(¢) is the delta function; x(x) the Heaviside
function

(B AAHIS  ktpelt, t+A1];
xelx,xi+8L,k=1,2,3,...

1+ At .
J Zar < 4 0tk gln A,

k=1,23,...
0: Vxé{xk»xk"}"s};ktDE[gvt"}'At]o
L k=123,...

(13b)

where 7y, is the detonation period, é the linear dimen-
sion of the zone of possible detonation ; .#  the mass
of fuel vapours per unit volume at ¢ = kt, which are
capable of reacting with an oxidant; f§ the detonation
coefficient (fuel mass fraction composing, with an oxi-
dant, a mixture capable of detonating) ; x; = x,(¢) the
given function which depends on the propagation of
the bow shock wave and on the formation of zones of
possible detonation.

The system of equations (9)-(11) can be greatly
simplified assuming, for example, g = u, = uy, =0
(the wall is at rest) and u; = u,. Note that equations
(10) and (11) serve only for determining the unknown
temperature of the condensed phase. In many prob-
lems this temperature can be found from additional
considerations and there is no need in their solution.
For example, when considering rapidly progressing
processes, the heat fluxes from the gas into the
droplets, fuel film and tube walls can be determined
on the assumption that the temperature inside the
droplets and the film remain invariable. Then equa-
tion (9) can be solved independently.

The gas phase (i = 1) is a mixture of chemically
reacting gases (components). Each component in the
gas phase has the concentration Y¥; (j = 1,...,N),
where the subscript j = 1 corresponds to an oxidant,
Jj=Ntoafuel, j=2,...,N—1 to reaction products
and inert components. To close the system of equa-
tions, it is necessary, along with the continuity equa-
tion (1) for the entire mixture, to write the equations
of mass change for the components:

dpa, Y, + 0p o, Yu,
ot x

W7, AR =1 N=1
=V\—W+tl,+L—7/AH;j=N. ¥

When deriving equation (14), the one-component
nature of the condensed phase was taken into account.
The determination of the mass rate of fuel combustion
depends on the properties of a heterogeneous system.
At relatively small rates of chemical reactions and
high rates of fuel evaporation and mixing with an
oxidant (high rate of diffusion) a combustible mixture
is formed in a gas phase, and the kinetics of chemical
reactions turns to be the limiting factor. The reaction
rate W is determined by the relation

HMT 31:4-H
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W=pa, Yy Y}K(p, T)e ErW, 15

To this case there corresponds combustion of fine
micrometre particles when diffusional gradients are so
great that the rates of diffusional and kinetic processes
become commensurable.

At high reaction rates, slow evaporation and mixing
of fuel with an oxidant and sufficient space between
particles, each particle burns with its own microflame
and the rate of the combustion process is limited by
diffusion. In this case the rate of diffusional com-
bustion W is proportional to the evaporation rate of
particles, and in the steady-state regime these rates are
equal

W=Ww+W,

iy +&,1;, when Y, > Y*n T, 2T,
= o+0 when Y, <Y,UT, <7, (9

The combustion rates for the rest components W,
just as the rates of their explosive formation Z; in
equation (14), are determined from equations (13),
(15) and (16) by multiplying the values W and Z by
the corresponding stoichiometric ratios (— ¢,/ dy).
The mass of fuel vapours per unit volume .4 in
equation (13) is determined from the formula

when Y, < ¢\t

Py Yy
N Y hen Y y, (7
P Yy when Yy>¢yY,

where the upper line corresponds to the excess of an
oxidant and the lower to the fuel excess.

Thus, a closed system of equations has been ob-
tained which makes it possible to find the solution
of the non-stationary problem of combustion and
detonation propagation in heterogeneous systems on
the assignment of the corresponding parameters
of the interphase interaction, detonation period and
size of the secondary explosion zone.

4. DETERMINATION OF THE PARAMETERS
OF INTERPHASE INTERACTION

The parameters of friction, equation (8), and of the
interphase heat and mass transfer, equations (12) and
(4), are determining for combustion and detonation
propagation in heterogeneous systems. Their values
depend, in particular, on the intensity of phase tran-
sition and on the presence of chemical reactions near
the phase interface in the case of heterogeneous and
diffusional combustion and can be determined by
solving two-dimensional stationary [45] or one-
dimensional non-stationary [46] problems of inter-
phase heat and mass transfer.

The friction force 1§ acting on the inner surface of
a cylindrical channel is determined by the relation

plu; —uy)?
2

=G

(18)

where uy is the velocity of the lateral phase interface.
The friction coefficient C; is determined depending on
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the flow mode

(16
R’ Re < 1200

0.079

WKUZ; 1200 < Re < 10°

C 3
" Vo.074

ReT"

0.033
| Re” K

¥5:10° < Re < 5x 10°

7, Re > 5% 10° (19)
where Rey, = p,|u, —uy|d/p, is the Reynolds number,
d the inner diameter of the channel, x the coefficient
accounting for the gas compressibility. Assuming the
dynamic viscosity coefficient u to be directly pro-
portional to the temperature, the following approxi-
mate formula is obtained for determining « :

1, M,2=Msl
a,
K=
Ty g b=l (20)

— 1
Tav’ a

where T,, is the average temperature according to
Eckert. Assuming T,, = (T,+ Ty)/2, obtain
2

K=

SEREL @1
+rp—— M1,
2

where rp is the coefficient of temperature recovery on
the channel inner surface, y the specific heat ratio.

The force f,acting on a single particle of the dis-
persed phase in its non-stationary motion is in the
general case the sum of the quasi-stationary force of
viscous friction f,, added mass force f,, and of the
‘hereditary’ (due to the non-stationary state of the vis-
cous boundary layer around particles) Bassé force

S [47]
Ja=JSutfutSs

fi=Clipi(uy—us)’nd; (22)

where 4, is the particle diameter, C, the resistance
coefficient

(24 3 1 LN
Re, 16 ¢ ~ g0 ¢ J e S L

24 44 S
Cl =4 ‘R?d-*-\/Re +042 Jk,;1.5< Re < 10
d
d 4/5
0.21 (W—ﬂ—’;—l) Re; Y5k, ; Re > 10°
17— 43

-

(TG
P Uy

(23)

where
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1y —us) \/[Pl( P1>J
;= 2/=\2—-=1)5
ﬁl dk Ps Ps

_ P||“1“u3|dk.
- b

Re
? My

pw=pi(Tw,p1); bw=um(Tw);

( Yo—-1
-1
(1 +YTM%3) 5

M, = foy —us] <1
ps _J &
P (y+ DM, [ y—1

G-DM%, 12 2

(=M, +27]Y0-"
A AL My > 1.
*yML=(—1) 2

@9

Equations (23) can be used to determine the friction
force in a dispersed mixture with a relatively small
volumetric content of the dispersed phase «;/(ot, +o3)
< 0.08. At higher values of o, the friction coefficient
can be determined from the formula

fc_ 24 44 0.42
' \Re, T RS T 0420

o3

< 0.08,
o+

A +ay) 15004 )
Cz— 3(11 175+zx,—Red K1,

*3

> 0.45
oy 0

(0.92a, —0.08,) C, + (0.45¢, —0.55a,) C,
0.37(ct, +23)

o3

< 0.45.

L 0.08 <

oy +as
(25)

The rest forces involved in equations (25) are deter-
mined by the relations [47, 48]

o(u, —u;) Ju Ou
fm=§nd£pl[%+u.5;‘—u35§] 26)

) dz
Y Je=2)

The heat flux from the gas to the cylindrical channel
surface is determined from the relation

fd
fa=6dk\/(nplu|)£ FTAG @7

22 — 2
7I(T| —T,) + #l(uld Uy) ;
(28)
qw = Re < 1200
pu SHH,,—Hp+W,AH);
(29)

L Re> 1200
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where
(uy—uy)? .
2 3
Hy = c,uTw; W,AH is the chemical energy released
during combustion in the wall boundary layer. The

Stanton number in equation (28) is determined from
the Reynolds analogy

St=1C %, (30)

where C;is prescribed by equations (19) ; the recovery
coefficient r and the parameter of the Reynolds
analogy % x are found from

raPri?y Fax Proi?oor

L= [i-{-ll.é()’r—-l)\/(%)}ml

where Pr = ¢, /4, is the Prandtl number. Heat
exchange between the gas and the dispersed particles
is assigned by the relations
g = ndp A Nu,(T,~T5)
2+0.106Re, Pr'/*; Re < 100
2+0.16ReZ® Pr'/?; 100 < Re < 1000
2+40.03Red>* Pro-? +0.35Rel® Pro;
Re > 10°.

Equations (19), (23), and (25) describe the inter-
phase friction in the absence of mass transfer well.
The presence of substance injection from the phase
interface appreciably changes the friction and heat
transfer parameters. The influence of injection on the
friction on a flat plate 7, is given by

Hy=c¢,Ti+r

@31

Nud =

Tw ln(l+B).

™ B

_ Py —uwl

frwl

(32)

Superscript ‘0’ corresponds to the values of par-
ameters in the absence of injection. Equation (32) is
derived assuming the flow mode in the wall region
similar to the Couette flow |6/dx| « [0/dy|. Numerical
calculations [49] showed that equation (32) is a good
approximation of the function t,(B) for small injec-
tion parameters B (B < 3-4). For large values of the
mass transfer parameter, 5 < B < 100, the following
formula is suggested :

4/5 2 s
-_:Z=[1n(1+3)] [1+1.3B+0.4B] L)

T B (1+B)(1+0.58)*
Friction and heat exchange between the fuel layer and
the wall can be determined from the relations

U —Uy

Ty = Ha e s

A - 2
gr = “;'(Tw—To) + ’i%M_
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Equations similar to equations (32) and (33) can be
used to estimate the influence of injection on the fric-
tion of droplets or particles during their interaction
with the carrying phase.

In the presence of chemical reactions between fuel
vapours and an oxidant near the phase interface, the
energy released in combustion will influence the heat
flux from the gas into the condensed phase. This effect
can be taken into account by equation (29), since
it allows for the release of chemical energy W ,AH.
Equations (28) and (31) need to be corrected for the
case when combustion takes place in the diffusive
microflame adjoining the surface of each particle

24 .
qw = ép—l;[c,.,,m—rw)

(e —uw)?

+ (Y1 = Y1w)Qpw(Tw)] + 7 (34

nd,

2 R
P [cplTl — Ty
cpl

qa = Nuy

+(Y~Yi)pAH] (35)

where, following ref. [45], the notation is:
@oi(Tyw) = Ac,wTw+¢yAH is the chemical reaction
heat at the temperature Ty, AH the reaction heat at
absolute zero, ¢; = m;(v/"—v;)/m,(v{"—Vv}) the stoi-
chiometric ratio; m; the molar mass of the jth com-
ponent; v;,v;" the stoichiometric coefficients before
and after reaction.

The time of the start of intensive phase transition
(1.), when it is necessary to pass over to the formulae
accounting for the influence of injection on friction
and heat transfer, can be approximately determined
from the phase interface temperature rise-up to some
effective value T+ In many problems this value turns
to be close to the boiling temperature 7, at the given
pressure. The thus found conventional time of evap-
oration delay ¢, can be determined by solving the
second boundary-value heat conduction problem

1 “ q°(n)

Tr—Tpo = “\/(lzpczn) 0 \/(l’e—*i}

dn.  (36)

The presence of a diffusive microflame around a
particle is given by the condition

'=2T,; Y, 27, 37

where T, is the ignition temperature. As shown experi-
mentally, the time of ignition delay 7,4 depends on the
temperature 7, and does not depend on the con-
centration ¥, when equation (37) is satisfied.

The mass transfer rate #1 for a film and droplets can
be determined using the results of refs. [31, 32, 44, 45]
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24 1
ﬁln[l + il‘(éplTl — T+ (Y, —~ YIW)¢‘NAH):| (1+0.276Re;/> Pr'*y; T, > T,
. %k L
2’71‘1 1+ }T(CﬂplTl —EpWTW)](l +0.276Re,;"” Pr'?y; T, < T,
Yk L
ey =
w hi+c,(Ty—T,)
. _ 0.5 /7 \0.25
B PRI D i o ) <£ ) (_) —koRer; Wes We,
mp= o P TW (39)

0, We<x We,

k p 0.5 T 0.25
We, = max {S,FT(?') —% Re,;; k,

where ¢ is the coefficient of surface tension;
We = (pp 1) (u, —uy) (uw—ug)ea ™ ' the Weber num-
ber; We, the critical Weber number at which the
instability of the film surface sets in [48]. The semi-
empirical equation (39) is obtained by processing the
data of refs. [32, 50]. The instantaneous diameter of
droplets can be determined as d, = (6a./(nn))~'?;
Re, = p(uy—uy)e/n,. The fuel surface velocity is
Uy = 2uy—uy.

5. CALCULATIONS

As an example consider the development of deton-
ation in heterogeneous systems with a small volu-
metric content of a condensed phase and rather fine
droplets (<200 um): o, « 1, oy« 1, Ag~ A. The
liquid film is considered stationary in the first approxi-
mation u, = 0, the atomization of droplets is absent
(the Weber numbers for droplets are several orders
smaller than for a film). In this case the system of
equations has the form

@_1 Opu,

o0 Yo et @
Bpl Yj aPl“l Yf -
- = W.+Z;/AH
0;j #N 4
Lyrlj=n @00
0
I;‘:Z - "'IW_‘If (40C)
Fii i}
e e
a 2
P;;“S i’lg;_‘“ = F,— Lu, (40e)
8 dp.ui | &,

=10"*kgm 25"

k,=04x10"*kgm?s~!

(61 +ui/2)  Opu(é,+ui/2)  dpu,
+ +
ot 0x ox

=WAH— 0y — Qs+ Iy +1,) (ew + %)

2

+Z+ 1,,% — Fu, (40g)

N Y N
pr=pRTY 2+, é,=3 Yc,Ty;
=1y =1
W, = — 9 (40h)
g

In equations (40) the terms of the type p,o,, pa,
are neglected, but the terms pa, are preserved, since
p >» p;. The shedding of droplets is calculated with
the use of the relation
Twe
(up—uo), = A
Ha
When solving the problem, it is convenient to present
the set of equations (40) in vector form
X + iA X) = D(X
Jt  Ox (X) = DX)
where X, A(X), D(X) are the columns prescribed by
the equalities

@D

r 3
P
0Y,
pa;
X =4 P% b
P
P3%3Us 1 b
u
w2 Pt
pilé + = puuY,
\ 2/ 0
po3Us
AKX ={
X) Plu%‘f‘Pl r
P33u3
u?
P U,y (e. +—l+&>
2 p J

-
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(Ly+1, W
W,+Z,/AH + {(1): jj’j .
—Iy—1,
I—1,

D(X) =< —Fyy— F,— Fy+Lu; g
F,—Lu,

2

u
L~ —Faus+ WAH=Qw~0Q,

Ty +1,) <ew+%> +Z

.

The system of equations (41) can be solved with the
use of a two-step differential scheme of Lax—
Wendroff. In this paper its modification is employed.
In the absence of phase interactions (D =0) the
scheme has the form

first step:
n+1/2 1 n n At 1 n n
Xj+ 12 = E(Xj+1+xj) - Ez( j+1_Aj)
second step:
At
X;*! = X7 — 3 AR - AT,

The scheme has second-order accuracy, the condition
of stability is the Courant condition

‘< Ax
= max; (|ul +a)

where a is the local speed of sound.
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The account for phase interactions is made with the
use of the third step

X;t =X A DX,

The oscillations of numerical solution can be sup-
pressed by the layer-by-layer smoothing procedure

X:=(1-20X+ X}, +X]);

Figure 3 presents an example calculation of the
pressure profile variation along a closed tube length
(d = 4 cm) for detonation propagation in a two-phase
system of the gas—film type (a0 = 0). Air was assumed
to be an oxidant, n-decane a fuel. Detonation was
initiated by a shock wave originating during the
breakdown of the initial discontinuity. In actual prac-
tice this corresponds to detonation initiation in a
shock tube on membrane rupture. The dashed curves
show the initial distributions of the parameters given
by exact solution of the problem on the breakdown
of discontinuity in a non-reactive ideal gas. It is seen
from the figure that an originating shock wave is accel-
erated by additional energy release after the ignition
of a combustible mixture formed behind the wave.
Secondary waves, originating in the zone of intensive
fuel shedding from the crests of waves and mixing
with the oxidant, overtake the bow shock wave and
enhance it. The results of further calculations showed
that, after the interaction between the second and the
bow shock waves, the intensity of the latter gradually
decreases. In this case the mean velocity of the deton-
ation complex remains constant and independent,
beginning from some time instant, of the initiation
and boundary conditions on the left end of the tube.
The results of velocity calculations of the self-sus-

0<{<i

FIiG. 3. Pressure profiles along the tube length at different time instants on heterogeneous detonation
initiation after bursting of the diaphragm in a shock tube.
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F1G. 4. Dependence of the pulsing self-sustaining detonation

velocity on the tube diameter d and the fraction of the inner

surface wetted with fuel: (a) quarter of the inner surface is

covered by fuel (II;/(T1,+11;) = 1); (b) half the inner sur-

face is covered by fuel ; (c) the entire inner surface is covered
by fuel.

taining mode (Fig. 4) and of the acceleration dynamics
up to the attainment of stable conditions (Fig. 5) are
in good agreement with the experimental data of refs.
[3-5, 11, 12, 19]. Figure 4 presents the results of cal-
culation of the velocities for self-sustaining modes
of heterogeneous detonation propagation. For com-
parative purposes, the figures contain experimental
data of different authors. It is seen from the figures
that the dependence of the detonation rate on the tube
diameter has essentially non-monotonous character.
An increase in the self-sustaining detonation rate with

N. N. SMIRNOV

a reduction of the transverse dimension of the channel
is caused by the rise of the mean density of energy
release behind the bow wave in fuel surface com-
bustion and secondary explosions. With a further con-
traction of the channel, the increase of the friction and
heat removal losses exceeds the increase in the mean
density of energy release, thus leading to a smaller
velocity of the self-sustaining mode.

In Fig. 5 the plots of the detonation rate Mach
numbers in non-mixed two-phase systems vs time are
presented. The calculation is made for the case when
an oxidant is oxygen, a fuel is n-decane, p, = 1 atm
and T° = 300 K. Solid lines correspond to the case
when the fuel covers half the tube inner surface,
dashed lines when the fuel covers one-fourth of the
tube inner surface. The graph M(z) = D/a, for each
case consists of two branches (increasing and decreas-
ing) that converge with time to the rate of self-sus-
taining detonation My(r) - M&.

The results of calculations can be compared with
the experimental data on the basis of the results of
ref. [11]. In a square cross-section (0.41 m) tube with
two walls wetted by fuel the rate of the experimentally
observed detonation increased from 1200 to 1370 m
s~ ! at a distance of 1 m and then remained virtually
unchanged. The calculations show (Fig. 5) that the
increase in the velocity from 1200 m s~' up to the
constant, on average, velocity of 1420 m s~! takes
place over a distance of 1.25 m.

The calculation of the dependence of the self-sus-
taining detonation velocity on the initial oxygen con-
centration in the oxidant Y, (Fig. 6) shows that the
velocity D decreases with Y. The experimental data
of ref. [12] fall well on the predicted curve.

In some calculations, seal failure of the left end was

| L

l_
400

FiG. 5. Variation of the heterogeneous detonation velocity with time over

600 800
t (us)

1000

the unsteady stage of

development.



Combustion and detonation in multi-phase media

F16. 6. Dependence of the heterogeneous detonation velocity
on the oxygen initial concentration (fuel-—liquid n-decane):
To=300K;p,= 10°MPa;d = 2.2 cm.

modelled as

=0; <1,

Uy -Xg

=Po, t>tg.

Px=—x,

‘Whenever the self-sustaining mode was attained when
t < t,, the seal failure did not influence the velocity of
the detonation complex.

The experimental investigations conducted by the
author made it possible to obtain (Fig. 7) an oscillo-
gram of pressure variation with time for detonation
acceleration in a dispersed mixture of diesel fuel with
air (tube diameter d = 50 x 10~ m, diameter of drop-
lets d, = 0.2 x 10~% m). The space between the gauges
is 0.5 m, the time of scanningis £, = 2x 107*s grad ™",
It is seen from the figure that the velocity of the bow
shock wave increases from 450 to 900 m s~'. In this
case the fourth gauge records the origination of the
secondary shock wave.

791

Thus, the proposed method of calculation allows
the modelling, with sufficient accuracy, of the dy-
namics of detonation development in two-phase
systems and the determination of the velocity of a
self-sustaining mode.
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COMBUSTION ET DETONATION DANS UN MILIEU MULTIPHASIQUE-—INITIATION
DE LA DETONATION DANS LES SYSTEMES DISPERSES OU A FILM, DERRIERE UNE
ONDE DE CHOC

Résumé-—On considére les problémes de la propagation de combustion et de détonation dans les milieux
hétérogénes contenant un oxydant dans la phase gazeuse et un combustible dans la phase condensée sous
1a forme de particules dispersées dans Pécoulement oxydant ou d’un film mince sur les parois du canal. La
détonation dans de tels systémes a une structure variable, complexe, nettement différente de la moni-
dimensionnalité: le front de détonation peut montrer des discontinuités mobiles et il peut étre pér-
iodiquement pulsé. Un modéle physique de détonation pulsatoire et tournante est développé pour les
milieux hétérogénes. Un systéme clos d’équations avec des conditions aux limites permet la simulation
mathématique de la transition entre la combustion lente et la détonation. Le mécanisme de transition et
les paramétres déterminants de la détonation sont calculés numériquement. On étudie expérimentalement
les mécanismes variables de la transition de la combustion dans les mélanges dispersés d’air avec un
hydrocarbure combustible.

VERBRENNUNG UND EXPLOSION IN EINEM MEHRPHASENGEMISCH—ZUNDUNG
DER EXPLOSION IN EINEM DISPERSEN FILM HINTER EINER SCHOCKWELLE

Zusammenfassung—In dieser Arbeit wurde die Ausbreitung der Verbrennung und der Explosion in einem
heterogenen Medium untersucht. In diesem Gemisch liegt das Oxidationsmittel als Gas vor, und der
Brennstoff befindet sich entweder als feiner Film an der Rohrwand oder als dispers verteilte Partikel in
dem Oxidationsmittelstrom. Die Explosion in einem solchen System ist ein komplexer, dynamischer
Vorgang, der keinesfalls eindimensional beschrieben werden kann. Die sich vorwirtsbewegende Explo-
sionsfront stellt sich als diskontinuierliche Bewegung dar und kann periodisch pulsieren. Ein physikalisches
Modell der pulsierenden und drehenden Explosionsfront in einem heterogenen Gemisch wurde entwickelt.
Ein geschlossenes System von Gleichungen mit den zugehorigen Randbedingungen wurde aufgestellt.
Damit kdnnen die Vorgéinge, angefangen bei der langsamen Verbrennung bis zur Explosion, mathematisch
simuliert werden. Die Parameter, die den ProzeB im Ubergangsbereich zwischen Verbrennung und
Explosion bestimmen, wurden numerisch berechnet. Der dynamische ProzeB zwischen Verbrennung und
Explosion in dispersen Gemischen von Luft und brennbarem Kohlenwasserstoff wurde experimentell
untersucht.

TOPEHUE M AETOHAIIMA B MHOT'O®A3HbLIX CPEJAX. MHHIIMHPOBAHUE
AETOHALIMM B AUCTIEPCHO-TUIEHOYHBIX CHCTEMAX 3A VIAPHOW BOJTHON

Anporsuss—B pabGoTe paccMaTpEBAIOTCS 3aa4H PACHIPOCTPAHCHHA FOPEHHS H ACTOHAIMA B IETEPOIeH-
HBIX CpefiaX, CoAepXallEX OKHCIMTENb B razoofpasnolt Gase u ropiovee B KOBACHCHpPoBaHHOH dase B
BHJIC [IACTICPCHPOBAHHBLIX YACTHIl B HOTOKE OKHCIHTES WA TOHKOH IUICHKH Ha CTeHxax xamana. IToka-
3aHO, YTO JETOHALMA B TAKHX CHCTEMAX oGnasaer cioxHOf CyIeCTBEHHO HEOMHOMEPHON HecTaluoHap-
HO#l CTPYKTYpOi: mepensmit PPOHT JETOHAHEA MOXKET COAEPAKATH MOABHKHBIC HIIOMB H NEPHOAUYECKA
nyJncEposaTsh. PaspaGotana du3nueckas MOJCIb NYILCAPYIOMCH ¥ CIMHOBOR JETOHALMH B reTeporeH-
Hux cpenax. CocraBlieHa 3aMKHYTas CHCTEMA YPABHEHHH C IPaHHYHLIMM YCIIOBMSMH, [O3BONSAIOLIAs
HPOBECTH MATEMATHYECKOE MOSTUPOBAHNE NEPEXONa MEUIEHHOTO TOPEHHS B AeTOHAIMIO. [IposeneHsl
YHC/IEHHBIE PacueTH MPOLECCa HEPeXola ¥ ONPENENAIOBIMX NapaMETPOB JETOHALMH. JKCIEPHMEHTa-
JIBHO HCCTICAOBAHB HECTAIHOHAPHBIC IPOLECCH TIEPEX0ia TOPEHHA B ACTOHALMIO B JMCIIEPCHBIX CMeCHX
BO3AYXa C YIJICBOKOPOIHBIM TOPIOYHM.
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