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The dynamics of compression wave propagation in two-phase gas-liquid fuel mixtures is of great in-
terest in view of the widespread use of atomized liquid fuels in various types of combustion chambers. The
most important of the guestions relation to the study of compression wave propagation in such mixtures
are:

a) the mechanism of amplification of the compression waves as they travel through the burning two-
phase system;

b) the conditions governing the transition from combustion to detonation,

The study of the detonation of two-phase mixtures is also interesting in that in such systems it is
possible, in principle, to obtain detonation waves intermediate in intensity between the detonation waves in
gases and condensed explosives.

Since the rate of heat release in the detonation waves of two-phase mixtures must be chiefly deter-
mined by the rate of transition from the liquid to the gas phase, which is only weakly temperature-depen-
dent, in these systems, as distinct from a gas detonation, the temperature in the reaction zone should vary
smoothly without an induction period and a subsequent sharp rise.

In this case the width of the heat release zone will depend only weakly on the thermodynamic and hy-
drodynamic parameters behind the wave and their fluctuations. Heterogeneous detonation waves are there-
fore apparently less susceptible to distortion of flow one-dimensionality due to instability of the shock
wave~ignition zone complex.

In studying the process of transition from combustion to detonation and the nature of the detonation
limits in two-phase mixtures it is important to determine the extent of the reaction zone¥ i.e., the distance
between the Jouguet point and the shock front. From the extent of the reaction zone it is possible to judge
the energy fraction going to sustain the wave and the heat losses to the walls of the channel, through which
the detonation wave is propagated.

It follows from the above that, apart from assisting with the solution of practical problems, the in-
vestigation of two-phase detonating mixtures can supply valuable information of a theoretical nature relating
to the wave structure, the detonation limit, and the nonstationary processes associated with the passage of
compression and shock waves through a burning two-phase mixture.

The existence of detonation waves in mixtures consisting of liquid droplets atomized in a gaseous
oxidizer was experimentally demonstrated in [1-4], where the amplification of fairly weak shock waves
(Mach number M= 1.1) on passing through regions filled with burning droplets was also detected. The pos-

*By the reaction zone in a two-phase mixture we understand the zone in which the chemical reactions in~
volving heat release take place. The width of the reaction zone (or heat release zone) and the reaction rate
may be determined by the rate of any of the physical or chemical processes taking place in the gas-liquid
mixture.

Moscow. Translated from Fizika Goreniya i Vzryva, Vol. 6, No. 3, pp. 374-385, July-September,
1970. Original article submitted November 26, 1968.

© 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. 4 copy of this article is available from the publisher for $15.00.

327



sibility of detonation in two-phase sprays with a low liquid-phase volume content was analyzed theoretically
by Williams [5], who concluded that in such systems detonation is possible if:

a) for heat release controlled by the rate of vaporization the droplet size does not exceed 10 u (such
small droplets have a very high rate of vaporization);

b) for larger droplets heat release is controlled by the more rapid process of gasification by breakup
of the droplets in the flow behind the wave. The authors of [1-4], analyzing the experimental data obtained,
concluded that breakup of the droplets has a decisive effect on the propagation of detonation in a two-phase
droplet mixture. This is particularly clearly demonstrated in [4].

Qualitatively, the amplification of compression waves and detonation in burning two-phase mixtures
can be represented in the following form. After passage of the compression wave through a volume element
of the mixture owing to the inertia of the liquid a gasdynamic relaxation zone, in which momentum transfer
between the gas and the droplets takes place, is formed. Since the droplets are exposed to a high-velocity
gas flow, they become unstable, their surface is distorted, and extremely fine droplets which vaporize al-
most instantaneously separate from the surface [6]. The process of transition from the liquid to the gas
phase (mass release) is also sharply intensified if there is a sufficient amount of the other component in
the neighborhood of the disintegrating droplet; at a sufficiently high temperature there may be an increase
in burning rate accompanied by a local rise in pressure behind the starting wave. Under certain conditions
the new waves created by the local pressure rise may overtake and amplify the first compression wave,
Since droplet breakup and hence heat release depend on the velocity of the gas behind the compression
wave, wave amplification will be progressive. Thus, if the wave takes a sufficiently long time to pass through
the burning mixture a detonation wave may develop. Unfortunately, we are still unable to obtain a complete
and exact solution of the nonstationary problem of the propagation of an arbitrary compression wave in a
burning two-phase mixture. This is associated both with the lack of experimental data on the behavior of
compression waves in burning two-phage mixtures and with our ignorance of two-phase flow behavior be-
hind a shock front in the presence of mass and heat release,

We have investigated the variation of the thermodynamic and gasdynamic parameters of a mixture in
the reaction zone of the detonation wave. Our object was to estimate the width of the heat release zone be-
hind the wave, which is a criterion of the possibility of detonation and steady-state propagation, in chambers
with a specific geometry. A further object of the investigation was to obtain theoretical curves for the heat
release in the reaction zone for various possible vaporization mechanisms, in order to be able to determine
from a comparison with experiment which process controls the rate of heat release in actual detonation
waves in fwo-phase mixtures.

Formulation of the Problem

We will congider a fuel mixture consisting of droplets of liquid fuel uniformly distributed in a gaseous
oxidizer atmosphere. Through this mixture a one-dimensional plane detonation wave is propagated at veloc-
ity up. We describe the motion of the medium in coordinates tied to the leading front of the detonation wave,
whose location is characterized by the value x = 0; the x axis is directed away from the front in the direction
of the combustion products. The state of the mixture ahead of the wave front is described by the following
parameters: p, is the gas pressure; T, is the temperature; p, is the density of the gas phase; ¢; is the mass
liquid-fuel concentration; d is the liquid density; ry is the radius of the liquid droplets; v, is the gas velocity;
and w, is the droplet velocity (obviously, uy = wy). The values of these parameters in the reaction zone are
detonated by the same letters but without subscripts.

The principal assumptions made in deriving and solving the equations are as follows:

1) the liquid droplets are nondeformable spheres of the same radius that do not coalesce or collide
with each other;

2) the distances on which the flow parameters change significantly are large as compared with the
dimensions of the droplets;

3) the volume occupied by the droplets is negligibly small as compared with the volume of the gas;
4) viscosity and thermal conductivity are important only in phase interaction processes;

5) the structure of the detonation wave corresponds to the ideal Zel'dovich-Neumann-Doering model,
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i.e., the detonation wave is a stable stationary complex consisting of a shock wave with a subsequent defla-
gration zone, in which the starting components are converted to combustion products.

The first four of these assumptions are customary in connection with two-phase flow, while the last
is typical of most detonation studies.

In analyzing the processes of mass and heat release we will consider two models:
1) the rate of heat release is wholly determined by the rate of the droplet evaporation process;
2) the rate of heat release is determined by the rate of droplet breakup.

In the first model the entire mass of evaporated material is instantaneously burned, i.e., it is assumed
that the mixing of the components and their reaction proceed at infinitely high rates. The second model pre-
supposes that the mass of the microdroplets separated from the main disintegrating droplet instantaneously
evaporates and reacts with the oxidizer. In other words, the rate of combustion and evaporation of the mist
formed as a result of droplet breakup in the high-velocity flow is much greater than the rate of conversion
of the liquid from droplet to mist, In the case in question the temperature of the gas behind the shock wave
is about 2000°K, At such temperatures the ignition lags of a heptane-oxygen mixture should be less than
10-% sec; consequently, the assumption of an infinitely high reaction rate will be well satisfied for waves in
which the heat release zone is a few millimeters or more wide, Although we lack data on the vapor-oxidizer
mixing rates in the path of a droplet in a supersonic flow, it is reasonable to suppose that the width of the
mixing zone does not exceed a few droplet diameters. Consequently, mixing will limit the burning rate only
when the heat release zone in the wave is of the order of the droplet diameter. A detailed analysis of the
conditions under which the assumptions underlying the above two models are satisfied may be found in [7,8].

The evaporation time of the microdroplets separating from the main droplet is of the order of 1 L sec.
In fact, in the presence of the large dynamic heads that exist in detonation waves they do not exceed 1 u in
size [9], and for the values of the flow parameters adopted below,the evaporation zone of such droplets will
not extend over more than 1 mm. Consequently, the conditions of model 2 will be satisfied for detonation
waves in which the heat release zone extends over a few millimeters or more,.

In order to simplify the calculations we assume that the droplet temperature is constant and disregard
the deformation of the droplets during breakup. In reality, the droplets are deformed in the flow, but while
taking this deformation into account may slightly modify the quantitative results it does not fundamentally
affect the qualitative character of the relations obtained. The assumption that the droplet temperature is
constant implies that all the heat reaching the droplet is expended on evaporation, This condition does not
impose any serious limitations on the applicability of the solution obtained below.

We also neglect the temperature dependence of the viscosity and surface tension of the liquid and the
viscosity of the gas.

Basic Equations. In our case the equations of motion of a two-phase medium may be written as follows:

continuity
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Here, c is the specific heat of the liquid; v is the ratio of specific heats cp/ ¢y for the gas phase; and
Q is the heat of combustion of the fuel.
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The mass concentration of the liquid can be represented by the following equation:
3 = —4— nrind N
3

where n is the number of droplets per unit volume, Since we have assumed that the droplets do not coalesce
and that the microdroplets forming the mists burn instantaneously, the droplet flux is a constant quantity,
i.e.,

nw=const. 4)

The equation of state of the gas phase is written
_ PRT 5
p=1RL, )

where M is the mean-molecular weight of the gas; and R is the universal gas constant. Apart from the con-
servation laws, in order to take into account mass, momentum, and energy transfer between the phases it
is necessary to use two additional equations: the equations of motion and mass decrease of the droplets.
The first of these is the aerodynamic drag-force equation

sw_di{:‘cxplw—u)lw—ulnr’.

dx 2

where Cy is the drag coefficient which in accordance with [10] can be expressed as a function of the Rey-
nolds number

S7TRe™™ at Re < 80,
Cyu= 0.27Re°~2‘ at 80 < Re < 104, (7
: 9 at’ Re > 10%.

Here, Re = 2 [r(w— u)/Vg] (Vg is the kinematic viscosity of the gas). The form of the second auxiliary equa-
tion depends on the choice of the process limiting the rate of mass transfer from the liquid to the gas phase,
When the mass decrease of the droplet is determined by evaporation [11]

v N Ny =X 8
Car T kxsr’Nu_x’ ®

where k' is the evaporation coefficient; Nu is the Nusselt number; h is the heat transfer coefficient; and A

the thermal conductivity. In computing the Nusselt number it is possible to use the Ranz-Marshall equation

[11]:

Nu=2+0.53Re",

There are several expressions for describing the law of mass decrease of a disintegrating droplet.
In what follows we employ the two which, in our opinion, most accurately describe the dependence of the
liquid-gas conversion rate on the flow parameters and the properties of the liquid and the gas.

The first of these was proposed by Engel [12] and takes the form

w 2% = 4x (—v§)1"6 (i)”?’ VP (e —a) P )
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where v is the volume of the droplet; and yis the kinematic viscosity of the liquid.

The second law of mass decrease was proposed by Priem [8]; in this case

wim M (10)
dx b

where my is the initial mass of the droplet; m is the variable mass; and 7, the digintegration time, is equal

to [8]
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Here, We = [p(w — w)? 2r/¥] is the Weber number; and ¥ is the surface tension of the liquid.

Denoting all the variables immediately behind the shock front by the subscript 1, we introduce these
dimensionless variables:

— » - - -~ n = x
W= —, U= gy 8 ey I, A= — X TS,
@o
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Equation (1) now becomes
7=t L [1+—(1—~cw)] 12
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and Eq. (2)
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Using Eqs. (12) and (13) and the energy conservation equation, we express the dimensionless density of the
of the gas phase in terms of the droplet velocity and the degree of combustion 1—ow.
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(14)
This expression can be simplified somewhat if we consider that in the detonation zone

P Iy

Po uo
while in the Chapman-Jouguet plane,the radicand should vanish. As in ordinary gas detonation, we assume
that the gas velocity behind the wave and the speed of sound are equal at a point where the energy has been
completely released, i.e., c = 0. The equation obtained from this condition (1 +a,/0,) ')/2/ vi—1= (2%/(yp - 1)
(po/po)+1+ 0y /py +(o-0/po)[2( eT + Q)/u?] can be used to eliminate Q + ¢T from Eq. (14), Here, v, is the ratio
of specific heats in the detonation products. For simplicity it has been assumed that y varies linearly as
the fuel is consumed:

v = (L —e @) {1 - ).
We write the remaining equations in dimensionless form:

equation of state

p=tL, (15)
M
where M = M/MT ~ 1
conservation of the total number of droplets
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mass variation of the evaporating droplet
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Engel's mass decrease equation

wd (z w) = —C (w~ )% P (EE&)M (21
dx
Priem's mass decrease equation (linear law)
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The constant coefficients in Eqs. (17)-(22) are expressed in the form
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As may be seen from the equations, in order to find all the parameters of the two-phase mixture behind the
wave front as functions of the x coordinate it is necessary to solve a system of two differential equations,
in which the variables are ¢ and W. The other parameters of the mixture are expressed algebraically in
terms of ¢ and W,

Principal Results of the Calculations

No pair of differential equations (17)-(22) describing the behavior of the droplets in the flow behind
the wave can be solved analytically, since all the equations are nonlinear differential equations with insepa-
rable variables. A solution was obtained numerically on a Mir computer using a finite-difference method
with variable integration step. The integration step decreased automatically as (w— u)— 0, so that the dif-
ference (W — 1) always remained positive, The two-phase system for which the calculations were made con-
sisted of heptane droplets and oxygen gas. For ideal conditions and a stoichiometric composition the detona-
tion velocity in this mixture is 2400 m/sec [3]. The initial temperature of the droplets and the oxygen T, =
300°K, and the pressure py = 1 atm. For a stoichiometric composition the ratio o, /pg = 0.284. We investigated
three variants of a monodisperse heptane spray in oxygen with droplet size ry = 10, 100, 1000 4. The values
of the thermophysical parameters of the liquid and the gas used in the calculations are given in Table 1.

In the course of the numerical integration the value of the Reynolds number was continuously checked.
to ensure that the expression for the drag coefficient in the equation of motion of the droplet corresponded
to the given R,. In calculating the breakup of the droplets we also checked the Weber number. The calcula-
tions were interrupted when We = We,. = 100. The choice of the value We,,. = 100 was determined by the
characteristics of the actual droplet breakup mechanism, As many droplet breakup studies have shown, at
We = 100 a surface layer of liquid separates from the droplet owing instability in the high-velocity flow
and, at the same time, the droplet is deformed, However, as long as the deformation does not reach the

TABLE 1

| Parameter
s '+
ubstance T | n T +N/m %Pkg/maﬂg/seg.m ‘ m¥/sec | Bt
Oxygen - - -| 1.4 |13 | 1,2 | ~— 1,3 | 20,7-107% — 6,9
Heptane - . .| — | — — 19201073} 675 |370.107% {2,7.107¢ —
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TABLE 2

Coefficient
fo 11 A0 A, 107 Bye107 By 104 C,-10t Gy 108
1070 2,95 6,61 4,93 | 1,61 4,32 | 1,33
1074 1,77 45,7 42,8 5,08 13,7 2,42
107" 1,1 316 423 16,1 43,1 4,23

critical stage . in which the droplets are converted into perfcrated disks, the mass release from the disin-
tegrating droplet is satisfactorily described by the equations presented above. In the general case the drop-
lets, especially the large ones, are not able to lose all their mass during the deformation period (as which
we may take, for example, the time required for the upstream and downstream surfaces of the droplet to
coalesce [13]). As a result of the intense deformation the remainder of the droplet breaks down into smaller
individual droplets. Unfortunately, there are no expressions for the vaporization rate in this stage of dis-
integration; accordingly, the computations were continued only as long as the droplet decreased in mass
while always remaining a single entity. Although the condition We = 100 is not equivalent to the condition of
loss of droplet integrity, as numerous calculations show, they correspond quite well,

The coefficients calculated on the basis of the above values of the parameters of the liquid and the
gas and used in basic equations (17)-(22) are given in Table 2.

The principal results of the numerical calculation of the parameters of the two-phase flow behind the
detonation front are presented in Figs. 1, 2, and 3.

An analysis of the three cases considered leads to the conclusion that the heterogeneous detonation
reaction zone is longer than the reaction zone that the detonation wave in a mixture of the same components
would have if they were both gaseous. When the burning rate is determined by the evaporation of the liguid
fuel, only part of the fuel (an especially small part in the case of large droplets) is able to burn before the
gas and droplet velocities are equalized. Subsequently, combustion proceeds according to the even slower
law r02 —r?=k% (k' is the evaporation coefficient and t,time), An estimate of the distance on which the
droplets should be completely vaporized gives a value x = 8 m. It follows from Fig. 1 that the droplet size
has a strong influence on the flow parameters behind the wave front, Whereas for droplets with a radius of
10 y at a distance x = 3 mm from the front about 45% of the initial mass has been consumed, for droplets
with a radius for 1000 ; at the same distance the consumed mass fraction is scarcely 1%.

The principal parameters of the two-phase flow for the case when the burning rate is determined by
the rate of droplet disintegration are presented in the form of graphs in Figs. 2 and 3, from a comparison
of which it follows that the two droplet disintegration laws give similar results.

The comparison of the ¢ w = g(x) curves for the disintegration and evaporation models demonstrates
clearly how the combustion process is intensified by the breakup of the fuel droplets. For the finest droplets
the burnup process ends before the gas and droplet velocities are equalized. An interesting feature of the
motion of the droplets in a flow, in which energy is released, may be observed by comparing the graphs of
the velocities W and T in Figs. 1 and 2 for 10-y droplets. Although the mean size of the droplet in the re-
action zone is less for disintegration than for evaporation, it is more slowly accelerated. This is because
in the case of the disintegration model more energy is liberated over a given distance from the front than
in the case of the evaporation model. Consequently, at a given x the value of u is greater and that of W -
less for disintegration, i.e., in this case the aerodynamic drag force acting on the droplet is less than for
evaporation. )

The width of the heat release zone for the evaporation model at droplet radii of 100 and 1000 u is very
great, and it may be assumed that in this case the energy losses to the walls will be so high that the steady-
state propagation of detonation will be impossible.

The calculations for droplets more than 10 y in size ended at degrees of combustion 1 — oW = 1; how-
ever, in the case of the disintegration model the extent of the heat release zone evidently does not much
exceed the distance at which the computations were interrupted, since the subsequent breakup of the droplet
and the high gas temperature lead to a considerable acceleration of the fuel reaction process.
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Fig. 1. Variation of the parameters of the two-phase

flow along the length of the heterogeneous detonation

reaction zone (evaporation model). Droplet radius, p:
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Fig. 2, Variation of the parameters of the two-phase
flow along the length of the heterogeneous detonation
reaction zone (disintegration model in accordance with
Eq. (9)). Droplet radius, u: a) 10; b) 100; c) 1000.
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Unfortunately, we lack experimental data on the lengths of the reaction zones in detonation waves in
sprays. It is only possible to estimate them approximately from the data of [4]: for ry = 140 4, X = 40 mm
(estimated from a photographic time record of the detonation process), which is in good agreement with the
calculated data; for ry= 1.45mm,x ~ 300 m (estimated from a shadowgraph of the wave). As for the evap-
oration model, the zone length for droplet disintegration increases considerably on transition to sprays
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with larger droplets. A comparison of the burnup curves for both models shows that the rates of droplet
combustion for the evaporation and disintegration mechanisms are comparable only for the finest droplets

For a sufficiently slow variation of the degree of combustion (droplet radii of 100 and 1000 y) the
pressure behind the wave at first increases, approaches a maximum, and then falls, The final pressure, Le.,
the pressure at the Chapman-Jouguet point, is always higher than in a gas detonation. The pressure rise at
the beginning of the reaction zone is associated with the deceleration of the gas flow by the droplets.

The variation of the liquid-phase concentration o behind the detonation front is represented in Figs.
3a, b. Only at high burning rates (Fig. 3,a) does 7 fall directly behind the front. The increase in the liquid-
phase concentration behind the front is related with the change in droplet velocity. An increase in T does
not lead to enrichment of the mixture with the fuel component; on the contrary, the relative concentration
0/p0y, where pO, is the variable oxygen concentration, divided by the stoichiometric value of the component
ratio v,

]

(—"—‘—‘;)3—%(1—5@)(1“@)

Po o,

(g, is the initial value of the ratio), behind the front always remains less than in the starting mixture, The
greater leanness of the mixture is attributable to the increased density of the gaseous oxidizer, the initial
value « = af is actually restored when the gas and droplet velocities are equalized.

The kinetic energy of the droplets in the laboratory system, i.e., the energy expended on accelerating
the droplets, is only 3-5% of the heat release behind the wave for the cases considered; accordingly, in the
energy conservation equation we can neglect terms representing the kinetic energy of the droplets.

Although it was stated above that at We < We, .. the droplets break up into finer droplets and the heat
release zone is evidently not much greater than the distances at which the calculations were interrupted,
the question of the possible incomplete combustion of part of the fuel remains, since the fine droplets formed
as a result of breakup are at rest relative to the gas and their burnup rate will be small. In the presence of
a long droplet burnup zone the energy losses to the walls may lead to the expansion wave, whose head in the
present calculations is determined by the condition & = 0, moving upstream to a point where & s 0. Droplets
that react behind the head of the expansion wave cannot contribute to the energy of the shock wave; there-
fore the detonation wave will be propagated at a lower velocity than follows from the thermodynamic cal-
culations (even if the direct energy losses to the walls are taken into account).

Thus, our calculations based on two different vaporization mechanisms have shown that:

1) breakup of the droplets considerably intensifies the combustion of the liquid as compared with the
evaporation process;

2) the detonation model based on the assumption that the burning rate of the two-phase mixture is
determined by the breakup rate evidently gives the correct value of the length of the reaction zone;

3) in the case of heterogeneous detonation the length of the reaction zone decreases sharply with de-
crease in the mean size of the liquid droplets;

4) the fraction of the energy released in the reaction zone expended on accelerating the droplets is
small;

5) a complete calculation of the heterogeneous detonation reaction zone for sprays with droplet dimen-
sions ry = 100 y should take into account the deformation and disintegration of the droplets.
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