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UDC 662.75:621.182

NOTE

This book examines the basic relationships for the processes
of liquid fuel atomization and combustion, on the basis of which
analysis and selection of optimum, combustion conditions are car-

* fred out.

Combustion characteristics of single drops as functions ot'
external conditions and fuel properties are examined, as are the
combustion processes of drops in a flame and the relation between
flame length and atomization cfficiency; requirements for atonU-
zation efficiency are formulated and the spary nozzle design3 and
arrangements analyzed on this basis. Methods of calculating centri-
fugal and pneumatic spray nozzles are presented and also methods
of controlling the degree of atomization and combustion efficiency.

The book is intended for engineers engaged in organization of
the processes of liquid fuel combustion and also for students of
advanced courses in the corresponding special field.
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INTRODUCTION

Improvement of old and intro-2 ction c new technological pro-
cesses in petroleum refining have given r.se to a large assortment
of cheap residual fuels of the petroleum residue and cracking resi-
due type, the use of which in furnaces requires the overcoming of
various technical difficulties. This circumstance has given rise to
a large number of arrangements and designs for various assemblies
of combustion devices for the efficient combustion of fuel. Thus,
for example, more than five thousand different atomizer designs
have been proposed to date. An analogous pattern is observed with
respect to furnace designs.

Scientific research work on the combustion of liquid fuels is
mostly limited to the study of the laws of combustion of light li-
quids which evaporate completely. Under these conditions, the crea-
tion of new or the modernization of old combustion engineering in-
stallations are now beset with considerable difficulties. On the
one hand, it is necessary to select from the great diversity of
proposed and utilized schemes of organization of the combustion
process preciselj the one satisfying in the highest degree the re-
quirements of each specifin case. On the other hand, the theoreti-
cal solution of even individual partial problems of liquid-fuel
flame combustion, on the basis of which this selection could be

*ade, involves the laws of combustion of fuels with properties
ich differ considerably from the properties of industrial fuels.

All this compels us to include in the design of a combustion
device such highly general concepts as the actually attained values
.'or the speci."ic thermal stress of the furnace space and the total
excess of air. Based on these values, the generally accepted method
of heat calculation for furnaces allows us to determine only the
final composition of the products of combustion and their parameters,
without indicating, however, how to achieve this. As G.F. Knorre
remarked "...from the point of view of building up a rational tech-
nology and distribution of the limits of stable or economic furnace
operating conditions, excessive use of these indices - averaged for
the whole furnace - is futile at the least. Frequently, this only
obscures the true pattern of the process and the degree of effect-
iveness of the factors which really determine the efficiency of the
combustion center." The design of an efficient scheme for the com-
bustion of any liquid fuel, including heavy fuel, is obviously pos-
sible only by ocertaining the basic physical laws of the combustion
process, taking into account the physicochemical properties of the
fuel used in any particular case. Only then is it possible to design
a furnace whach permits efficient combustion of all heavy liquid
boiler or furnac, fuels, including the high-sulfur petroleum

-2-
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ijeulduej [mazurs].

In all cases the efficiency of the combustion process is de-
fined by the combustion time for each fuel particle which must burn
completely during its stay time in the furnace space. Accordingly,
the practical measures of organizing the combustion process should
be directed toward achieving optimum combustion conditions for each
separate fuel particle. Consequently, it is essential above all to
ascertain the features of the progress in the combustion of heavy
fuels as an entire process and in its separate stages.

The fact that the combustion of a liquid fuel is the combus-
tion of the vapors of this fuel permits us to visualize this process
in the form of separate elementary stages successively changing
from one to the other.

Since intense evaporation from the drop surface begins only at
a certain minimum temperature which is typical for each grade of
fuel (equilibrium evaporation temperature), each fuel particle
should first be heated to this temperature. Obviously, the higher
this temperature, the more time (all other conditions equal) requir-
ed forthe preheating of the particle.

Ignition of the fuel drop takes place only when a combustible
mixture of fuel vapor and air is formed on the surface and the
parameters (concentration and temperature) correspond to the igni-
tion conditions for any given fuel.

The nature of the development and the characteristics of the
combustion process for the fuel drop depend greatly on external
conditions (temperature and relative speed) and on the physicochemi-
cal properties of the fuel. High content of asphalt-tar substances
and high distillation temperatures are responsible for the develop-
ment of tar and asphaltene polymerization processes ta•ing place
s'.multaneously with the evaporation process within thg drop, leading
to the formation of a coke residue whose combustion takes place at
a considerably slower rate than the combustion of the vapors.

Initial data and format used in the literature for the des-
cription of physical fuel combustion processes in GTU (rTY) [gas
turbine installation] chambers are used in this book in several
cases because in our opinion this makes it possible to ascertain
more clearly the effect oif the physicochemical fuel properties on
the elementary process characteristics and those of the total com-
bustion effect.

Chapters 1 and 2, Sections 14 and 16 of Chapter 4, Section 23
of Chapter 5 and Section 26 of Chapter 6 were written by S.S. Okhot-
nikov; Chapter 3, Section 15 of Chapter 4, Sections 17, 18, 19, 20,
21 and 22 of Chapter 5 and Sections 24 and 25 of Chapter 6 were
written by L.V. Kulagin.

The authors deem it their duty to express their profound grati-
tude to the honored scientist and engineer Doctor of Technical Sci-
ences, Professor N.I. Belokon', to Doctor of Technical Sciences,
Professor S.N. Grigor'yev and also to the co-workers at Laboratory
of Thermal Power Engineering of the TsNII MPS [Central Scientific

FTD-HT-23-927-68
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Researchi institute of the Ministry of Railroads], of Candidate of

Technical Sciences L.K. Kist'yants, Candidate of Technical. Scien-
ces Ye.N. Yudayeva, Senior Engineers B.M. Morosov, E.R. Tozha, N.D.
Rybchenkov, A.P. Koroleva, Z.A. Pravdina and others fc-.' their
great assistance in the preparation and writing of the book. The
authors declare themselves indebted to Doctor of Technical Sciences
Professor Z.I. Geller for various valuable comments which have im-
proved the book.

The authors request that any comments and wishes concerning
the contents of the book be directed to Moscow, K-12, Tret'yakov-
skiy Proyezd, 1/19.
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Chapter 1

COMBUSTION OF SI!NGLE DROPS
1. PROCESS OF COMBUSTION FOR A SINGLE DROP

In discussing the basic laws of combustion for a single fuel
drop we shall start with the fact that under real conditions this
process is bounded by two extremes: the heating of a drop which is
at rest relative to the ambient medium and the heating of a moving
drop.

We assume that the immobile fuel drop has the form of a sphere
and is homogeneous in composition. At the initial instant of tivie
the entirei drop mass has the same temperature to. The drop enters
a medium with temperature t and is subjected to surface heating.
The temperature of the mediuH remains constant. Under these condi-
tion5, the temperature distribution in the sphere at any instant of
time can be described by the differential equation for the non-
steady thermal regime of a sphere [1, 2]

do =_ +!) (1.1)W .&"- , 5-\(ii

where e is the temperature difference between tfie medium and the
subject point on the sphere; T is time; r is the instantaneous
drop radius; a is the thermal diffusivity of the drop substance.

The general solution of this equation for the sphere surface
after determination of the constants of integration from the given
temperature distribution at the initial instant of time is written
in the form of the infinite series

1isXop.., - 00 V 2 sin 11 - 11 S22L !n -nl nex (-_ 4•F•(12

where 8FT the sought temperature difference at the instant of
time T at a point on the sphere a distance r from the center; 6o
is the initial temperature difference between the medium and this
point on the sphere; ni is the ith root of the transcebdental equa-• tion

•i ~ ~nctgn -i (1.3)

where Bi is the Biot number,
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e is the coefficient of heat trbansfer from the medium to the drop
surface; rk Is the external radius of the drop; X is the thermal

k a t
conductivity of the drop substance; and Fo In the Fourier criterion

Fo=. (1.5)

where T is the time on expiration of which temperature distribu-
tion is considered.

Expressing the quantities e F, and eo in terms of the medium

temperature tsr and the surface temperature tF with the appropriate
subscripts and carrying out the necessary transformations, we obtain
an expression which enables us to determine the surface temperature
of the drop at any Instant of time:

i, = -- - A. (1.6)

where

A =E -1-2 , ' .,- Slff, nexp(-- nFo). (1.7)

The magnitude of A is determined only from the Bi amd Fo par-
ameters which in turn depend on heat transfer conditions, time, di-I
mensions and physical properties of the drop substance.

In the general case, this solution is valid only when heat
transfer from the outer drop surface to the center takes place by

heat conduction without participation of convection in the drop.
The possibility of internal convection in fact is quite real. The
possible influence of natural convection may be evaluated by comn-
paring the imaginary and real thermal conductivity coefficients

=-4. (1.8)

This ratio should be determined [3] from the expression

t = 0.[P (t. - 14)pr.25 (1.9)

where t and eta' respectively, are the drop surface temperature

and the drop center temperature; 0 is the thermal expansion ratio
of the drop substance; Pr is the Prandtl number for the drop sub-
stance; v is the liquid viscosity; 6 is the thicr.-iess of the layer
across which we have the temperature drop t - t,p L, Z,

As calculations according to Eq. (1.9) show, convective nix-
ing must he allowed for in kerosene when the ýjrop diarneteli is equal
to or greater than 2000 i, . For drops with a diameter close tu or
less ti an 200 )im at a temperature Jifference of cO3C across a ayer
50 pim thick, natural convection doc-¢ not ocrur t31 . In heavy fuels
for wh1ch Pr and v are kncwn to be larger than for kerczene, nat.ral

J
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, •z,"_-..ection. w,12." ..... = p1eIn acii ýu~e under anaio ous conal.
tionB. If one takes into account, however, that the viscosity of th2I heavy fuels is considerably greater than that of kerosene and its
effect on the magnittide cf c 13 mch greater, for example, than
on the Pr parameter, it can be stated that for a uel drop not ex-
ceeding 1000 pn, the effect ef natural convection can be .,eglected.

For heatilng of a sphere stationary relative to the medium, the
heat transfer coofficient a In Expression (1.4) can be determined
from the limit value of the Nusselt number Nu, equal to -2.

Hence,

where At is the thermal conductivity of the medium surrounding the
drop.

Substituting the vaLue of a into the expression for Bi (1.4),
we obtain

Thus, the Bi number is one of the parameters which determine
the temperature of a drop heated under conditions of natural con-
vection, and can be expressed as the thermal conductivity ratio of
the medium and the drop substance.

Using data on thermal conductivities for varlous liquid fuels
[(4 and also the numerical values of AY, the value of the Bi number

can be determined for each specific case of drop heating (Table 1).

As follows from the data of Table 1, light fuels of the kero-
sene type exhibit the greatest variation in Bi (0.35 < Bi < 1.00);
this range narrows considerably as the density of the fuel inciaeses,
and for cracking residues it falls within limits of 0.30 and 0.70.

Under the actual conditions of heating an immobile drop, a
certain fraction of the heat can be acquired by the drop through
radiation from heated surfaces and the flame. The effect of tne
radiative component in the heat transfer between the drop and the
medium can be evaluated approximately in the following way.

As is well known [41, the. total heat transfer coefficient in
complex heat transfer can be representea the form of the sum

where a is the coefficient of heat conduction; a1 is the coeffi-

clent of radiative heat transfer.
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TABLE 1
Values of the Bi Number as a Function of Fuel

Grade, Fuel Temperature and Ambient Tempera-ture 2 ,np ,,,,•

I,•• = 100 C 0.465 o.51 0.580 1o.65 0;',72 o.51ý o.S-o 1.0062y M4M0. AM5

2V C, -c 0.. ,3!5 0,357 0,97 0: 428 104,s O.gS o.0,21 o.,'
t =loo C .. .j0,336 0.379 0.42,' 045OS30M 06107

S- 200(, - 0,2&4 0,2S8 331 , . , 03

t 100C . ... 0,307 0.348 0,M8 0. j :43011 54 0 O .668

1) Fuel; 2) temperature of medium, °C; 3) thermal conductivity of
the mediuai, kcai/m-h OC; 4) kerosene; 5) petroleum residues [ma-
zuts]; 6) cracking resiude.

The quantity a in turn is defined as

8=e"• (1.13)

where ,= 10-a•=--, ef is the emissivity of the radiating body;

Ck is the us the emissivity of the drop surface; Tk is the emit-

tance to the drop from the radiating medium; a = 4.92 kcal/m2-h-deg
is the universal constant for black-body radiation; Tsr is the tem-

perature of the emitting medium in IK; Tk 2s the surface temperature

of the drop in OK.

Under flame conditions in boilers in which the drop is irra-
diated maifnly by the burning flame, the average emissivities of the
emitting body can be assumed to be c f 0.4.

The drop surface emissivity is still very uncertain. Thus in
Reference [5) it is estimated as ck z 0.05. Hoqever, taking into

account the speciric properties of heavy fuels, we estimate this

value as Sk = 0.3. The value of ep k we assume equal to univy.

In this case the expression for aI assumes the form I
a.. (1.114)

With Eqs. (l.1Oa) and (i.14), the ratio of aI and ak can be
written in the form

SC 05904(1.15)

•t follows from Eq. (1.15) that the role cf radiative heat ex-
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change increases as the parameter 0 and the drop size increase. The
numerical values of the fraction of the heat transfer coefficient
at different ambient tempcratures, of the drop radii and of the
drop 3urface temperature, calculated with Eq. (1.15), are given in
Table 2.

TABLE 2

Radiation and Conduction Heat Transfer Coeffi-
cient Ratio al/ak (In %) for Drop Surface Tem-

peratures of tk = 1030C and tk = 300 0C

_T!- I enpM cpzw I CT I _
50 0.115 0,189 0.172 0,25910.240 0,334 0.3230,423 0.42 0.521 W0,53 0645

100 0,23010,37 0.344 01,5191o,4801.0r o.0 0.647o.0M 0.84 1,040 1.06 1.290
200 0,460 0.7 5 0.6901 1,030.960! J, 1 ,33 0 1,139 0 1.68 2,080 12 5M 8
300 0,690 11301 1,•3 0 1.4402,0001 1,940 2, 5 2A2 3.0301 3,18 3,870
50 0 ,150 1.:80 1,72012.0012.40013.340 3,2W 4,230 4,0 5,2101 5,A 6,430

1000 2.30 3,70 3.44n0 3 51 4.000j 6,5 6,47q 8.460 8.40 10,4001j1O.• 1.9

I) Temperature of the medium, °C; 2) micrometere [microns].

It follows directly from the data of Table 2 that the fraction
of radiative heat exchange in the total process of heating ; sta-
tionary drop is generally negligibly small. Only fc.r very large
drops (dk ! 1000 um) can a marked increase in the fraction of radi-

atior4 be observed at temperatures above 10000 C (-5% and over).

The range of variation for the Fo criterion, which also deliver
the drop surface temperature, is bounded on the one hand at Fo = 0,
since at the initial in&tant of time (T - 0) the drop surface tem-
perature is equal to the initial temperature of the fuel (%F, T W

= t', 0), and on the other hand, Fo exhibits a limit at the value

at which the drop surface temperature, as a result of heating, at-
tains values to form a sufficient quantity of vapor for the devel-
opment of a flammable fuel-air mixture around the drop.

This temperature is generally the equilibrium evaporation tem-
perature, since during drop heating an instant inevitably arrives
when the rate of heat supply to the drop is equal to the rate of
heat removed with the evaporating fuel, when thermal equilibrium of
the drop ensues (although only temporarily) and its temperature
remains constant for some time. This temperature is conventionally
known as the equilibrium evaporation temperature. Special investi-
gations have bhown that this temperature is not a uniquely defined
characteristic of the fuel but depends in turn on the fuel proper-
ties and the pressure and temperature of the ambient medium. Thus,
for example, at t = 100*C and a pressure of 1 kg/cm2 , the equil-
ibrium evaporatioiRtemperature of gaspline is =140C, but at 1400C
it increases to =700C, coming close to the gasoline boiling point
of -75-801C. With heavier fuels and higher ambient temperatures,

-8-



t•e equilibrium evaporation temperature increases more rapidly,
also tending toward its ma.ýimum - 1he temperature of onset of
boiling. Thus, for kerosene at a 500 0 C temperature for the medium,
the equilibrium evaporation temperaturg is approximately 1 401C [3],
whereas the temperature of onset of boili.ng (distillation), accord-ing to GOST 10227-62, does not exceed 1506C. An analogous pattern

is observed with diesel fuel. If one takes these data into account
and also the -!most complete lack of inforination on the equilibrium
evanoration t p.erature for heavy liquid fuels of the petroleum
residue and cracking residue type, it seeums reasonable to take
the temperature of onset of boiling as tLe maximum equilibrium eva-
poration temperature. This assumption is justified also by the fact
that the process of drop heating under the conditions of various
types of furnaces takes place in a medium ith fairly high tempera-
ture (_600-1000C).

Another quantity which defines the limits of variation for the
Fo criterion andwhlch depends only on the physical properties of
the fuel is the thermal diffusivity a.

A third quantity which defines the value of the Fo criterion
and, consequently, the time required to heat the drop surface to
the required temperature is the drop diameter. EvalLation of the
real drop size formed in atomization of a .'uel by various types of
spray nozzles shows that the range of drop size variation falls
within limits of -10-500 Pm.

The use of all these extreme values and also consideration of
the actual drop heating conditions make possible the conclusion
that the limit value for the Fo criterion is Fo = 1.0.

Thus, having the boundary values of both criteria, we can
estimate the range of variation in A for different values of the
Bi and Fo criteria (Fig. 1) obtained as a result of solving Eq.
(1.7).

Of greatest significance for practical purposes is the prob-
lem of determining the time required to heat the drop surface to a
given temperature under specific conditions. The problem is reducedI• h~re to determination of the Fo criterion on the basis of given
values of A and Bi, after which the required time is determined
by means of Eq. (1.6).

As an example, let us consider the problem of beating drops
of various fuels - with equal diameters under the same conditions -
to the temperature of onset of boiling (Table 3).

The data of Table 3 show that increasing density of fuel under
otherwise equal conditions leads to marked increase in the heating
in comparison to a light-fuel drop of equal size. From the data of
Table 3 also follows directly that a combination of preheating the
fuel and a considerable increase in the temperature of the medium
is a very effective method of shcrteniing the beating time and in-
creasing the time of complete combustion of the drop.

P As pointed out above, the heating Qf a drop which is stationary
relative to the medium is an extreme case of the heating of a fuel

-9-
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drop which is emitted from the spray nozzle. In reality, the fuel

drops which issue from the spray nozzle retain their velocfty
relative to the medium for some time. During this period, or most
of it, the drops successively pass through regions with various
temperatures and densities. All this determines the continuous
variation of the conditions of heat transfer from the medium to
the drop.

A

0 4 4945 4 2 DB

Bi ad Fo

s te f r
tt d b w nr sr

the. i. paraeterilet us inExain the vasiafntion of this parameteras

apfnction oefor the ethera conditions ofnosey heat transfer. Sie

For the Re range of variations, between Re = 20 and Re = 150,000,
the following relationship is most widely used El]

Nu =0,37R&o.P•. (1i.16 )
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For normal combuetion conditions where atmospheric air is
used as the oxidizer, the Pr number is fairly stable and within
the teikperature range of 50-12000 C it can be assumed to be equal to
0.723. In this case Eq. (1.16) can be transformed to

Nu = 0.33Re-. (1.17)

Substituting Expression (1.17) into Eq. (1.10), the coeffi-
cient of heat transfer from the medium to the drop can be defined
as

a=. 4rReU (1.18 )

The equation shows that the numerical value of the heat trans-
fer coefficicnt u can be determined at any given instant of time if
the conditions of drop motion are known. Correspondingly, the Bi*
criterion can also be determined at any given instant of time if
Expression (1.18) Js substituted into (1.4), the original equation
for Bi. Thus the characteristic of the external heat transfer in
the presence of a realtive drop velocity can be written in the form

Bod a 'E - 0 . 0 Re", (1.19)

where Bi = Xg/At is the Biot parameter for the heating condition of

a stationary drop in a medium with the same parameters.

The value of the Bi* parameter differs from that for the sta-
tionary drop by a coefficient which is numerically equal to half
the Nu parameter. The extreme value of this coefficient, equal to
unity, corresponds to the limit value Re x 20. An estimate of
the real drop sizes formed by atomization, of the conditions of
their motion and of the parameters of the medium in which drop
heating takes place shows that the other extreme of the RA parameter
which limits the range of Its variation is Re = 1000.

Accordingly Fig. 2 shows the nature of the variation in the
numerical values of Bi in Eq. (1.19) as a function of the instan-
taneous value of the parameter Re. A marked effect of the relative
vt-1 city begins to show up at Re z 40 when the heat transfer from
the .aiedium to the drop increases 1.5 times.

In connection with the fact that the motion of the fuel drop
relative to the medium is characterized by a continuous velocity
decrease owing to the force of aerodynamic drag the problem of the
variation of the parameter Re with time is of interest.

The parameter Re is defined by the following expression:

Re -- V-' (1.20)
V

where w k is the relative velocity of the drop; v is the kinematic

viscosity of the medium.

- ]2 -
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Fi.2. Ratio Bi*/Bi as a function of the

parameter Re.

In Expression (1.20), the drop veloci.y is the determining
quantity because the drop diameter dk can be regarded as constant
and the viscosity characteristics of the medium vary only slightly.
The relative velocity at any given instant of time i5 determined
from the condition of equilibrium for the forces acting on the
moving drop. In this case

m -_=--R. (1.21)

where m is the mass of the drop; w the instantapeous value of the
relative drop velocity; T is time; and R is the resistance.

The expression for resistance to the motion of the drop, in
analogy with a moving sphere, can be written in the form

whe r is t ae odynam,(1.22)

where T is the aerodynamic resistance of the drop; g is the accel-
eration of gravity; y v is the specific weight of the medium; Fk is

the cross sectional area of the drop.

Considering that

M (1.23)61
F.= (1.24)

and substituting (1.22) and (1.23) into the original Eq. (1.21),

- 13 -



after transformattoii we obtain

- 3 -(1.25)

The coefficient c of the aerodynamic resistance in turn is a
function of velocity and, within the variation range of Re = 50-
1000, it is determined in accordance wIth the expression

9•--, a(1.26)

where a is some constant factor characterizing the shape of a body.
For a sphere, we assume a = 14.

Substituting (1.26) into (1.25) and carrying out the necessary
transformations, we obtain

do- 3 =V*Av (1.27)

We denote by p the complex of quantities which characterize

the physical properties of the medium and of the drop substance

'3s 4y- (1.28)

Equation (1.27) can be written in the form

dw d
2 = (1.29)

We integrate Eq. (1.29) under the condition that at the ini-
tial instant of time (T = 0) the drop velocity is equal to w = wo

W, =(•+ •,VTj2. (1.30)

Substituting (1.30) into (1.20), we obtain an expression
which allows us to determine the value of the parameter Re at any
instant of time

4dw.-,
Re= V (245+ 7j2 (1.31)

Figure 3 shows curves characterizing the variation of the par-
ameter Re in time for drops with diameters of 200, 100 and 50 pm,
moving at an initial velocity wo = 180 m/s in air, the temperature
and pressure of which are 10000C and 1 kgf/cmr2 , respectively. it
follows from Rc = f(T) that the magnitude of Re decreases rapidly
with time. This decrease is particularly marked for drops with

- 14 -



I
I

t~ II

small diameter. Thus, for example, for a drop with a diameter of

50 pm Re becomes -10 within 1 ms after it has left the spray noz-
zle, while the corresponding figure for a drop with a diameter of

100 jim is attaLned after approximately 7.5 ms. For lighter fuels,
the process of deceleration is somewhat more rapid since higher
values of (k' correspond to these fuels.

!k

Ru

I Z J *5 $7J10 Z# .JU V 0 0 gne

Fig. 3. Variation of Re with time for drops of various diameters
(we= 180 rr, Dsr = !000*C): 1) dk - 200 pin; 2) dk = 100 Um;

3) dk = 50 um. A) Tims.

According to the change in Re, the intensity of heat transfer
from the medium to the drop decreases with time, as shown by the
curves of Fig. 2. The maximum intensity of heat transfer is observ-
ed only during the initial period of drop motion. However, during
this time interval under real conditions the drops move in the
field of lowest temperatures, comparable to the temperature of the
supplied air. As the drop penetrates into regions with higher tem-
perature, its velocity begins to decrease rapidly because the vis-
cosity characteristics of the medium increase considerabl' with tem-
perature. Accordingly, the intensity of heat transfer to týe surface
of the drop decreases. For drops with small diameters (20-100 wm)
thie process Is most prnnounced.

The effect of the radiation component on (e heating of a
moving drop can also be analyzed by means of the method described.
However, there is no need for this, since the heating fraction in
this case will be less than in the ease of a stationary drop because
the coefficient of convective heat transfer during relative motion
of the drop generally increases while a1 is independent of the rate
of motion.

Thus, analysis of the data shows that for comparable conditions
of heating stationary drops of various liquid-fuel grades and equal
size, the heating time increases continually in proportion to the
reduction in fuel quality. For a fuel of the cracking residue type,
It exceeds the corresponding time for kerosene by a factor of 5-7.
Increasing the temperature of the medium and preheating the fuel
decreases the surface heating time. Drop size has the strongest
effect on heating time. Thus, discussion of the process of drop
heating when stationary relative to the medium allows the conclu-
sion that considerable shortening of the fuel-preparation time when
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different grades of heavy fuel are used is made possible above all

by improving the fineness cf atomization and by increasing the tem-
perature of the medium. Preheating the fuel also shortens the heat-
ing time of the drop somewhat. These measures, as a result of short-
ening the pre-ignition segment of the flame, permit an increase in
the stay time for the drop in the nucleus of the flame, i.e., to
improve considerably the conditions for the combustion process.

Having examined the conditions of motion for the fuel drop and
its heating conditions, we can conclude that the process of heating
small moving drops occurs in the range of small valueb of Re, i.e.,
under conditions which differ only slightly from the hearing condi-
tions for stationary drops. Large drops with diameters of 200 pm
and more retain their relative velocity for a longer time, so that
the intensity of their heating increases 2-4 times, compared with a
stationary drop of the same diameter. f

2. IGNITION OF THE DROP

A vapor cloud is formed around the drop by the heating of the
fuel and the beginning pronounced vaporization. Owing to diffusion
and turbulent pulsations, the fuel vapors formed on the drop surface
will be removed from the drop to the ambient medium. Owing to the
mixing of the fuel vapors with air, their concentration decreases
as their distance from the drop surface and the temperature of the
formed fuel-air mixture increase because of the continued heating
of the fuel vapors. Thus, at some distance from the drop, local mix-
ture foci in which the fuel concentration corresponds tc the lower
(concentration) ignition limit may be formed. According to the theory
of the combustion of homogeneous fuel-air mixtures [6, 7] their ig-
nition is possible only after a certain defined time interval - the
"induction period" - which depends on the fuel concentration in the
mixture and its physical characteristics, as well as on the tempera-
ture of the mixture. Accordingly, the ignition time of the fuel drop
can be defined approximately as the sum of the time required for pre-
heating, initial vaporization and further heating of the mixture to
the ignition temperature. The last two processes (vaporization and
heating of the vapor) occur virtually at the same time. The fuel-
drop quantity vaporization process is usually analyzed in the assump-
tion that the fuel vaporizing from the drop surface during preheat-
Ing is negligible. This corresponds fairly well to the real pre-
nhating and vaporizing conditions for heavy fuel grades (Fig. 4).

Initial data for calcudation cf drop vaporization is given by

where dG is the quantity of vaporized fuel; 0p is the vaporization
coefficient referred to the partial vapor pressure difference be-
tween the drop surface (pp) and the ambient medium (pP. 0 ); Fk is

the drop surface; T the vaporization time.

With rapid drop deceleration and the main part of the vapori-
zation process occurring without relative velocity, the vaporization
coefficient 0 is determined from the condition Nu. = 2.
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Fig, n. Vaporization propertiet of fuels as a function of teepera-ture: 1) Kerosene; 2) 3as oi!i 3) heavy diesel oil; 4) slew-coking
distillate: 5) naval petroleum restdue 112. A)j Boil-off, _,'.

In this case

Nuo=•-•,(1.33)

whence

where NuD Is the Nusselt number for the vaporization pro^e~s; D

is the diffusion coefficient referred to the difference between the
fuel vapor concentration on the drop surface and in the ambient med-
ium; dk is the drop diameter.

On the other hand, the quantity of vaporized fuelcan be ex-
ptessed 

as

d6-F, dd.=-Idly2 44 (1.35)

where Yt is the specific gravity of the fuel.

Substituting the values of 8 and dG intco the original equa-
tion (1.32), integrating and defi•ing

0 = R Ds--( 36)

we obtain an expressJ-n which aefines the change in drop diameter
F with time

(1.37)

where do and d, respectively, are the initial drop diameter and

the drop diameter after the time T.

On the asu[-. on that in the ambient medium (at a rather

-17-
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great distance from the drop surface) the partial vapor presure is
zero, we can write

•. -- ; ° •P•(1.38)

The pressure of the saturated vapors near the dr'c-p is usuually
described by an equatton of the form [8)

p =B39)

where A and B are constants characterizing the properties of the
fuel; Tk is the absolute temperature of the drop surf'ace.

Under these conditions, the vaporization characteristic k is
usually known as the vaporization constant and is described in the
form of the following relation:

k = C( ' "exp(1.140)

8ADp.a (1.41)

where po is the pressure of the medium; T the absolute temperatue
of the medium; D P. the diffusion coefficient referred to the dif-

ference between the partial pressures at OC and atmospheric pres-
sure.

The numerical values of the exponent q normally fall within
the range 0.5-1.0.

An analysis of the expression for the vaporization character-
istic k shows that under otherwise ecual conditions it should de-
crease with deterioration in fuel quality. For heavy fuels, the dif-
fusion coefficient DP. has lower values than for light fuels and
the values of the constants A and B are also lower.

Equation (1.37) makes it possible to determine the time during
which the quantity of fuel required for the formation of the flan-
mable fuel-air mixture around the drop vaporizes from the drop sur-
face. The quantity of vaporized fuel is equal to

6 ( d3AG = G -- G , = 'y, 6 1' - / (1!. 'i2',

where Go is the drop weight at the initial instant of time; GT is I
the drop weight after time T.

Havijz determined from Eq. (1.37) the value of dT and having

substituted this into Eq. (1.42), after transformation we obtain
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AG=t[ e )8]

Referring hG to the initial weight of the drop and with 0 de-
noting the vaporization of the drop, we have

u. k 1  (1.414)j • - -i,'

Hence the tine required for the development of a flammable
fuel-,air mixture around a drop with a known vaporization character-
istic k is defined by

__ _ _ _ _ (1.145)

In this equation, the degree of the initial vaporization 0 is
undetermined. In the ideal case, in the absence of convection cur-
rents and with spherically-symmetric distribution of the fuel vapor
relative to the drop surface and aLso with a constant vaporization
rate, the variation in fuel vapor concentration and temperature along
the radius can be approximately described by equations of the form
[9]:

c, C'. ,(1.46)
r

'P=zT~-(~- 7.)is-, (1.147)

where C and T, respectively, are the fuel concentration and tem-
peraturA of the mixture at a point r distant from the center; Ct-k-

*T is the concentration and temperature of the vapors at the sur-

face of a drop with radiub rk; Tsr is the temperature of the medium.

If we consider the fuel vapor at the drop surface as an ideal
gas, the weight concentration of the fuel vapors will be numerically
equal to their specific gravity at the saturation temperature and
partial pressure

c,., T,.(i.148)

8 , (1.149)

where yp is the specific gravity of the fuel vapors; pp is the vapor

pressure at the saturation temperature, assumed equal to the drop
surface temperature; p is the molecular weight of the fuel vapors.

The degree of the initial vaporization can be determined in the
following manner. We choose in the space around the drop a sphere

* with radius r and thickness dr. Accordingly the quantity of fuel

-19-
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vapor enclosed In thia spherical envelope will, be

dG = 4UrC, dr. (1.50)

The quantity of fuel vapor contained i-n the space bounded by
the surface of the drop and the sphere with radius r can be deter-
mined by integrating Eq. "1.50) within the limits r and rk-

AC S dG= 4.C,, ,r., r dr = 2nC,. ,r. (,2 -). (1.51)

For practical calculations, the values of fr are entirely suf -
ficient to limit r to the value rv at which the vapor concentration
corresponds to the lower concentratiL.n limit of i6-niticn, i.e., the
leanest mixture, characterized by an air excess a and the tempera-

ture T of the vapor-air mixture will be equal to the Ignition ewm-

perature.

From Eq. (1.47) we obtain

r== r,9, (1.52)

Tc-- Tr (1-.52a)

Substituting (1.52) into the expression for AG', we find

AG' =2.-tC , ~(9'- j), (1.53)

•7"" " - %11.53a)I

Hence the degree of Initial vaporization is

where y. is 'he specific gravity of the drop substance.

The fuel vapor weight concentration in a layer of thickness

dr can be defined as
c' 31 .° (15 5)

whereoySW is the specific gravity of the mnixture; gp is the weight
fraction of the fuel, vapors.

The specific gravity of the mixture is determ.ined by the equa-
tY on

9MV.y% (. 56)

where g.; and yv are the weight fraction and specific weight of the
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air in the mixture, respectively.

Considering that

g,= !, gT T 1•s (1.57)

we can write Eq. (1.56) in the form

Y" = io ý+a". (1.58)
yi+ -!-.

Replacing the ratio of the specific weights of the air and
vapor with the ratio of their molecular weights, we can conclude
that this ratio is negligibly small compared with the quantity
avLO, so that it can be neglected in the subsequent calculations.

Substituting the expression for the specific weight of the
mixture and the weight fraction of the fuel vapors into Expres-
sion (1.46), we find

Y. = 4Tr' (1.59)

After having substituted into Eq. (1.59) the value of y ex-

pressed in terms of the appropriate parameters, and having elimin-
ated the partial fuel vapor pressures at a point with radius rv,
the magnitude of radius rv can be defined as

r. Il P. r.r.•"p (1.60)
P, p, TP'

where is the temperature at the ignition point.

Substituting the ignition radius (1.60) together with the
fuel vapor concentration near the drop surface into (1.51), the
equation for the quantity of evaporated fuel, we obtain

r r,
•: ~~AG' 2n*r,, 0!P . p r aL.,AG L~rK , " pL rT . (1.61)

Sand 2- n r,: pn [ (a4• _L p
and P. P.)7 (1.62)

2 8 4-TFYT, P, Pe TP- -

As follows from Eq. (1.60), the relative radius of the igni-
tion zone can be expressed as

t (1.63)

(Considering this, the expression for the degree of the initial

21-
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vaporization can be written in the form

-L jLg-__ l )..64)S=2 848TFy, ?

For the instant of ignition which is possible only when two
conditions are realized simultaneously at the ignition point, and
namely, the necessary fuel vapor conc.entration and a temperature
equal to the spontaneous ignition temperature, the two values of
the degree of initial vaporization (1.64) and (1.54) are numeri-
cs.ly equal. In this case, the ignition condition can be written
in the form

0=r,. (1.65)

or in expanded form

Tr(Tr--TF) =J. oL. (1.66)

It is readily seen from Eq. (1.64) that a, the degree of ini-
tial vaporization, is independent of tI'e drop size but is entirely
determined by the physical properties of the drop substance. Light
fuels with high vapor pressure have relatively large values of Q;
ignition of their vapors occurs at considerable distances from the
drop surface. With increasing fuel-vapor molecular weight, the de-
gree of initial vaporization is reduced and the ignition zone is
closer to the drop surface. Increasing the temperature of the med-
ium considerably reduces these quantities, whereas ignition may
become virtually impossible when the difference Tsr - Tv is large.

TABLE 4

Relative Radius rr and Degree of Initial Va-

proization Q for Some Liquid Fuels

f a j KPoCU. PC"* M.;,
___ __ ___ __ __ II I _ _

S Cps.irntA oae1yJIprHWA Bec . . .. 160 200 340
TeunepaTypa nosepxuocm oanwm. *) 373 473 573
YAC.1bHHA sec TOnMIH9a, WAS . . .. 800 850 920
JlpeAe.wboe SHaqelie o36uma 3o3 xa 1.5 1.75 1.9

9 TemnepaTypa camoeocrdwa)emeisu. °K 673 653 663toUnpy-rocrb napme, Klxs .. .. . .. 370 160 80

1 IOfbll p3a;HyC 3Wocna-
meiteHem ...... ............. 8.31 3.80 2.48

12CTenepb nptMipHTe.J¶bHOrr. Mcnapeta 0.0238 0,0019 .0.000415

1) Indices; 2) kerosene; 3) solar oil; 14) petroleum residue; 5) av-
erage molecular weight; 6) drop surface temperature, 0 K; 7) specific
gravity of fuel, kg/m 3 ; 8) maximum excess of air; 9) spontaneous
ignition temperature, 0 K; 10) vapor pressure, kg/m 2 ; 11) relative
radius ..f the ignition zone; 12) degree of initial vaporization.
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Table-4 gives tentative values for 9 and r., calculated by

means of the above described method, using the data on the maximum
air excess (a v ) corresponding to the lower concentration limit of

ignition, taken from Reference (10).

Thus, having detdrmir.ed S',. it is possible to calculate the
time required for the initial vaporization.

If the term "ignition lag" is applied to a single drop of li-
quid fuel, meaning the time interval between the instant of its
introduction into the heated medium and the instant of the appear-
ance of a visile flame, the ignition lag can be represented ap-
proximately 5.n the form

+ =(1.67)

where Tr is the heating time of the drop; Tis is the time of ini-pr sp
tial vaporization; Tind is the period of "chemical induction."

All other conditions equal, the quantities TDr and Tlsp are de-

fined by the square of the initial drop diameter. The chemical in-
duction period TInd is determined only by the chemical nature and

properties of the fuel and is independent of drop size. The gener-ally accepted form of the expression for the chemical induction

period as a function of various conditions is an expression of the
form

where A is a factor typical for each fuel; E is the activation en-
ergy; R is the gas constant of the mixture; T is the temperature
of the mixture.

The activation energy for hydrocarbon fuels £6, 7) falls with-
in the range of 36,000-46,000 kcal/mole. Thus, in the most general
form, the total ignition lag of the fuel drop can be expressed in
the form of the binomial function

4 , =A + (1.69)

where kv is a coefficient, conventionally called the ignition char-

acteristic

k, + (1.70)

'Ihis characteriSLIc I- decuermined by the properties of the
fuel as well as the heating conditions of the drop.

This form of notation for the ignition lag is also convenient
because direct determination of ignition time components under real
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conditions presents great technical and methodological difficulties.
The total ignition lag is much more easily and accurately eetermin-
ed.

According to Eq. (1.69), the squv:, of the drop diameter and
the total ignition lag are rPotd ny a linear function, in which
the graph of this function never passes through the origin of the
coordinates, even for drops with vanishingly small diameters. The
curve slope != f(di) is determined by the properties df the fuel
and the heating conditions. Since the heating time for drops of
heavy fuel considerably exceeds the heating time for drops of light
fuel, the total ignition lag will also be greater.

7~

Fig. 5. Diagram of apparatus for investigating processes of igni-
tion and combustion of a single drop in a stationary medium:
12 Electrid muffle furnace; 2) thermocouple; 3) galvanometer; 14)
drop; 5) lever for introduction of the drop; 6) lens; 7) Photo-
resistance; 8) photocurrerit amplifier; 9) loop uscillograph; 10)
marker of instant of drop introduction.

Figure 5 shows a diagram of an apparatus for the study of the

-poese ' • 1

ignition and combustion po ese s of ingae drops of liquid fuel:,
which is used at the All-Union Research Institute of Rai lway Trans-
port.) A fuel drop with a diameter of 150 to 700 Um at the end of
a fine wire (0.03 mm) was introduced through a small orifice into
the furnace in which the temperature was varied in the range from
700 to 9500C and monitored W4 th a special thermocouple. The instant
of introduction of the drop into the furnace was fixed by means of
a loop oscillograph. The instant of ignition of the drop was deter-
mined from the appearance of a luminous flame around the drop,
which was iuecorded on the motion-picture film of the oscillograph
by means of a photoresistance. Thus, the ignition lag was defined
as the difference between two pulses on t1he oscillogram.

The experimental data showed that a linear relation really
exiscs between the ignition eime and the square of the initial dr-op
diameter and, moreover, that this relation applies to a wide ransE
of liquid fuels, from kerosene to heavy petroleum residues of the
M60 typl-.

3/7wi w21

by mens ofa phooresitanc- Thus -h ~to a a eie



The data in Fig. 6 indicate that the slope of the straight-
line curves corresponding to the proportionality factor kv in

Eq. (1.69) depends on the fuel grade. Generally, the heavier the
fuel, the greater the slope of the corresponding line and, conse-
quently, the smaller the value of k v. Accordingly, the time re-

quired for the ignition of the drop is increased.

Z50

Fig. 6. Ignition time of a single drop of various fuel grades as a
function of the square of the initial d7,o> diameter (tsr = 85 0cC):

1) Kerosene; 2) diesel oil; 3) naval petroleum residue 12; 4) fuel
oil 20; 5) fuel oil 60. A) Tv, Ms.

The general trend of the relation T = f (di), as follows from

Fig. 6, is in complete agreement with Eq. (1.69) according to which
the ignition time of drops of very small size will be considerably
limited by the "chemical induction" time. All the straight lines at
di = 0 do not pass through the coordinate origin. In accordance
with Eq. (1.69), the segments on the T-axis can be represented as
the "chemical induction" time of the respective fuel grade. For
diesel oil and kerosene, the values of Trind differ only slightly

and under experimental conditions amount to 25-30 ms. Heavy fuels
(petroleum residues F-12, M20, M60 and cracking residueo) are char-
acterized by somewhat larger values of 'ind (45-60 ms) and a greater

difference in these values for various grades of petroleumn residue.

Lowering the temperature of the medium increased the ignition
lag considerably (Fig. 7).

The nature of the dependence and the slope of the curves cor-
responding to various air temperatures remained approximately the
same, while the "chemical induction" time increased sharply with de-
crease in temperature.

The proportionality factor k (ignition characteristic) from
V
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Eq. (1,69) can be defined as

k do, (1.71)

Table 5 shows the ignition characteristics of various fuels,

determined by means of Eq. (1,71).

FI _ 1_Ytoo

500

"Sc I
0141 02 0,3 ,dfr- n,

Fig. 7. Ignition time of a single drop of petroleum residue M60
as a function of the square of the initial drop diameter and gas
temperature: 1) tsr = 7000 C; 2) tsr = 85C0 C; 3) tsr = 950 0 C.

TABLE 5
Average Ignition Character-
istics of Some Liquid Fuels
(tsr = 8500 C)

Ton suo I ha'2 . 3
OM_____ ______

4Kepocn.......0.025 I0.0541
5 Ap.•eaboe Tormino. . I 0.030 0.0555

,\Na3y3T 0-12 ...... . 0.060 0,0412
Ma3yr M ...... .... 0.055 0,0257
,\S43yr .•.. ...... 0,045 0.0242

7 Kpeacmr-ocramK . . . 0,055 0.0355
a LMjacxo . 0.060 0.0128

1) Fuel; 2) Tv" s; 3) kv, cm2/s; 4) kerosene; 5) diesel oil; 6) pe-

troleum residue F-12; 7) cracking residue; 8) cylinder oil.

Comparison of the k values in Table 5 shows that this coef-
ficient within the investigated temperatur-- range (70U-950C) varies
coftsiderably as the fuel gets heavier. The "chemical inductior" I
time drops markedly with increase in temperature, as shown by the

curve •ind = f(tsr) for the petroleum residue M60, as shown in Fig. 8.
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Fig. 8. Ignition time of a fuel drop in a stream of hot air as a
function of the square of the drop diameter (ts = 7CO•C, to =

=-2.63 m/s): 1) Cracking residue; 2) petroleum residue M60; 3) die-

l sel oil. A) s.

Thus, examination of ignition process features for a single

i perimental data, demonstrated that the duration of this process is
determined mainly by the heating time, the initial vaporization

j time and the time of chemical induction. For the heavy fuels, the
I main factors are the heating time of the drop and Tind, since the

initial vaporization is of relatively less importance. With decreaseSin drop size, the effect of 'rjnd predominates. Hence, a radical

S~method of accelerating the process of drop preparation for combus-

tion is an increase in gas temperature, simultaneously with an im-
provement in atomization efficiency.

Considerably more complex is the ignition process of a moving
fuel drop. In this case, the fuel vapors will be removed to the
ambient medium, which interferes with the formation of a fttammableI mixture at the drop surface. It can be assumed that the instant of
ignition for the moving drop occurs somewhat later than for a sta-
tionary drop, since a much greater vaporization intensity is then

S~required.

S~Direct observation of the ignition process of a fuel drop en-
S~trained in the stream made it possible to establish that at low air

spreads drop ignition takes place close to the surface, the flame
immediately enveloping the entire drop surfa'ce. With increase in the
air speed, the fuel vapors coming off the drop surface are ignited
at a certain distance from the drop In its wake. This distance in.-
creases in proportion to the increase in the airstream speed and at
certain values of the relative drop velocity vapor ignition did not
take p~lace. This velocity is determined by the temperature of the
stream. The higher the temperature of the air stream, the greater
the velocity at whi-'h the flame is cut off. An anialogous phenomenon
has been described in Reference [93, where some data are given on
the ignition and combustion of liquid fuel drops (kerosene, isooc-
toane, ethyl alcohol).
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T_ igitionof dQpS niuvirn relative to a medium at a certain
constant velocity, a linear relation between the square of the ini-
tial drop diameter and the ignition time is also omserved (Fig. 9).

As in the case of the ignition of these fuels in quiescent air, we
observe here a fairly clear separation of the fuels with regard to
their physicochemical properties, on deterioration of which the time
required for drop ignition under these conditions increases.

The shape of the function TV = f(dD) makes it possible to iso-

late a certain period of chemical induction, different for various
fuels. In this case the chemical induction period for diesel oil

%,•A

l I '

as -

411
4f 43 as 0,7 49Sj1&jixN

Fig. 9. Ignition time of a fuel drop in a stream as a function of
the drop size and the relative velocity (tsr = 8500C): 1) w =

= 6.5 m/s; 2) w = 3.9 m/s; 3) w = 2.63 m/s. A) s.

as for other fuels) is of-the same order as in the case of a sta-
tionary drop. The average value of the ignition characteristic for
given conditions determined in accordance with Fig. 9, amounted
to kv = 0.038 cm Is for diesel oil, 0.020 cm2 /s for petroleum

residue M80 and to 0.031 cm 2 /s for cracking residue. At airstream
speeds over 0.263 m/s, fuel drop ignition occurred only at a
stream temperature of not less than 8500C. With increasing air-
strean speed, the average value of the ignition characteristic
decreased (see Fig. 9) and, accordingly, the time required for the

ignition of the fuel drop increased. At the same time, the chemi-
cal induction period remained virtually constant. The increase in
the ignition time, determined from the reduction in the ignition
characteristic kv, is apparently explained by the presence of a

relative velocity, as indicated earlier.

Examinaticn of ignition conditions for a fuel drop, station-
ary as well as moving at relative velocity, enables us to conclude
that the total duration of the ignition process (regarding this
process from the instant of drop entry into the medium until the
instant of the appearance of a visible flame) is generally deter-
mined by three components: the heating time, the initial vapori-

zation time and the chemical induction period. The preheating time
and the chemical induction period are the longest and play the
most important part. With increase in the molecular weight of the
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fuel, the role of the initial *ztc. s considerably reducedI ~in imporftpnce. Simultaneously, `)e r; rad.Ws of the ign4tionr zone is reduced.

-The presence of a relative drop velocl~v loes not introduce any
significant changes into the general ~au~ fthe ignitior pro-
cess. However, the totcal duration of 1*1,.ess increases because
of the more intense removal of vapor zi' urface. Al-
though the presence of' a r'elative vclor-. *wý increase.3 the
vaporization rate owing to t ',ntensG11.4-;ion ;-f -he preheating
process and the lowering of ýartial vapor ) rn near the drop
surface, the maximum concerntr, ion of rhc-. fue.L :L~; s attained

soewa lte.An increasefin th eaieý11_iycnhv the

the trem tmpeatue ecees hespotanousigr.1-iontemperature.
Deedn ndrop sieadtepoettso h(':!%molecular

weihtactivation energy, etc.), In real flames, where drops of
dfeetszar rnnsaldos(o5010V)are ignited

tE_ mch ealierthan larger ones. The ignition of the -atter, however,
shold akeplace only under condit-cns of an already formed flame'.
Thiswil bemost clearly manifest in a fl-ame of heavy fuel.

Teanalysis of the combustion process of a fuel drop should

which determine the chmclkntcba n astaseva-
DA ~porization and other phenomena accompanyirg combusti-on and caused

by it, Evidently, the building up of a complete thecretical scheme
of the combustion process involves extremely great difficulties.
Hence, the theor;etical works discuss idtealized schemes, using ner-
vous simplifying assumptions. Removed from "he real condition,, of
drop combustion, the process is considere-d as quasi-stationary under
assumption of spherical symmetry of the temperature arnd concentra-
tion fields relative to the drop surface and also of a predomina-
ting Influence of' the diffusion, compared w~zth the ',inetlc orocesses.

Based on tbese simplifying assumptions [11], the ppocess of
combustion of a spherical drop can be described by a system of dif-
ferential equations in accordance with the following L. herne (Fig.
10). The diffuse fuel vapors from the drop surface to the combuz-
tion zone and oxygen diffuseo from the amblernt imed.,vw A o;herrlcal
reaction of the combination of the fuiel witb oxygen takes place in
the combustion zone, in consequence of which ?,eat is .!volved and
combustion pý ,-c dots are formed, which are car-tied away into the sur-
rounding medium by diffusion. The heat cvolved during the reaction
is partly tra-asferred to the dro-) by heat conduct' ,, and Is part~ly
given off tc the surrounaing medium.

The diffusion theory of combustion of Single drops in absence
of convection makes It possible to calculate the mass rate ti' comn-
bustion of a fuel drop, the drop temperature and tetempcrature
of the cornbustL-in zone dn-d also the relative distam-~e of' the- comn-
bustion zone f;l'om the dron surface when, the vIarlation of th.,e nnhvs-

-ical characteristics of the drop substanoe and its -va~oo as a f'untc-
tion of temperature ILS knolvi. The comlbustinn tilmE cl a s tallionary
drop of fuel, according~ to diffuslon theory, 's defined as
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T (1.72)
Tr

Zr

2;LT, i (x) d

k, (1.73)

where r0 is the initial radius of the fuel drop; rg is the radius

of the combustion zone: yt is the specific gravity of the fuel;

X1, Xk, respectively, are the dimensionless temperature (T/To),
the dimensionless temperature of the drop (Tk/To), and p(x) is a

function, defining the dependence of the heat transfer coefficient

on temperature; f(xi, xk) is a function, defining the dependence

of the variation of the heat content of the fuel vapors on x and
Xk•

2 3 a ,

IrI

p Fig. 10. Scheme of the combustion of a single drop. 1) Combustion
zone; 2) oxygen; 3) combustion products; 4) vapor; 5) drop surface;
6) heat.

Thus, according to diffusion theory, the combustion 'time of
the fuel drop is proportional to the square of the initial drop
radius on condition that the quantity kg, often referred to as the
"combustion constant," does not vary during the combustion of the
fuel drop.

The later works [12, 13, 14] on the study of the laws of com-
bustion of single drop on the whole, are analogous to Reference
[11] with regard to the zalculation scheme and method. However, in
some details they use simpler assumptions; for example, the inde-
pendence of the heat transfer coefficient from temperature and also
the equality of the drop r2mperature and the boiling point. Although
these assumptions do not introduce great errors into the calculation
results, they nevertheless make the whole calculation system 2ess
exact. Common to all these theoretical works is the fact that they
lead in principle to the same conclusions concerning the laws of
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1) the mass rate of combustion of the drop is proportional tc
the first power of the drop radius;

2) the relative radius of the combustion zone (ratio of the
combustion zone radius to the drop radius) is independent of drop
size and the temperature of the combustion zone;

3) the combustion time of the preheated drop of single-compor
ent fuel is proportional to the square of its initial diameter.
The experimental studies of the combustion of a single drop [15,
16, 17, 18] basically confirm the conclusions derived on the basis
of the diffusion theory. In most of these works, a study was made
of the process of variation in drop size during combustion in
quiescent air as well as in the presence of a relative velocity fc
the drop. The data obtained in these works, mainly carried out on
light or generally single-coruponent fuels, made it possible to fo:
ulate the basic law of the combustion of single drops in the form
of a linear relation between the combustion time of the drop and
the square of its initial diameter in accordance with diffusion
theory. The drop diameters during intermediate instants of time ar
determined fairly accurately from the expression

?, = -- k,.- (1.74)

where d is the diameter of the fuel drop after time T from the

beginning of combustion; do is the drop diameter at the initial
instant.: k is the proportionality factor.

g
ed. N 2

/: .I ___

'.. 1- IS t e

Fig. 11. Variation of the square of the _.-.tant-aneo• s drop diamett
d. as a function of time in the combustion of a single drop in atc

tionary air (y = 0.864; tsr 800HC). 1) s.
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square of the drop diameter of n-heptane, isooctane and kerosene,
bu~rning in a medium with a temperature of 8600C [19J. However,j
when real and particularly multifraction fuels were used, a certain
deviatlcn of the combust-ion relationships for single drops from
the law descriDed by Eq. (1.714) was observed. We note that even in
the coffbustion of' a single drop of benzene, the relation between
the nta rpdaeer and the time of its complete ccmibustion
in a stationary mediumr is described by a broken line consisting of
segments of two straight lines, the intersection of which corrAes-
ponds to the instanit of drop ignition. An analogous pattern is ob-
served in the cox-abustion of single drops of solar oil.

Consequent-ly, Eq. (1.714) applies only during the period of the
actuall cozibustion of the fuel drop), with exclusion of the period of
preparation of the drop for combustion. In this case, the value of
kgwill be the true value in contrast to the "~apparent" value of

V, defined as the ratio of the square of the drop diameter to the

total dombustion time, also including the preparation period

Accordingly, V~ will be somewhat spialler- than the true value
of. g99

The need to transform Eqc. (1.74) into Eq. (1.75) beComes even
more obvious from, the data on the time dependence of the square of
lthe inatantaneous dr~op diameter of liquid fuel wit-h a specific
gravity of 8614 kg/ira (Fig. 11) (203. TLhus, the concept o1' a comn-
bustion conetant which is~usually relate~d to the proporttionality
factor~ k and k! in Eqs. (1.114) and (1.75), and is fairly frequent-

9
ly encountered Inl the literature;, Is not quite accuratle if one has
in mind the real industrial fuels. Prom: our poilit of view', the most

suitable term.: Is combuation characterietic, because the quantity
V' elaracterizes only the total duration of the combustion ofa
fuel dr'op without providing any possibility of detlermipnIng the drop
size during intermedlate -instants of time. In one of the first

to the case of* combustion of' a single drop of heavy multicomponent
fuels it was found that In drops of petroleum residue, entering a
stream of- air heated to 900-11:000C, two stages can be fairly clear-
ly distinguis-hed. Du7"n the ftrst. stage the rate of vaporization
is quite low. in consequence of which a certcaln Increase in the
drop diameter is observied due to the therniall expainsion of the pe-
tro-leum-i residue . After thE ignl tlon 01f the vapor tUhus formed , the

vaporization intensity torese raitrsutninadreb
inahe rozation e-e Inest propretien rapidly, rebsuion. i'n sm x

,'einant. ý5arý. oratin asobser-ved toward the end of the comn-
bu:-.tion procesi, corresponding to a ce-Ltain increase inl the si.ze
-of t~he drop which subsequently -again decreased u~ntll its comvrlete
dissappearance. Such a phenominc-ron w~ns not observed In the com'bus-

)on r- a droc1 ý;t so. ar oil. The sp~ark formatIon tOward the end of
t~he combustieon process of a drop of petvoleum residue is explained

I'



by the formation of a coke envelope at the drop surface [17] which
prevents the fuel vapor from leaving the internal regions of the
drop, in consequence of which they are overheated and their pressure
is correspondingly increased. As a result of this, the envelope
swells and then is ruptured with scattering of the overheated vapor
to the surrounding medium, which then ignite. Based on ;his it is
concluded [17] that the drop of heavy fuel may explode, in conse-
quence of which the combustion time can be considerably shortene•c.

2

L AAA*A .. L..~S L AJLA.L jJJJ..A 4JLJLJjLA.

a

Si

b

Fig. 12. Typical oscillograms of the combustion of a single drop in
quiescent "cold" air on ignition by a spark discharge: a) For diesel
oil; b) for petroleum residue M80. 1) Duration of ignition discharge;
2) luminosity trace of the drop combustion zone; 3) time mark.

The explosion of drops of heavy fuels during heating was ob-
served during the vaporization and combustion of fuels with high
water content and specially prepared fuel-water emulsions [21]. In
this case, the explosion of the fuel drop takes place, not toward
the end of the combustion of the drop, but much earlier, because
the boiling point of a fine water particle inside the fuel drop is
much lower than the normally observed temperatures of a drop of
"t"dry" petroleum residue. The water in the drop is overheated and
vaporizes, forming steam which ruptures the drop, the fragments of
which burned at a high rate in the presence of steam.

Despite the general nature of the mechanism and the fInal
effect (drop explosion), the phenomenon pointed out in Reference
[17] is essentially determined by other causes, namely: the con-
tinuous coke formation on the drop surface. To some degree thls
contradicts the hypothesis that all fractions vaporize simultaneous-
ly front the top surface while the fuel in the internal regions of
the drop retains virtually the initial composition [17]. The for-
mation of a coke layer evidently indicates selective vapcorization
in which the light components are preferentially vaporized. The

6- heavy components are heated aria form a coke layer on the surface,
which then ruptures at different pointb. In this case, a highly
porous residue should form at the end of the combustion period,
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consisting of particularly heavy fractions of either fuel or solld
coke residues from the pyrolysis of the drop substance and there may
be no explosion of the drop. However, it is not possible at present
to derive any final conclusions from the fact of the explosion of
drops, sometimes observed during the combustion of single, fairly
large drops of heavy fuels, because of the clearly insufficient
quantity of experimental material.

8s

I2 ___

0 0.2 04 049 0,8 1,0 4,2 /~~S,

Fig. 13. Relative weight of the coke residue as a function of the
initial weight of the drop: 1) Cracking residue; 2) naval petroleum
residue 12. A) Coke; B) mg.

To exclude the effect of the drop combustion preparation period
(preheating and ignition) in studies on the drop combustion process
[22], drop ignition was effected by a brief high-voltage arc dis-
charge and the actual drop combustion was carried out in quiescent
cold air. The duration of the igniting discharge was recorded by
means of a loop oscillograph. The drop combustion time was deter-
mined from the duration ot its luminosity. The oscillograms thus
obtained (Fig. 12) show that during the initial period (during the
igniting discharge) the flame luminosity for both fuels is approx-
imately of equal intensity. After discharge ceases, combustion in-
tensity drops sharply for diesel oil as well as for petroleum resi-
due. The luminosity trace begins to rise comparatively slowly. Dur-
ing this period the difference between the properties of the fuels
is fairly clearly manifested, since for petroleum residue the dur-
ation of the luminosity-increase period is approximately twice that
of diesel oil. This period corresponds to a nonsteady thermal state
of the drop because the intensity of heat transfer to the drop sur-
face is considerably reduced and heat comes only from the combus-
tion zone.

For diesel oil less heat is required to obtain a sufficient
quantity of vapor than for petroleum residues, so that the attain-
ment of equilibrium conditions takes place within a shorter inter-
val. The light emission of a diesel oil flame is terminated consid-
eratly sooner than that of a petroleum residue flame. Simultaneous-
ly, it was found by direct observation that drops of certain grades
of petroleum residue do not burn completely. During some stage of
the process, the combustion of the petroleum residue is terminated
and a coke residue remains on the quartz suspension in the form of
a porous body, the dimensions and relative weight of which are dif-
ferent for different grades of petroleum residue and drop sizec
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(Fig. 13). The larger the drops, the greater the size of the coke
residue, but its relative weight is reduced at the same time. This
is explained by the porosity of the coke residue.

The formation of the coke residue during the combustion of a
drop of heavy fuel introduces even greater ambiguity into the con-
cept of "combustion characteristic."

The quantity of unburned fuel in the form of a .oke residue
for most hea-'y fuels is relatively small, and the relation between
the drop combustion time and its initial size can be written in
the form

k (l.76)

where do is the initial drop diameter; dost is the calculated drop

diameter at the enM of the combustion;

______ (1.77)

where y. is the specific gravity of the original fuel; Gkoks is the

weight of the coke residue; Qkoks and Qt are the specific heating

values of the coke residue and the original fuel, respectively.

The experimental data, processed with consideration of the
reduced combustion characteristic, show that in this case the
fuel drop combustion time is also a linear function of the square
of th initial drop diameter and that the mass rate of combustion is
independent of size and is determined entirely by the physical char-
acteristics of the fuel. Figure 14 shows a graph plotted from ex-
perimental data for the M60 and M80 petroleum residues and Table 6
gives the combustion characteristics calculated on the basis of the
experimental data.

The combustion characteristics for various grades of petroleum

residue, given in Table 6, differ only slightly, whereas the rela-
tive weights of the coke residue have a certain tendency to increase
as the original fuel gets heavier. The slight difference in the
value of k" for different grades of petroleum residue can be account-

g
ed for by the fact that in this case the combustion process of the
drop was in fact the process of combustion of its liquid component
or the products of Internal ga;ification which are not strongly
dependent on the difference in properties or group composition. The
total combustion time, taking into account the combustion time of
the coke residue, differs with the grade of fuel.

Of greatest interest from a practical point of view is the
case. of fuel drop combustion in presence of a relativa velocity
(combustion of a moving drop). Using the basic assumptions of dif-
fusion theory [9], we can represent the functional dependence be-
tween drop size and time in the form of the equation
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"4 5 IT( 14- 0) w J". (x). (1. 78a)
4.YTV

JSm2

=qoL£ I _1_.) d. •(x)a d (l. 78b)

where w is the relative velocity of the drop; v is the kinematic
viscosity of the meditun; xvn is the dimensionless temperature at
the outer surface of the combustion zone (Tvn/To).

4-5

0 45 4O 4S .04Jvha

Fig. 14. Combustion time of a drop in quiescent cold air with ig-
nition by means of an electric discharge as a function of the
square of initial diameter: 1) Petroleum residue M60; 2) petroleum
residue M80. A) s.

TABLE 6
Standard Characteristics and Combustion Char-
acteristics of Stationary Drops of Heavy Liquid
Fuels

X3P~mTePmemNxR ToUAxss 2

'*' -su , , .. " 490M %

6 Ma, 405. . . . 907 4.0 1 6 0.1-

M33)'T 4-12 .... ......... 952 8.3 124 6.6 0.62 6.5
,|a3r M-20...............913 4.0 5.5 0.65 5.5

Ab3yT 1.-60. ..............- 55.0 16 - 0.68 6.0
Ma3'-r M80-a0.......... - 77.0 152 - 0.62 6.5

7Kpf-lnH r-octraroic ......... - 110.0 - 18.7 0,64 1 .,
SryApo.. ........ ..... - 19.3 0.65 -

9 W..1,,""poe M" .. . BuI= soo 00.57 0

1) Fuel; 2) fuel characteristics; 3) VU; 4) coking capacity; 5)
diesel; 6) petroleum residue; 7) cracking residue; 8) petroleum as-
phalt; 9) cylinder oil; 10) over.
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The experimental data obtained by filming a drop during com-
bustion of virtually single-component fuels (isooctane, alcohol
and kerosene) in a stream of preheated air in the form of the curves
of the function d5/' = f(T) are shown in Fig. 15 [9]. Simultaneously,
it is pointed out [9] that when a drop is introduced into a stream
with sufficiently high temperature, the ignition of the drop takes
place after some delay. The primary ignition focus appears in the
wake of the drop at a certain distance from its surface anC then
th- flAme the flame envelops tne entire drop. The liquid drop is
then witLin the combustion zone until its complete disappearance.

S- This pattern is observed only when the velocity of the impinging
Sstream is less than a certain critical value which depends on the

temperature of the stream. With increase in the airs;ream speed, at
constant temperature, the flame focus does not approach closer to
tne drop but is located in its wake. A further increase in airstream
speed causes detachment of the flame.

'50

I5

Fig. 15. Instantaneous drop diameter as a function or time for
various flow conditions: a) w = 5.7 m/s; tsr = 700-71G0 C (with
"flame breakaway); b) w = 1.5 m/s; tsr 700-710'C (the drop burns).

1) kerosene; 2) isooctane; 3) ethyl alcohol. A) s.

As In the combustion of a stationary drop of heavy fuel, the
calculaticns of the drop ccmbsztio. time 'n a ttre-. -f neared air
are usually based cn the -,'elt--l between "inti ý ' Zize and
'the time Of its c'.mplete combustion in the -trear:

rhgr. '1f.7s...9)

Usually, n = 2, ;hbch y' •!z- a slight difference -elative to
n = 5/3. The experimental c l-c•tcd I c....r ate-of do , T
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obtainea during combustion of cracking residue in a stream of hot
air which has a relative speed of w = 1.8-.?.6 m/s [22] show that
in this case there is again a linear relation between the square
of the drop diameter and the combustion time.

a

b

Fig. 16. Typical oscillograms of drop combustion in a stream of
hot air. a) Diesel fuel; b) petroleum residue. 1) Time mark pro-
cess start; 2) luminosity trace of drop combustion zone; 3) time
mark.

111

Fig. 17. Diagra~m of the testing device for the study of the fuel
drop combustion p~ocess in a stream of hot air: 1) Heating furnace;
2) fan with electr'c motor; 3) control transformer; 4) watercooled
screen; 5) thermocouple with potentiometer; 6) contact group to
actuate transformer; 7) contact group for initial time mark; 8)
fuel drop; 9) thermocouple block and ionJzation sensors; 10) photo-
meter sensor; 11) photometer; 12) loop oscillograph. A) V.

- 38 1



The exoerimeital investi'Zqation • . e a c t 41- ms %T I I MPý

[223 make it possible to obtain a more complete idea of the nature
of the combustion process for single heavy fuel drops in a stream
of hot air. A distir.ctive feature of this method of investigation
is the separ'ate determination of the combustion process stages.
Following the introduction of the fuel drop into the hot air stream,

there is a certain preheating period (Fig. 16, 1). The ignition of
the fuel drop (diesel oil or petroleum residue) does not take place
instantly but fairly smoothly. Compared with petroleum residue, the
rate of increase in flame luminosity for diesel oil is greater,
which is in agreement with the nature of the vapor pressure in-
crease for these fuels with temperature increase. Flame stabiliza-
tion around the drop is characterized by a rather clearly distin-
guishable section of the oscillogram with the maximum of the lumin-
osity curve. The length of this section amounts to a considerable
portion of the total combustion time for a drop of diesel fuel
(-50%), and to 30% for petroleum residue. The practically abrupt
cessation of flame -.uminosity observed with tVese fuels attests to
the cessation of the combustlon process for the main liquid phase
of the drop, which corresponds to the complete combustion of diesel
oil. With petroleum residue, this instant is followed by luminosity
with considerably less intensity. This period of heavy-fuel drop

combustion corresponds to combustion of the coke residue which forms
during the combustion period of the liquid drop phase.

Further Investigations of residue fuel single drop combustion
features in petroleum residues were carried out by the authors un-
der slightly modified conditions. At the instant of drop suspension
the airstream was covered by a large horizontal watercooled screen
to prevent heating of the drop during its introduction and measure-
ment. Three low-lag thermocouples were placed in succession at dif-
ferent heights above the drop. The first thermocouple, which was in
the immediate vicinity of the drop surface (-5 mm), was located in
the interelectrode space of the flame ionization sensor. Plame lum-
inosity was recorded by a photoelectric photometer (the diagram of
the test equipment is shown in Fig. 17).

Typical examples of oscillograms of the combustion process of
diesel oil and petroleum residue, obtained under identical condi-
tions, are presented in Tig. 18. If one examines these oscillograms,
we find that the luminos'.ty curves for a drop of petroleum residue
and diesel oil differ cor.3idierably in character. The luminosity
curve fl. petroleum residue has three clearly distinguished sections,
whereas the luminosity curve of diesel oil is a smooth curve with a
maximum situated approximately in the middle. The shape of the lum-
inosity curve generally approximates fairly closely the curve of
the flame ionizaton level which, for petroleum residue, also has an
inflection which coincides in time with the first inflection o: the
luminosity curve. The second section of the luminosity curve for
a drop oe petroleum residue is characterized by a much greater loop
deviation amplitude which corresponds to greater flame luminosity.
The ionization level in the second section is also considerably
higher than in the first. The third section of the luminosity curve
is characterized by zero ionization and low brightness. The virtual
coincidence in time of the characteristic points of the process as
recorded by al' the utilized measurement methods indicates the reli-
ability of the pattern fcund for the combustion process of a single
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that the difference between the properties of the diesel oil and
the petroleum residue are primarily reflected in the unequal num-
ber of stages in the process of their combustion. While the combus-
tion of a drop of diesel oil proceeds in two stageV - preheating
and combustion proper - the combustion of a drop of petroleum resi-
due takes place in four stages - preheating, two combustion phases

100!1 1.ce tl-t
I

Fig. 18. Typical oscillograms for the combustion of a fuel drop in
a stream of hot air: a) Petroleum residue M20; b) diesel oil.
1) Flame luminosity; 2) flame ionization in zone of ls~t thermo-
couple; 3, 4, 5) thermoelectromotiv force cuarves for thermocouples
1, 2, 3. A) ms.

and the combustion of the-coke residue. The second stage of the
combustion of a drop cf petroleum residue, corresponding to an in-

crease in flame luminosity and ionization, evidently also deter-
mines the formation of the coke residue, the combustion of which

forms the concluding stg.Examination of the curves for changes
in the the-moelectromotiv force of the thermocouples situated in
the flame zone of the drcp reveals that they are essentially simi-
lar for the two fuels. Typical for all three curves is the exis-
tence of three sections moit clearly evident for the thermoýcouple
located near the drop, obviously in tne zone of the highest temper-

atures. The first section represents the preheating period of the
d~rop during which the thermocoup]•! junctions are In contact only
with the hot air wbeosr temperatur" corresponds to the slope of the

trace. The inflectio~n point which is the boundary between the first
and. second section corresponds to the instant of drop ignition
when the thermocouple junctions are subjected to the action of
high-temperature combustion products. The third characteristic
point of the thermoelectromotiv force curve corresponds to the
termination of tl • combustion process in the liquid phase of the
drop, shown by the change in the nature of the curve. Pro(:2ssing
these Zurves and taking into acc.ount the statistical and dynamic
char-acteristics of the thermocouples emp~oyed, we were able to
build in first ýDproximation the variation patt.ern for- local tem-
perature-, with time (Fig. 140). As follows from Fig. 19 which also
shows the luminosity and ion~zation curves, the highest tempera-

-10 0 -cK1



ZOMV

7-
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F ... 19 iev ain n flame temperature f'or a single drop inZ a stream of air (t.= 83500): a) Diesel oil; b) petroleum residue.
1i, 2, 31 Flamne temperatures in the zones of the first, second and
third thermocouples, respectively; 4) flame luminosity; 5) flaineSionization in the zone of the first thermocouple. A) ins.

Stures de..elop during the initial comibust-on period in a drop of
petri•leum residue, in the Iti-mediate vic'Ln5_ty of the drop, which

Sapparently corresponds to the position of the ignition f~ront. The
substqjunt development of the combustion process is character'ized
by continuous lowering of Ih teprtr of tis zone, to he n-

Sstant at which the second combustion stage begins. From this in-
. :tant on, simultaneous with the Increase in flame lumilnosity and

Sionization. the temperature also begins to rise, witk,,;ut, however,•. attaining Its previoun maximum. This is followed by a sharp drop in
S~temperature to values approximately corresponding to t~he airstream

temperature. The two othjer thermocouples, located higher, show an!i - _-41



analogous variation, bulk- w~th saslr absolute val -.s

The curves of' flame tempuerature variatilon in a drop of' diesel
oil a~re qualitatively of a dif'ferenit nature (zee Fig. 1l-, b). 1r.-
stead of the dip in the temperature curve, in this tcaze we h'ave a
general tendency to dec~rease a fter' passing the maximum. The fl~ame
temperature maximum differs for diesel oil' and pretroleum res-Idue
by 500-6001C and also by position. "the miaximrumn flamie tp;eInerature
drii v'ng t-he mhi tI rn e-f' a drop of solar oil Is att-Ined sIg'h1tly
earlier than for petroleum resilue. The numerical values of the
maximum flame temperatures coincide fairly well w;ith the cýalc*ula-
ted combustion zone temperatures givern in [23, 2413 and amcuntC, re-
spectively, for benzene, to 34J00'K, for n-heptane, to 323(0'K, for
ethyl alcohol, to 31000K, for tcluen-, to 33700K, and for ethyl-
benzene, to 31470 0K. The average meximiaum temperature which we found
is -29000K for diesel oil and -25000K for petroleumi- residue.

0 1) 4t V 02 ; a/ O,'s 0 9

Fig. 20. Oscillogram of the comnbustion of a single drop in a stream
of air: 1) Marks for the inzta.-ts of recording; 2) timne -;si-k*;
3) drop temperature; ~4) temperature of th-e arop flme

At the same t~ime, the general law time variation in flame
temperature and the numerical values of thne maximur. temperatures
are in definite contradic-tion to the data published in [.1731 whelle
it is stated that "the drop (flame) tempe~rature in the combustion
zone remains constant and is the same for petroleum residue and
solar oil, amounting to 18000K." As an illustration of this,, an
oscillogram is presented (Fig. 29) showing a trace of the flam,-e
temperature measured by meauns of a speci,.ally designed pbotoele -
tric pyrometer. Reference [25] presents dat'a the flame tempera-
ture variation for a single drop from whiah follows that the flame
temperature toward the end of the combustion zprooess of a drop of
kerosene increases clightly, in t-he same marn~r as the decrea~se of
the initial drop diameter, f~rom our stand-point, the differenoe
between the data obtainced by us, arid those given in [17, 225] ia ex-
plained mainly by the difference in the method of rrcasuremenft.

The fact that the flame of a z~ing3c drop cnntains a large nkwý--
ber of incandescent carbon particles, i.e., particles whose tem-
perature is, strictly sreaking, measured by optica'l ani pio-toelec-
tric pyrometers, does not signify by any mea,ýns that' t-hetr r. lzzer
remains 2onstant during the entire combuistlor. pro-zess. It is highly
probable that the number of such ineanderscent soot particles varies
with time, for example, increasing tow-ard tne e~nd of ithe pvc:.-ess,
as indicated by the luminosity and ionization curves,. It Is also
qu~ite probv-hIe that the quantity of hydroF-n f'irmed a~ r- -result of'
the aecor~oziticn of the f~uel vapor In the pr-flanme zor. YJ1il- reac'-
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a maximum during the initial combustion period nnd wil I!
Voward the end of the process. These circumsbances can have the re-
sult that, at the initial instant of combustion, despite the high
temperatuie, flame luminosity and, consequently, color and bright-
ness temperatures of the drop flame will be comparatively low,
whereas toward the end of the process the reverse pattern will be
found, i.e., high flame luminosity at a relatively low temperature.
In this case, the photoelectric or optical pyrometers which pick
up the radiation of the entire flame record a temperature which dif-
fers from that of the thermocouple.

Certain errors are naturally involved in the measurement of
"flame temperature with low-lag thermocoLples. However, these errors
mainly concern the absolute temperatures and much less the nature
of its time variation, as confirmed by the entire set of oscillo-
gram curves.

Comparison of the temperatures averaged for the entire combus-
tion period of a fuel drop as given in [17] shows that the differ-
ences here are no longer significant. Thus, for example, the flame
temperature of a drop of diesel oil, averaged over the entire flame
and the whole •ombustion period, is about 1900 0 K and for a drop of
petroleum residue -1850°K, whereas according to the data of [17]
this temperature is about 1800 0 K. Thus, the research results per-
mit the combustion process for a single drop to be described in
first approximatton as follows.

At the end of the drop surface preheating period the vapor
cloud formed around the drop is ignited, the ignition process taking
place at a very high rate. Under the influence of the high combus-
tion-zone temperature, the fractional vaporization of the fuel from
the drop surface continues and is apparently accompanied by pro-
cesses of fuel decomposition on the drop surface. As a result, fuel
vapors greatly enriched with hydrogen arrive in the combustion zone.
Hence, high temperatures develop in the combustion zone and the
combustion zone Itself is now located at a rather great distance
from the drop surface.

The flame temperature then decreases in proportion to the con-
sumption of the light fractions and the combustion zone moves nearer
to the drop. Wnen the flame front is fairly close, the surface
temperature of the drop beings to increase rapidly, apparently lead-
ing to an intensification of the fuel decomposition process, chang-
ing into a pyr'olysis process with formation of aromatic gaseous
hydrocarbons and coke. The combustion of these hydrocarbons in the
flame zone obviously entails a temporary temperature increase and
high luminosity for the combustion products because of the higher
concentration of incandescent soot particles.

Coke and polymerization products of tars and asphaltenes grad-
dally accumu]late within the drop. Hence, drop surface cokinp will
zet in and e~jection of flammable components from the internal re-
gicns of the drop way occur. The development of these processes
causes the quantity of gaseous hydrocarbons given off at the drop
iurface to become insufficient to maintain combustion in the gas
phase. From this instant on, coke residue combustion stage begins
If tze paraimeters (temperature and oxygen content) of the ambient
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median cori~e~pord t. . (.A•u.tion conditicos.

The foregoing scheme of o, :-,buztilon proces. develcpment is a.i-o
ap,).able to rThe comb-ut rcn z.cces; o.' a diesel oll !iop. it car,
be concluded from Fig. 19-. ,;Iat bere toc the -oibustlon of the
relar, IveIy light fruction: w!Jt-! relatively iow cal'tun con',rnnt ta.kes
place during the 'Initial per'icd or•h h ;oIl'ustion prc'-ess. Duripg
tni- period the ghi~t, temperatures; :,vvelop bI:t flami lu iriosity
a:id ioizatioý :- ie valatvel igt. I....•-+'°:n to the _ncreawe
in no3lcula• weight o" tzne f`uei vapor and its er:"chment w..th car--
bon, flame luri.noitvy -ind ionization increase aid temperature de-
crease itono.cl.., it can be azzamed that n ccme residue is

... forn.ed, but" I sueh si,',1. .uantlt. 'hat its combuatlon vir'-
tually cijjidedo$ with the -na pariod of d4rop ccmbu.tion.

A
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Fig. 21. Total combustion time and duration of individual stages
of single drop combustion in a stream, of hot air as a function of!
the square of the initial drop diameter •w = 1.18 m/'s; tr =

asr

700 0 C): a) Petroleum residue M80; b) cracking residue. T ~) Total

combustion time of a drop (including ignition period); t%.) combus- 1

tl1on time of' the liquid phase (without ignition period); rk) com-

bustion time forthe coke residue; tk/r.g) ratio of coke residue

combustion time to the total combu.•tion time of the drop liquid
phase (including ignit~ion period). A) s.
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Fig. 22. Liquid phase combustion time for a drop of heavy fuel as
a function of the square of its initial diameter (w = 1.18 m/s):
a) tsr = 700 0 C; b) tsr = 850 0 C. 1) Combustion time of a drop of

diesel oil without taking into account the ignition period; 2) the
same, for a drop of petroleum residue M80; 3) the same, for a drop
of cracking residue; 4) total time of combustion for a drop of
diesel oil. A) s.

"Sufficient experimental material has not yet Leen accumulated
to explain the basic quantitative relationships of tne development
of the intermediate stage of comoustion of heavy liquid fuel drops,
although the fact of its existence itself can be considered as es-
tablished. Also taking into account that the transition of the
basic phase to the intermediate stage takes place fairly smoothly,
it now appears expedient to combine it with the basic stage, nor-
mally called stationary combustion stage or the liquid phase com-
bustion stage. Accordingly, the total combustion time of such a
drop will be determined by the total duration of th- preheating

* and ignition processes, steady combustion and combustion of the
coke residue.

According to the data of [22], the total combustion time T.,

including drop ignition time in an airstrear. (w = c.3-3 m/s; tsr =
7000N.) as weil as the combustion time of the main liquid phase of

the drop are described adequately by a linear relation of the
(1.75) type. The combustion time for the coke residue in first ap-
proximation can also be represented in the form of a linear func-
tion of the square of the initial drop diameter. The ratio of the
combustion time of' the coKe residue to the time of combustion for
the main liquid phase of the drop, including the ignition period,
does not remain constant witn variation of drop size, since for
drops with small diameter the combustion time of tne coke residue
is comparable to T• and fro cracking residues may even exceed it.

With inrrpase in the initial drcp size, the re _-0-e- --mbustion
"time for the coke residue 2-icreacer., a•lthvg. - " -ite value
f, ~..ncreases, .is c-early evident f'ro= Fý._ --'. -,:e curve

representing the conmbustion time of the liquio ptas: (without
taking into account the ignition period) as a functlcn of the
square of the diameter for petroleum residue ana cracking residue
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is virtually the same and differs only slightly from the ana'o-
gous relations for diesel oil (Fig. 22).

A A
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Fig. 23. Total combustion time and duration of individual stages
of combustion for a single drop of petroleum residue M80 at a
stream temperature of t,, = 850'C as a function of the airstream
speed: a) w = 0.8 m/s; 6w = 1.18 m/s; c) w = 1.58 m/s; d) w =
- 1.98 m/s. A) s.

For ciesel oil, variation of the temperature conditions (air-
stream temperature) within the investigated range has virtually
no effect on the total duration of the combustion process or on
the duration of the combustion proper. This circumstance permits
the conclusion that the total duration of the combustion process
for heavy residual fuels, as compared with light fuels, is deter-
mined by the duration of the ::reparation of the fuel and the com-
,ustion f the coke residue. Variation of the flow conditions
around the drop, expressed in a variation of temperature and vel-
ocity, did not modify the general sequence and nature of the de-
velopment of the combustion process (Fig. 23). The airstream speed
was varied in the range of 3.3-6.5 m/s. In this case, comparison
of the ccrrespcnding total combustion times for a single drop of
petroleum residue :T,) uncer different airstream conditioti_ shows
that the value of !<Is approximately constant. At the same time,

the czb.utlon thme o' the liqi.Ld ohaso- increases with increaz- in
t:.e -'*.atsv. veocity. Ti;1 phnomenon IS a re,-ult cf h,, fact that

4,



with increase in airstream speed the flame is displaced relative
to th.. ... p n. .the p...n..pa. com•bustion, focus is located in the
wake of the drop.

Flame displacement in turn disrupts the heat balance of the
drop through a lower heat flux in consequence of which the vapori-
zation intensity is reduced. An increase in the rate of combustion
of the coke residue compensates to a considerable degree for the
izicrvased combustion time of the liquid phase.

TABLE 7

Average Values of the Reduced Com-
bustion Characteristic k" for Some

g
Grades of Heavy Fuel

OnAXIM roam
,o ~tm COp. "C W-. X',CX ,A,2lce

_O_ I n c 1 . 3 4
SIM3eAbHOe TOn.WI3o ...... 700 1 0.388 0.642

6 To e..... ......... 850 0.388 0,W
7 

Jt3y" MW ... ........ 700 0.3W 0.496
8 1...•i•mposoe ac.o ...... 700 0.388 0.415

MayT MWW0 ............... 0.388 0.445
M g)........ 850 0.330 0.5OM

8........ &50 0.388 0,514
• MS0... ......... "J 0.520 0.626

W IO ........ ... 50 0.550 0.5r6
9 Kpexrnir-oc'aTo, .... ....... 700 10.38 0.43S

1) Fuel; 2) combustion conditions; 3) ms; 4) mmZ/s; 5) diesel oil;
6) the same; 7) petroleum re3idue 120; 8) cylinder oil; 9) crack-
ing residue.

0 02 44 0, 0A ,Z g.44

Fig. 24. Relative combustion time of the coke residue as a func-
tion of the square of the initial diameter of a drop of petroleum
residue M80: 1) w = 3.3 m/s; 2) w = 5.2 m/s; 3) w = 6.5 m/s;
4) cracking residue w = 3.88 m/s, t sr = 7000 C.

The total duration of the combustion process of a single drop
of heavy fuel remains virtually constant on variation of the tem-
perature and relative velocity of the stream within certain limits,
whereas the duration of the coke residue combustion is consider-
ably shortened. A study of the combustion of individual components
of naval petroleum residue from the Novo-Ufa petroleum Refinery,
undertaken to ascertain their role in the process of coke residue
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formation, ha- shown that only the tars and polycyclic aromatic
comnounds burn with formption of qiinh n reside

Thus, the total combustion time of a single drop of most
residual heavy fuels can be represented as

Z = TS+ + 'Va. (1.80)

In analogy witn the light, completely vaporizing fuels, the
sum of the ignition and combustion times of the liquid phase can
be represented as the time T related to the initial drop diameter
by a function of the form (1.75). Taking into account that the
combustion time for the coke residue (Tk) can be expressed in first

approximation by the relation

(1.81)

the total combustion time of a drop of heavy fuel is described
by

S=(i + •.(1.82)

Using the generally accepted form of writing the combustion
time (1.75), T, is defined as

10 0 +(X), (1.83)

where k" is the reduced combustion characteristic, the numericalg
values of which are given in Table 7; and X is the relative com-
bustion time of the coke residue.

The relative combustion time X of the coke residue (Fig. 24)
can also be represented in first approximation in the form of the
approximating linear function

X = -0 ((1.84)

where X0 is the initial value of X at a drop diameter close to
zero; c is the proportionality factor.

The value of Xo for petroleum residue M80 varies within limits
of 0.85-0.5 depending on the temperature and relative velocity of
the stream. Considering the natural scatter of the experimental
points, in first approximation one can use the average value of X0
= 0.75. For cracking residue, Xo will be somewhat higher, while the
range of its variation is narrower. Considering this, we can take
the mean value for cracking residue approximately as 0.9. The value
of c in turn is determined by the square of the drop diameter, the
relative velocity of the stream and its temperature (see Fig. 24).
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4. DROP COMBuSTIUN CHARACTERISTICS AS A FUNCTIUN OF EXTERNAL CON-{ DITIONS

As follows from the above data, the numerical value of the
ombustion time for a fuel drop depends not only on the propertiez

of the drop substance but also on the external combustion condi-
tions. This indicates that the combustion characteristic k" is

I
not constant for each liquid fuel grade, but vari.es with change in
thz t'b•cnt t cr c th- ai;ro...camn spced and crther -factors. T

should be poln4 .ea out, however, that practically all investigations
of the effect )f various factors on the combustion characteristic
were carried out either on pure individual hydrocarhcnL or light
fuels of the kerosene type. Data cn the variation of k" for heavy

g
liquid fuels are virtually unavailable so that the influence of
various factors on the value of V" for these fuels on the basis of

g
the data given in the technical literature can be estiMated only
qualitatl vely.

kA

tt

,. |.

s tO $ 4s 2sr 3 35

Soxoygen concentration in the ambient medium and th, te-tgerature;Si~~) t 8'i 0 C0, N2 + 0J2; 2) ts 790•', Ni + 0•; 3) ts : 7i0oC•

S•~-oncentration. of 0O• %

•',p Vere a6]icdn ot •h xyn concentration ir. the. amnb..ern at-mc.,-

phere [2161 did not disrupt the estab!lshed relation Letween -;he
combustion time of single drops and the square of the drop diar,~
eter, Wit'h individual hydrocarbons, an ,increa._e in the weight
tent of oxygen in the ambient .,iedium led to Fnar'ced increases In
;iie flar.e tempe-raure and combustion rate and also cusd. the comi.-
uustlon zone to move near'er 'o the drovr surface. Fzr fuehs su,:h as
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rLenzene a-d tolieerie. -n e oxygern concentration above
'Led Lo c'Essat-cn cf -:roP Zc;,stion owirng 1o the formation of a

deposit watch bunr id ndent:y at a ý,wer rate. Under real
gcndItionz F ,-ygn conicen('rAt-,i. is varica ornly 'n thc direction
of d -as'. The cobustior: chara:,erctitcs ara, ýriar-kcdly reduced at
combatant temrerat-ure t h••-te ediun .and ioiwer oygrý, conetration
(Fi'g,. 25).

S&- SO*

300

-- 'f•L--

Fig, 2 Combustion characteristic a a function of the relative

velocity of the drop: a) Kerosene; !) 6100 C; 2) 700'C; 3) 800OC;
b) ±:.ooctsne: 2) 600"C, co mbustion and vaporization in air; 2)
7000C 3) 800; b 600 0c, vaporizatIcn in ri.trogen; c) et;hyl al-70C 600'C; 2 700;C; 3) 8000C. A) E01/,/s; M) r/s.

"The relative velocity of the drop also exerts great influence
or the -agnitude of k". Theoretical treatment )f this problem [9]

hows that the vaporization cr&tant (combustion characteristic)
is prp'rtiona: to the cube root of the relative velocity wfthtn
.he range < < Re < 5.00. rhe experimental data [9] for kerosene.
i ooct -I-, and alcohol show that for t-hese Nucls the curves k

'(w) have three fairly clear•,y recogrnizable sections (F!t. 2). I
Ifhe firs: section where the entirc dr.:p is enveloped by t,-:e
'Iame, tle ccrus'ion eharacteristic `Qcreases In prcpori.ocn to

nz:-Ie az1 s trea, velocity an is virtually independent of its
temperature. When the airstrearn speed att;ains the critical value
and flpime breai'_aiay occurs. the combustion charseteristic also
decreases :uddanly, ittai:.l,• its minimum wnen zhe Ilame !ocus is
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located in t...... we_ .... f. t..e p. A f eizxicrea-e in the velocity
of the free stream leads to an increase in the characteristic,
but not that of combust-on, but that of vaporization. The combus-
tion focus which is still present in the wake of the drop is so far
removed from its surface that the heat evolved by the combustion
zone no longer exerts any great effect on the vaporization rate.
Thus, at an airstream speed above critical the drop changes from a
combustion regime to a regime of pure vaporization. Substitution of
the alrstream flowing around the drop with a stream of nitrogen
having the same temperatures and velocities did not lead to any
noticeable change of the vaporization characteristic which is direct
confirmation of the degeneration of the combustion process into a
pure vaporization process at lar-;e relative velocities. In this
section, the mass vaporization rate depends on the velocity and
temperature of the airstream. Investigations to determine the range
of stable combustion for drops in a stream of hot air [271 also
showed that the breakaway velocity of the airstream for drops of
gasoline and kerosene is deter'mined by the stream temperature (Fig.
27) and the oxygen concentration (Fig. 28). The breakaway velocity
decreases greatly with decrease in temperature and oxygen concen-
tration. With Increasing drop size, the critical value of the rela-
tive velocity increases, and this indicates the more stable posi-
tion of the flame front around such dorps.

fil/s

o 130 2?X 301 4% 521 Io 7V &0 T, e

Fig. 27. Critical flow velocity around the drop as a function of
stream temperature (dk = 1.5-1.7 mm): 1) Gasoline; 2) kerosene.

V0 2Z 2# 21 Zi So Y.a

Fig. 28. Critical streamlining velocity for drops of different di-
ameter as a function of the oxygen concentration in the ambient air:
1) dk 13.2 mm; 2) dk = 9.52 mm; 3) dk = 6.37 mm; 4) dk = 3.15 mm.
A) 5il.
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Fig. 30. Combustion characteristic of kerosene 1, diesel oil 2
and petroleum residue 3 as a function of temperature. A) mm2 /s.

The effect of the gas pressure on the combustion characteris-
tic of single fuel drops was studied in [28]. It was found that
for all investigated fuels (tetrolin, decane, amylacetate, fur-
furyl alcohol, benzene) an increase in pressure causes a decrease
in the distance between the combustion zone and the drop surface
proportional to the logarithm of the pressure, the total combus-
tion time decreasing analogously (Fig. 29). For real conditions
it is very important to ascertain the effect of the air temperature
on the co.ibustion characteristics because the combustfon process
at constant pressure is most widespread whereas t"'e temperature
conditions vary continuously in any case of combustion in propor-
tion to the combustion of the fuel in the flame.

Figure 30 gives some data on the variation of k" for several

grades of liquid fuel as a function of the air tempeiuture. For a
drop or petroleum residue moving at a certain relative velocity,
the rate of increase in k1" is slightly slower than for diesel oil,

g
which, at high temperatures, approximates the values of V" for

g
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ke-usezne. On Lhe basis of the very sparse diata it may be concluded
that the nature of the variation in k" for heavy fuels (of the

petroleum residue type) as a function of external conditions remains
approximately the same, although the numerical values are naturally
correspondingly lower than for light fuels burned "ncier the same
conditions. If one compares the data given in the preceding section
and in Fig. 26, it can be concluded that for heavy fuels the effect
of the relative velocity will be more pronounced, i.e., flame
brtdkcway frum the drop surface will take place, ch.er conditions
being equal, at much lower relative velocities than w'it' light fuels.
Consequently, to preserve a high rate of combustion of heavy fuel
drops moving relative to the gas stream, the gas temperature must
be higher; otherwise flame breakaway from the surface of the drops

f will cause a considerable increase in the combustion time.

5. COMPLETENESS OF VAPOR COMBUSTION

Let us assme that the combustion of the drop takes place in
a space bounded by heat-absorbing walls. The dimensions of this
space are such as to ensure the ccmbustion of a fuel drop with a
virtually infinite excess of air. The temperature of the air near
the wall as well as the temperature of the boundary wall are con-
stant in time and the process of combustion of the drop is steady.
in thýz case, the quantity of heat evolved from the unit surface
of the combustion zone per unit time (assuming that the combustion
process develops on the outer surface of the combustion zone) can
be e'xpressed as follows

Sq, = qou"n le.,/m2. (1.85)

where qo is the specific weight calorific value of the fuel vapors
(kcal/kg), assumed to be equal to the calorific value of the orig-
inal fuel; u is the weight flow rate of the fuel vapors (quanti-
ty of fuel vapors in kg, passing through the unit surface of the
combustion zone per unit time, kg/m2 -s); _n is the weight fraction
of the fuel vapors participating directly in the combustion reat
"tion.

The weight flow rate of the fuel vapors Is aszociated with
the mass rate of combustion of the drop by a relation of the form

S---r s,/.22 (1.86)

where m is the mass rate of drop combustion in kg/s; r_ the -adius

of the combustion zone in m.

In turn, if the mass combustion rate is expressed by th com-
bustion characteristic Vg, Eq. (1.86) assumes tne form

-
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where y.is te speific gravity of the fuel in Xg./m3; k is U

combustion characteristic in cm2/s; rk is the drow rad'us In± m.

Substitutirg (1.37) into (1.85), we obtain an expression fcr
the speci. -: "jface density or the heat evolution on te surface
of the combustion zone

410(4.2)

The heat evolved at the surface of the combustion zone is spent
on increasing the temperature of the combustion products from the
ambient temperature (tv) to the temperature of the zone (t ), on

increasing the temperature of the adjacent air layers (heat trans-
fer by conduction) and on radiation. Strictly speaking, the heat
evolved in the combustion zone is also speit on heating the drop,
vaporization, superheating and deconposition of the vapor and also
the dissociation of the combustion products. Taking into account,
however, that a considerable fraction of the heat expended for
vaporization in some form or other is returned to the combustion
zone, and that the degree of dissociation of the combustion pro-
ducts is slight, tney can be neglected.

The quantity of heat expended on heating the combustion pro-
ducts passing through the unit surface per unit time, taking into
account that the combustion process takes place in stoichlomet-ric
ratio (a = 1), is determined by the expression

q, = uc., (I + LJ (T,. -- T.) (1.89)

where cr.t is the average weight heat capacity of the combustion

products within the temperature Y-ange (T. - 2TV); LO is the theor-

etically required quantity of air for the combustion of the unit
weight of fuel vapors.

To determine the specific heat flux per unit area, transmitted
by the heat conduction of the ambient medium from the combustion
zone, we use the general equation of the theory of heat conduction
for a spherical heat source under steady conditions within a
spherical space [4i]:

Q.= I 1 '1.90)

where X is the thermal conductivity coefficient of the ambient
medium, in kcai/m-h *C; rst is the radius of the boundary wall in

By definition, r,>• r,. so that -L'<-I-. which makes it possi-
rC, rr

ble to eliminate l/rst from further analysis. Relating Qk to the

unit surface of the combLtion zone, we can write the expression
for the specific heat flux transmitted to the ambient medium in
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the form

(T ) (1 .91)

Analogously, by using the gene-l form of the equation for
radiative heat exchange between two Oodies of which the smalier
one (the burning drop) is located within the larger one (combus-
tion zone), we obtain

Bg (1.92)

where ep is the referred emissivity; el and E2 are the emissivities

of the combustion zone and the heat-absorbing walls, respectively;
Pg, and Fst are the surface of the combustion zone and the boundaxr

walls, respectively; c, Is the radiation coefficient of an absolute
black body.

Since according to the condition Fst >> Pg. the specific radi-
ative heat flux is defined as

RW G,01
The equation for the heat balance of a surface element of the

combustion zone can be written in first approximation in the form

q, - q, + a. (1.94)

Substituting the corresponding values of the specific quanti-
ies in Eq. (1. 94), taken from (1.88), (1.89) and (1.93), we find:

ties in Eq.re] (1 1.9 %5

• ,-, [ + L.,) + • o.---;-r0)(1 95

where
(Tr)4 (TCT)

0 rg/rk is the relative radius of the combustion zone.

Equa!;ion (1.95) makes it possible to estimate the qualitative
effect of various factors on the quantity of fuel vapor which does
not take part in the combustion process around the liquid drop.

Thus, if it is assumed in accordance with diffusion theory
that the~relative radius of the combustion zone is constant for a
g!ven fuel and the given combustion conditions, it follows direct-
ly from Eq. (1.95) that the fraction Cf vapor participating in the
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the combustion reaction decreases with decreasing drop size. In I
uther words, the smaller the irop, the greater the qw:a-ntity of
fuel vapor entrained beyond tUie combustion zone. The temperature
of the combustion zonie has the opposite effect: the higher the
combustion zone temperature, t.-e greater the quantity of vapor
which will burn in the immediate vicinity of the drop surface.
Based on this and using the data on the temperature variation in
the combastion zone as a function of tiie, it can be assumed that
removal of vapor will be minimum during the initial period of diop
comkustion; as the process d&ývelops it is intensified, and this in
combination with other causes, results in a lowering of the temper-
ature in the combustion zone. The combustion characteristic k also

g
plays an 1m4ortant part. Fcr light fuels with high vaporAzation
characteristic values the entralnment of the vapor will te corres-
pondingly greater than for heavy fuels burning under the same con-
ditions. It is ,und-':3tandable that estimat.ng the combined effect
of all factors is at present impossible because only isolated data
exist on this problem, pertaining only to light fuels of the gaso-
line type.

- I

I 'H
0U

0 a 4M am 4WI 4341

Fig. 31. Weight fraction of unburned fuel vapors as a function of
the relative airstream velocity: 1) Flame breakaway. A) Fraction
of unburnt vapors, %; B) air velocity, mis.

Thus, as a result of an analysis of the effect of the finiteJ
chemical reaction rate on the characteristics of the combustion
process for a fuel drop in [27, 29], the presence of considerable
entrainment of the fuel vapors beyond the limits of the combustion
zone is established. Experimental determination of the fraction
of unburned vapors [27] was carried out by bubbling the combustion
products of single drops of B-70 gasoline through a solution of
sodium nitrate in concentrated sulfuric acid. On the basis of the
color change in the reagent, which turned yellow when exposed to
hydrocarbon vapor, the fact. of the presence of such vapors in the
combustion products was established. Quantitative determination of
the fraction of unburned vapor for drops of B-70 gasoline, paced
in a stream of air, showed that the fraction of unburned vapors
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increased considerably with increase in the relative velocity of
the air (Fig. 31). it is also pointed out that only parc of the
curve shown in Fig. 31 corresponds to combustion conditions under
which the drop is completely enveloped by the filme. Even in this
case, marked entrainment of thp vapor can be observed.

Thus, analysis of the heat balance structure of the combustion
zone ajound a single drop, burning in an infinite space, and also
of the results of the experimental suudj of drop combustion, allow
the conclusion that when fine drop- of a volatile fuel burn under
flame conditions, the combustion of single drops as well as that of
the vapor in the space between the drops sbould be observed. The
ratio of these two forms of combustion is determined, in particular,
by the temperature conditions of the process and the atomization
efficiency. The higher the temperature of the air which enters the
combustion zone, the greater the fracion of fuel which burns in
the vapor phase, if this is understood to mean the independent com-
bustion of the vapor in the furnace. With heavier fuels and larger
drops, the quantity of fuel vapor burning outside the combustion
zone decreases and the flame itself acquires a more discrete struc-
ture.

We can expect that an increase in the air temperatuie and a
marked improvement in the atomization efficiency during the com-
bustion of heavy fuels will create favorable conditions for in-
creasing the quantity of fuel vapor which leaves the individual
combustion zones. In this case, not only the time required for the
complete combustion of the drops will be shortened but also the
transition to some extent of the regime of heterogeneous combustion
to one closer to the combustion of gas mixtures, provided that suit-
able measures are taken to achieve this (for example, improving
mixing within the flame). Otherwise, losses can occur because of
chemically incomplete combustion.

Manu-
script Footnotes
Page
No.

24 Thie work was carried out under the guidance of Candidate
of Physical and Mathematical Sciences, B.L. Zharkov.
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No.

5 C sr = sreda =medium

6 K = k = kaplya =drop

6 T = t = teploprovodnost' =thermal conductivity
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7 ts tasntr center

7 r = g goryuchaye Nel

7 K = k koriduktsiya conduction

7 R = 1 lucheispuskaniye = radiation

7 t = f fakell - flame

13 B = v = ves = weight

16 11 = p = poverkhnost' -- surface

16 n.o partsiallnoye, okruzhayLshchiy peartial,
ambient-

17 T toplivo = fuel

18 P-0 = r.o = raznostt, okr-uzhayushthiy difference,
ambient

19 zen = Isp = isparenlye = vaporization

19 T.K = t.k = toplivo kaplya = fuel drop

19 n = p = par = vapor

20 Cm sm = smes' = mixture

20 B = v = vozdukh - air

21 B = v = vosplameneniye = ignition

22 p = r = [not identified]

23 KHA ind = '"nduktsiya = induction

23 rip pr = progrev preheating

30 r g = goreniye combustion

35 OCT = ost = ostatok residue

35 KOK,ý', = koks = koks coke

346 BCn = vsp = vspyshka = flash

36 BH = vn = vneshniy = external

38 rop = gor = goreniye = combustion

54 P.T = r.t = raznost' temperatur = temperature dif-
ferehce

54 CT = st = stenka = wall

55 n = p = privedennyy referred
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Chapter 2

THE FLANE COMBUSTION PROCESS
6. FLAME STRUCTURE AND SEQUENCE OF THE ELEMENTARY PROCESSES

If one considers the drops present In a flame, the problem
arises to what degree the sequence and the quantitative relation-
siAps of the partial processes in the combustion of the drop in a
flame are preserved. The supply of the fuel to the furnace in a
turbulent airstream and with various initial drop sizes at pre-
sent makes extremely difficult the problem of ascertaining the
features of the elementary processes in the flame. This complexity
is determined mainly by the fact that In a given section of the
flame at a certain instant of time, drops of various size are
present, each of which is in a particular stage of the combustion
process and the process of drop combustion itself develops under
conditions of continuously varying temperatures, velocities and
compositions of the medium.

The problem is simplified somewhat for the condition of a
normal stationary flame burning in an airstream. In this case,
with all external conditions being constant (velocities, tempera-
tures, pressures and composition of the airstream and also the
drop size), regions can be isolated in the flame whose parameters
are time-independent and vary only from one section to another.
Despite the extreme complexity and superpostijmn of the individual
stages, some basic general processes can be isolated which, for
greater simplicity, are assumed to be mutually independent. These
are usually considered to be the processes of formaticn of the
mixture and the combustion of individual drops.

By mixture formation one usually understands the totality of
the processes of fuel atomization in the airstream, the preheating
and ignition of the drops. Very frequently, only the preignition
processes are eombined under the term "mixture formation," while
the ignition of the drops is considered part of the combustion
process. However, this does not introduce any important difference
since the instant of ignition itself, i.e., the instant of the ap-
pearance of a visible flame. may be considered with equal justifi-
cation as the initial instant of combustion or the end of the
preparation process. The latter is more natural from our point of
view. Following the ignition of the fuel, the totality of the phys-
icochemical processes of vaporization in presence of a ccmbustion
zone around the drops, the thermal decomposition of the fuel vapor
and of the substance of the drops, combustion and heat and mass
transfer from the combustion zone into the ambient medium are us-
ually included in the term "combustion."
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Tne origin of these generalized concepts is f-und in the fact
that in & burning stationary flame, as numerous direct observations
hape shown, at least t. ree regions -,3n be d!stirguished: a cold
region or the section o1" the prefla•t, processes, the core of the
flame and the alLerburning region, :>c flame front, i.e., the sone
of sudden parameter variation in a fuel-air mixture, is usually
taken as the bouniary Letween thL zone of the preflame processes
and the flame core.

There Is no clearly recognizable borderline between the flame
core and the afterburning section and this borderline is usually
established on the basis of indirect characteristics such as the
beginning of smooth temperature decrease or decrease in the rate
of the chemical reaction. The flame front also i. nct a strictly
physical borderline between the zone of the preflame processes and
the flame core since an intense increase in the temperature of the
airstream is observed directly behind the flame front, attesting
to the successive ignition and combustion of ever new portionis of
fuel. However, the choice of this borderline is convenient from a
methodological point of view.

The process of mixture formation [30) can be schematically
represented as follows: the stream of fueýl drops from the spray
nozzle moves relative to the ambient air. The initial velocity of
the motion of fuel drops of various diameterr, is normally assumed
to be the same and equal to the discharge velocity of the fuel or
fuel-air mixture (in the case of airblast atomization from the
spray nozzle. The trajectory and velocity of the subsequent motion
of the drops will vary in dependence on the conditions of the fuel
supply and the parameters of the medium. As a result of the pre-
heating of the drops and their vaporization and also the diffusion
of the fuel vapor into the ambient air, a fuel-air mixture is form-
ed which is continuously enriched by vaporization of the fuel and
which attains a concentration at which the rate of flame propaga-
tion becomes equal to the airstream velocity, thus determining the
position of the flame front. If one takes into account that for
hydrocarbon fuels of relatively light composition (gasolines, ker-osene, diesel oil), the lower limit of stable combustion is deter-

mined by an excess air factor of -3, the combustion concentration
of fuel in the mixture is attained when approximately 30% of the
injected fuel has vaporized. This indicates that only partial va-
porization of the fuel car. take place in the zone of the preflame
processes, mainly at the expense of the small drops. A low content
of small drops (coarse atomizaticn) leads to later formation of
the flame front and, with limited size of the furnace chamber, also
to a reduction in the time available for completing the fuel com-
bustion process- I

A somewhat different point of view concerning the process of'
flame front formation (flame propagation process) is obtained if
one considers the critical conditions for the ignition of a fuel
drop, under the assumption that the ignition of adjacent, not yet
burning drops and, consequently, also the flame propagation in a
two-phase mixture, is possible when the induction period for the
fuel vapor-air mixture forming around the not yet ignited drops is
less tnan the lifetime of the drops already burning [31). In other
words, the ignition of the nonburning drop is achieved by the pro-
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pagation of a spherical temperature wave from an iddJacent burning
drop. In this case, the space separating these drops may be filled
v.1th fuel vapor whose concentratirn is not sufficient for the for-
7,ation of a ccmbustible mixture. With this mechanism of flame pro-
agation, the position of the flame front w2l. be stabilized at a

lower degree of fuel jet vaporization.

The study of the most general case of combustion, i.e.,the
combustion of a flame of atomized fuel, is still in the initial
stage at present. It can merely be indicated that some authors
[32, 33] are inclined to consider a burning flame as a continuous
physical body whose characteristics vary cont-inuously with time Es
a result of the processes of heat evolution and .%olecular interac-
tion taking place within it. A model of the combustion process of
atomized fuel is also proposed, analogous to the coirbustion process
of a homogeneous gas-air mixture [32]. A group of fuel drops of
equal size is introduced into an airstream (Fig. 32) whose motion
takes place in the direction of the x-axis. In the _nterval between
points :nd B, these drops are distributed over thm entire air-
stream and are ignited at point B. Thi process of mixture combus-
tion taking place between points B and C, and the distributions of
temperature and oxygen concentration correspond to the curves in
Fig. 32.

I `

jA 8

Fig. 32. Theoretical flame diagram after Kumagan: 1) Oxygen concen-
tration; 2) temperature.

The combustion of liquid fuel is regarded as a process of the
combustion of its vapor, the drops being considered merely as the
vapor soLrce. It is assumed that the rate or time of vaporization
is determined by a constant corresponding to the vaporization con-
ditions of single drops. On the other hand, the combustion of the
fuel vapor, i.e., the chemical interaction between the fuel mole-
cules and oxygen, takes place under condtiions of a quasi-homogen-
eous mixture at rates which depend on local concentratons, the
reactants and temperature.

Another, basically opposite point of view on the development

of the combustion process of atomized fuel is based on extending
the laws of combustion of single drops to the combustion of the
flame and taking a certain average drop size as the deter:,iining
size [34, 35, 36]. By comparing these points of view it is easy
to see that they proceed from two extreme cases: the process of
combustion of a flame of atomized fuel is either reduced to the
combustion of a homogeneous gas-air mixture and the combustion
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of the indiviauai ruel particles is neglected, or the flame is re-
garded as a simple accumula( on of drops, none ,•f which exerts any
effect on the development of the combustion process of adjacent
drops, and the possibility of the combustion of fuel vapor in the
sDace between the drops is completely neglected. The problem as to
which of these viewpoints is more applicable to the case of the
flame combustion of heavy fuels can obviously be resolved by an-
alysis of data on the structure of burning flames.

investigations 'f flame structures in two-phase fuel-air mix-
tures have begun only very'recently and the basic laws of the com-
bustion process of atomized fuel have been insnffic.ently clarified
to date. The basic problem in these investigations Is to decide to
what extent the laws discovered in the studies on the combustion of
single drops can be applied under the conditions of their combustion
in flames. The necessity for resolving this problem arises fromi the
fact that the basic premises used in the analytical description of
the process of the conbustion of a single drop are correct either
for very small or for large drops. Thus, for example, the assump-
tion of spherical symmetry in tue combustion zone is Justified only
for small drops where the convection (urrents arising around the
burning drop do not play any sir'nifictrit part. On the other hand,
the hypothesis of the stationary nature of the combustion process
for the drop applies only to drops witti larger diameter. Moreover,
the ascertained dependence of the combur.stion constant on external
con'itions, such as the air temperature 6nd the oxygen content in-
dicates that the conditions of combustion of the drop in a flame
must differ in some way from the conditions of its combustion in
infinite space.

The investigation of the general structure of a flame of fuel
atomized in tarbulent air [37] showed first of all that such a flame
is not homogenecus. Photography of a free flame revealed that with
relatively long exposures (0.5 s), the entire combustion zone of
atomized kerosene is uniformly luminous. As the expoosure time Is
reduced, the general luminous background of the flame disappears
and clearly distinguishable traces of burning drops in the form of
bright bands appear against the continuous background of the flame.

Lowering the initial temperature of the mixture had the conse-
quence that the general background of the flame was broken up into
individual regions surrounding the bright tongues of flame. With
further decrease in the temperature of the mixture and, consequent-
ly, also the initial concentration of thŽ vapor phase, the back-
ground disappeared completely. Based on these data '.t is concluded
that 'here is no continuous flame front at low taitial temperatures
of the mixture and at low fuel vapor concentration but that combus-
tion of single drops as well as of their aggregates takes place
[37]. When the temperature of the mixture and the initial concentra-
tion of the fuel vapor is increased, a continuous flame front can
be formed. However, the individual foci of burning drops are pre-
served in this case as well.

Photographic exposures with great enlargement (19x) and uzing
the principle of optical compensation made it poEsible to maKe in-
dividual fuel drops and te distances between them visible. it was
found that the picture of the combustion zones is far more blurred
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than the pictures of the droos. This indrjIctes [3R] fh ... ..--
tion zones are m~iore easily entrained by the turbulent pulsations of
the airstrerm than the drops so that they can occupy the most di-
verse posit-ons relative to the latter. Although individual combus-
tion zones are formed around drops as well as arotn'd groups of drops,
they do not all burn simultaneously. In Reiference [39] it is pointed
out that during the combustion of fuel under flame conditions, va-
porization of the drops into the hot medium takes place in some
cases with subseqaent comibusLori uf Whe fuel vapor at a uezi-aiiz dis-
tance from the drop. It should be remembered in any anglysis of
these data that they were obtaired during studies on flames of com-
paratively light fuels (kerosene and gasoline) which have high vapor-
ization characteristics.

The authors used the phenomenon of flame ionization for the
study of flame structure in atomized diesel oil.

If two electrodes to which a certai.n voltage is applied are
introduced into the burning flame, the conductivity of the inter-
electrode space is considcrably increased by the Ions formed in
the flame. The ton concentration, in turn, will be determined by
the properties of the fuel and the temperature end compositien of
tne mixture [40, 41, 42, 43, 14].

As investigation results have shown, the ionization current,
at the temperatures of the combustion products of kercnine, i.e.,
approximately 500 0 C, Is an intermittent curve with individual pro-
nounced peaks, the frequency and amplitude of which characterize
the quantity and temperature of individual volumes of Combustion
produczs passing througi the interelectrode space. The oscillo-
graphic trace of the ionization current CF1g. 33) attests to the
existence of a certain constant component of the ionization cur-
rent corresponding to the general ionization level of the combus-
tion producti and their temperature. The ionization current curve
obtained for combustion products with a temperature of about 1000 0 C
(see Fig. 33, A) does not have any separate and pronounced ioniza-
tion current peaks such as were observed at lower temperatures. A
study of the ionizabion current of a pulsating cold flame (-250 0 C)
shows (see Fig. 33, C) that this flame consists of separate burning
volumes of vapor, the nmnber of which is not ronstant in time for
any point of the flame. Oscillographic recording of the ionization
current during ignition and combustion of atoulzed fuel in a tur-
bulent airstream tuder various conditions generally gives the same
pattern (see Fig. 33, D) with three clearly distinguishable re-
gions typical for this process: a region of initial flame ignition,
a .'egion of flame propagation from the original combustion focus
over the whole volume of the flame and a region of steady combus-
tion. At the initial instant of time when the electric discharge
takes place in the cold fuel-air mixture and ignites this mixture,
the sensor records individual flashes of ionization current whose
source is the electrical discharge itself (line 1 in Fig. 33).
The ignition of the fuel can be judged from the lines of dynamic
alr pressure (line 3) which rises strongly at that instant. During
the subsequent period, propagation of the flame from the initial
focus over the flame volume takes place as indicated by the varia-
tion in the nature of the ionization cur-ent curve and the curve
of the dynamic airstream pressure.
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Fig. 33. Typical ionization current osciilograms: A) t A1000AC;

B) t = 5000C; C) t = 2500C; D) ionization current in a flame of
atomized fuel. a) Lean mixture; b) rich mixture. 1) ionization
current; 2) time; 3) dynamic air pressure.

During this time, the sensor records individual, as yet weak-
ly Ionized volumes passing through it. In the region of the sta-
t~onary process, the sensor records clearly separate ionizaton
current peaks with considerably greater amplitude than in the re-
tion of flame propagation. In this case, howe,-er, the lower l~mit
of all flashes is the line of zero or initial ionization and the
nature of the ionization current is analogous to that shown in

mixture (see Fig. 33, D' one observes a marked shortening of the
period of flame propagation and also higher ionization currents.
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The data obtained by the authors and other researchers in the study
of Ionization in atomized fuel flames, unfortunately, do not pro-
vide any means at present to determine tne source of the pulsa-
tions in the ionization current: separate burning drups, group of
these or separate large foci of burning vapor. These pulsations
are ascribed to separate hot volumes of gas [44] because the size
of the drops is much less than the dimensions of the sensing elec-
trodes.

From our point of view the probability that individual burning
drops can produce an ionization current is fairly great. It must
be remembered here that what is important is not the diameter of
the drops, estimated at 0.1-0.4 mm, and not even the radius of their
combustion zone, which is 6-10 times greater than the drop size,
but the region of high-temperature combustion products which ex-
tends around the drop to a distance of 20-40 drop diameters, which
amounts to 2-4 mm, i.e., a distance comparable with the distance
between the sensing electrodes.

Thus the results of the investigation into the structure of
a burning flame of a two-phase fuel-air mixture (mainly of light
fuels) permit the conclusion that the combustion of atomized fuel
can take place in the form of combustion of separate drops or
groups of drops as well as the combustion of a gas-air mixture.
Direct data on the flame structure of heavy residual fuels of the
petroleum and cracking residue type are not available. However,
based on the data given in Chapter 1, it can be assumed with a
sufficient degree of reliability that the process of combustion of
a heavy fuel flame develops under conditions of a more discrete
flame structure. This does not mean, natu:ally, that during the
combustion of a heaw• fuel the combusticr of its vapor in the
space between the drops is excluded. However, as follows from the
data of Chapter 1, their quantity is determined not so much by the
properties of the fuel as by the external combustion conditions, if
by this is meant the temperature, velocity and composition of the
air and also the size of the drops in the flame. Depending on
these conditions, the quanrtity of fuel vapor which leaves the in' -
dividual combustion zone of a drop of heavy fuel will vary in
both directions, remaining, however, always much less than for
drops of a light fuel under identical conditions. It follows from
this directly that in the combustion of heavy fuels, the entire
sequence of elementary stages, observed during the development of
the process of combustion of single drops, is preserved in the
main, although the duration of each of these stages will be affect-
ed by the presence of the other drops in the immediate vicinity.

7. PREHEATING AND IGNITION OF THE FUEL FLAME. MUTUAL EFFECT OF
DROPS

As was shown in Chapter 1, one of the decisive factors
which determine the preheating of the fuel drops in the initial
region of the flame is the temperature of the gas medium. However,
it is not yet possible to give an analytical expression for the
laws of variation in airstream temperature in the zone of the
preignition processes under real conditions. For the stmplest con-
ditions of flame preheating In a symmetrical stream with uniform
drop distribution in front of the flame, the temperature varia-
tion in the stream can be approximately descriced by an equation
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or toe rorm
I wx\tc =toJ(t,- ) exp -- -- ,(2.1)

where t is the temperature of the airstream at a distance x

from the flame front; to is the initial temperature of the air-
stream; t is the temperature in the flame front; w is the vel-
scity• ofhc ci rs t-ream along the normal to the flame front; a is

the thermal diffusivity of the medium.

Analysis of this equation shows that the temperature at each
point of the preignition region of the flame is the higher, the
higher the initial temperature of the airstream and the flame front.
Increasing the velocity of the stream lowers this temperature. The
combined effect of these factors has the result that the region
within which an intense temperature rise is observed is relatively
narrow and that the preheating of the drops is mainly determined by
the initial temperature of the airstream. This is of very great
significance for heavy fuels since much higher air temperatures are
required to accelerate their preheating (see Chapter 1, §2). Ac-
celerated preheating of the fuel flame is achieved primarily by in-
creasing the initial temperature of the airstream and by intense
turbulence. Both these problems are solved in practice by producing
a rotary motion of the airstream by means of various types of tur-
bulent flow devices, mainly vane impellers. For practical calcula-
tions it is normally assumed that the air temperature in the input
part of the heating device remains constant. and ranges for viariousdesigns of frontal structures and furnace chambers from 600 to

10000 C. Under these conditions, the preheating of the fuel Jet can
be approximately calculated in accordance with the laws of preheat-
ing and vaporization of single drops of liquid fuel, given in
Chapter 1.

Highly interesting in the discussion of the preheating of the
fuel jet is the role of radiative heat exchange in the total pro-
cess of drop heating. The amount of direct data in the literature
on the effect of the radiant heat flux from a burning flame in the
process of heating of individual drops is extremely small. Thus,
for example, it follows from the data presented in Chapter 1, §1
and in [45, 46] that the fraction of the heat radiation for each
drop is negligibly small because the drop sizes are very small.
However, in a real flame the quantity of such fine particles is
fairly large and under certain conditions they can, as a whole,
form a large heat-absorbing area.

Theoretical examination of this problem shows [47] that if a
mixture consisting of a large number of small drops is subjected
to the volume effect of radiative heat flux, each particle receivesradiation from all sides because of the strong scattering of this
flux by the other particles. Hence the particles of vaporizing li-

quid are rapidly heated and this intensifies vapor formation. Under
tne real conditions of preheating a fuel flame, the effect of the

radiative component is clearly exerted only on the drops in the
direct vicinity of the flame front, whereas the more remote drops
are shielded by this layer to a considerablc degree.
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Fig. 34. Schematic represent-ýtion of flame propagation in a two-
phase mixture: A) distance between drops; r ) radius of combustion

zone, r V) distance frnm the center of the burning drop to the igni-

tion point; rk) ra -, of unignited drop; Ct.k) fuel vapor concen-

tration at the surface of an unignited drop; Ct.v) fuel vapor con-

centr'ation at the ignition point; Td) combustion zone temperature;
Tv) ignition point temperature.

The ignition of the fuel flame is determined primarily by the
conditions of flame propagation in the space between two adjacent
drops. In accordance with [9] let us consider the idealized igni-
tion conditions for a fuel drop located in the immediate vicinity
of a burning drop. We assume that the distance befeen the centers
of the drops is A, that this does not vary with time and that a::
processes take place in the absence of any convection (Fig. 34).
The temperature field around the burning drop can be approximately
described by an equation of the form

where T is the temperature at a point in the space around the drop,
determined by the instantaneous radius rg; T is the temperature in
the combustion zone, and rg the radius of the combustion zone.

The distribution of vapor around the unignited drop can be
characterized by the relation

4 '(2.3)

where Ct k is the vapor concentration at the surface of the unigni-

ted drop; rk is the drop radius and r1 is the current rodius which

characterizes the point in space under consideration.
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The radius rl is correspondingly equal to

r, = A--r. (2.4)

The concentration of fuel vapor at the point in space with the

tenmperature T carn be calculated as

c, = C,. .- a'r (2.5)

At this point, the induction period of the fuel vapor is de-
termined by the equation

exp (2.6)

We seek the point in space where the induction period is at
minimum. The coordinates of this point can be obtained by 6 "-remum
analysis of Eq. (2.6). In this case, the radius rv of the 1,'tion

point is expressed as

r, M ( + Q) - YrQ4- 104 (2.7)
2

where

C, (2 V;RTr) (2.7a)

The distance between the drops for the case of uniform distri-
bution o the drops in space can be expressed by the excess air
coefficife' a

A-4fa.,-Z-t (2.8)

where yv and yt' respectively, are tae specific gravity of the fuel

and the air; Z0 is the quantity of air theoretically required for
combustion per unit weight of fuel.

The ratio of the combustion zone radius to the drop radius can
be assumed to be constant, i.e.,

-L-• = idem (2.9)

Taking into account p.9) and (2.8j. we see that the coordin-
ates of the ignition point are a function of the drop radius and
the air excess. By introducing Expression (2.8) into the equation
for- the inductiun period, we obtain, after transformation, the
following:

nA - ." (a). (2.10)

- 68 -



f

where f(a) in turn is determined by the quantities

,. (2.10a)

Using the critical Condition for the ignition of a fuel drop
in a flame as an equation for the combustion time of the drop and
the induction period of the fuel vapor, it can be shown that witb
increasing drop diameter the lower limit of flame propagation is
shifted in the direction of large excesses of air. In other words,
stable ignition of large drops, other conditions being equal, is
achieved when the distance between them is large.

Of some interest is the problem of the initial ignition of the
fuel flame. In the specialized technical literature which deals
with the problems of the organization of combustion processes, the
problem of the initial Ignition is usually considered as secondary
because the ignition of the fuel jet in any heating device, whether
this is the furnace of a boiler or the combustion chamber of an
engine, is effected from a secondary source (pilot flame, sparkplug,
etc.).

Z,,4

oa a

j •2 I82 ÷Z • .#••

Fig. 35. Lower limit of flame propagation in a two-phase mixture
as a function of the airstream velocity: I) Kerosene; II) diesel
oil; III) mixture of 75% diesel oil (D) and 25% petroleum residue
(14); IV mixture of 50% D and 50% DI; V) mixture of 25% D and 75% M.

4 1i) kg/m2 L;s.

In beating devices des!gnued for prolonged continuous burning
of the flame in a space surrounded by incandescent walls, •he ini-
tial ignition and its reliability are indeed of secondary impor-
tance. However, the role and importance of the initial ignition
increases immeasurably for heatihg devices whose operating condi-
tions require frequent stop• and where the combustion process
takes place in a completely shielded spaces with walls whose tem-
perature and oapacity for heat aceutnudation are In~adequate to make
spontaneous Ignition of the injected fuel possible. These heating
devices include the combustion chambers of gas turbine engines,
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particularly of the transport type, the furnaces of automated heat-
ing devices with relatively small capacity, industrial furnaces,
etc. Small pilot flames, nozzles or special electrical igniters
have been installed in recent times even in large furnaces to ig-,
nite the flames of the main burners in the case of flame interrup-
tion. Observations of the process of initial ignition for a flame
of atomized liquid fuel, carried out by the authors on a model
whose forward section was equipped with long high-k/oltage spark-
plugs, have so.n th.at stablc ignition of the flame in each speci-
fic case occurred only at a certain fuel-air ratio.

Curves were obtained for various versions of air flow rate
and fuel grades, which show the region of stable ignition of the
inivestigated fuels under given conditions (Fig. 35). The experiments
show that the range of stable ignition for various liquid fuels is
narrowed with deterioration in fuel grade. With all the investigated
fuels, the limit of stable ignition increases to a certain value
with increase in the air flow rate and degree of turbulence of the
airstream (Re = 20-100,300) and then decreases again. The widest
range of stable ignition is obtained by the use of kerosene and
diesel fuel and the narrowest by the use of fuels similar in compo-
sition to the light petroleum residues. From Fig. 35 follows also
that the hydrodynamics of the airstream exerts significant influ-
ence on the process of primary ignition of the flame. With increase
in the degree of turbulence of the airstream, characterized by the
Re number, the conditions for the formation of the mixture and the
ignition of the fuel at higher air excess values are improved. It
can be assumed that at high airstream velocities and low fuel flow
rates, the formation of local foci of inflammable fuel-air mixture6
is possible in the discharge region whereas the entire volume of
the heating device below the airstream is filled with a lean mix-
ture outside of the ignition range.

The above-discussed mechanism of flame propagation in a two-
phase mixture makes it possible to account for the phenomena ob-
served during the period of primary ignition (in particular, the
appearance of alternating flashes) by the fact that during the ini-
tial period the distances between IndiVidual groups of drops are
above critical. In this case a flame focus arising in the discharge
region cannot be propagated over the entire flame. Propagatioh of
the flame becomes possible only when increased fuel consumption
results in an increase in the spray density and, consequently, to a
shortening of the distance between the drops to the required value.
Since the formavion of the cloud of fuel vapor around a drop of
heavy fuel requires more time than for light fuels, the distance
between the drops must be smaller, and this is possible only with
higher fuel consumption (with richer mixtures). An increase in the
turbulence of the airstream initially has a positive effect because
the flame focus which has appeared and the unignited drops are
given a relative motion to.,ard each other, which shortens the dis.-
tance between them. A furth,'r increase in the turbulence and trans-
lational velocity of the airstream improves mixing, but at the same
time shortens thr contact time between the burning and nonburning
drops, which skifts the boundary of stable ignition in he direction
of richer mixtures.

The boundary variations in the stable ignition regicn with
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dete... rat.... n . fu.. quality 1:s also explained by the fact that
the process of flame propagation from a local focus takes place by
beat transfer to adJacent nonburning drops. For heavy fuels, suc-
cessive ignition of the drops can be attained only when they are
closer together or when the burning and nonburning drops are in
loner contact, which is azhieved by efficient atomization and large
fuel consumption.

8. DROP COMNUSTION TIME IN A FLAME

As shown In the foregoing, the general sequence of elementary
stages in the combustion process during the combustion of a single
drop in the flame should be preserved, although the duration of
these stages will be directly affected by adjacent drops, thus mod-
Ifying the combustion conditions. This change in conditions is
characterized, on the one hand, by a variation in the temperature
conditions of the processes of preheating, vaporization and com-
bustion for each drop and, on the other hand, by a variation in
the combustion conditions for the fuel vapor owing to the decrease
in the percentage o::ygen concentration in the ambient medium. The
presence of several simultaneously burning drops in the vicinity
of a nonburning drop promotes its rapid preheating and intense
vaporization. The fuel vapor thus formed can ignite and burn only
when there is a sufficient quantity of oxygen around this drop.
However, this may not be the case if the oxygen in the vicinity of
the drop is consumed in maintaining the combustion of the adjacent
drops. Thus, in this case, the processes of fuel preparation are
intensified, whereas the process of fuel-vapor combustion is slowed
down, it not completely stopped, and the drop is then subjected to
vaporization only. The presence of turbulent pulsations with high
intensity can also result in detachment of the combustion zone
from the drop and thus modify the combustion conditions for each
drop. The combined effect of all these factors obviously cannot be

7 -

Fig. 36. Schematic representation of apparatus for the study of
the combustion of a flat flame of atomized fuel: 1) Camera; 2)
flame; 3) strobe lights; 4) semitransparent mirror; 5) air turbine;
6) disk atomizer; 7) fuel supply.

analytically expressed so that the study of the laws of combustion
of a drop in a flame is carried out only experimentally. Investiga-
tions of the features of combustion in a fuel drop under conditions
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I
or light fuel flames [48, 49, 50i showed that in this case the re-
lationship between the square of the drop diameter and its combus-
tion tlme is basically retained. However, the magnitude of the

combustion characteristic differs from that for a single drop. An
estimate of the combustion characteristic [49] for the case of com-
bustion of a group of drops with approximately equal initial diam-
eters shows that the value of k is about half that for the condi-
tions of a single drop. These data were obtained by photographic
recording of the drop size in an apparatus which is shown schemati-
cally in Fig. 36. Uniform atomization with regard to drop size was
achieved by rotating (8000 r/min) a disk atomizer which yielded an
average drop size in the flamc of 90-100 pm. The fuel drops formed
at the edge of the disk atomizer, during their motion in horizon-
tal trajectory, passed through a small flame of a gas burner which
ignited the drops, forming a flat flame. Part of this flame was
photographed at certain time intervals in the transmitted light
from two alternately actuated strobes. By means of these photo-
graphs, the mean velocity of the drops and the nature of the varia-
tion in their initial diameter could then be determined.

Fig. 37. Schematic view of apparatus for the study of the combus-
tion process of atomized fuel in a turbulent airstream: 1) Electric
motor; 2) tube; 3) nozzle; 4) pilot flame' 5) turbulent mixing de-
vice; 6) combustion chamber; 7) hampler; 8) liquid nitrogen traps;
9) gas meter, A) Air; B) fuel.

An analysis of the data presented in [49] reveals the exist-
ence of a linear relation between the square of the drop diameter
and its combustion time. The slope of the correspolniing curves in-
dicates the invariability of the combustion constant for a given
fuel type, Comparison of the conbustion constants obtained in [49]
with the correspaonding values for single drops shows that the value
of k for drops buring in a flame is approximately half that of a
single drop buring in an infinite medium,

A slightly different method of investigating the special fea-
tures of drop combustion under flame conditions was used in [50].
Simultaneous use of gas analysis and photography of the drops made
it possible to trace the time variation of the completeness of
combustion of atomized fuel. The apparatus iz schematically showz
in Fig. 37.

Analysis of the number and sizes of fuel-drop images along
the streamline [50) gave us an idea of the nature of time varia-
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tion in the mean drop diameter. The variation of this diametercharacterized the quantity of fuel vaporizing in the various sec-

tions of the flame, while the sizes and numbers of drop images at
each point of the flame make it possible to judge the quantity of
unburned fuel.

An analysis of the gaseous combustion products at these points
of the flame makes it possible to deterrnne the portion of the fuel
that has been burned on the basis of the quantity of C02 and CO.
Comparison of these data made it possible to trace the nature of
the combustion process along the streamline and, consequently, the
variation in time. Despite some scatter of the points, there is no
great difference between the completeness of combustion of the

fuel as determined by the two independent methods. The quantity of
vaporized but unburned fuel is practi-ally nil or negligibly small

The mean value of the combustion characteristic for the in-
vestigated operating conditions is smaller by a factor of approxi-
mately 1.5 than in the test6 on single drops. However, they are in
fairly good agreement with the experimental data, on the combustion
characteristic of a fuel drop which forms part of a group of drops
[50].

An analysis of the images also shows that the lifetime of
fairly small drops (20-60 pm) in a turbulent flame can be several
times longer than their combustion time under conditions of an
infinite medium. The difference between the lifetime of the drop
in the flame and its combustion time is considerably reduced with
increase in the initial diameter. This is explained by the absence
of simultaneity in the ignition and combustion of all fuel drops
which enter the burning flame and it is proposed to take this into
account by introducing into the original equation of drop combus-
tion the probability function

do ; = n ) ()

where f(p) is some probability function. -

The largest values for f(p) are found for large drors which,

owing to their great inertia, virtually do not react *o the tur-
bulence pulsations, in consequence of which the combustion zone
around them is the most stable. For small drops, the combustion
probability also increases with time and is virtually equal to
unity in certain flame sections.

Thus, the results of the investigations into the features of
drop combustion under flame conditions provide h basis for the
assumption that during the combustion of atomized fuels the com-
bustion time of the largest fuel drops corresponds approximately
to that for single drop combustion whereas the comhustion time of
the small drops may considerably exceed the combustion time of
the single drop. Drops of medium size obviously burn with a com-
bustion constant smallcr by a factor cf .15-2.0 than under the
conditions of a single fuel drop. It must be emphasized here that
all these results were obtained in studies of the combustion pro-
cess of fuels such as benzene, gasoline or kerosene. However, data
on the combustion time or rate of a drop of heavy fuel under fla:ne
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conditions are not yet available.

9. FORMATION OF SMOKE AND CARBON DEPOSITS DURING THE COXBUSTION
OF HEAVY FUELS

One of the features of the combustion process of atomized
heavy fuels in furnaces for the most diverse applications is
the consiuerable smoke content of the combustion products and
the copious formation of carbon deposits on relatively cold sar-
faces of the furnaue or gas conduits.

A large number of theoretical and experimental works [51-60]
is devoted to research into the physical properties of smoke and
carbon deposits as well as the causes of their formation. Despite
this, accurate concepts of smoke, deposits, soot and other solid
residues of the incomplete combustion of liquid fuel have not yet
been developed.

Smoke is a term conventionally app)led to solid particles of
carbon which are ejented into the atmosphere together with the
gaseous combustion products, and carbon deposits are the part of
the unburned fuel which is deposited on the cold surfaces of the
furnace chamber or gas conduit together with ash.

Despite its artificiality, this division of concepts in prin-
ciple gives an indication concerning the two independent sources
or causes of the formation of smoke and carbon deposits.

The fuel vapor formed at th,.e drop surface is subjected during
its motion toward the combustion zone to further heating by the
surface temperature of the drop to the temperature of the combus-
tion zone. The temperature of the drop surface during combustion
does not exceed 400-500 0 K; whereas the average temperature of the
combustion zone amounts t(, 1800-19000 C. Thus, the conditions of
existence of the fuel -apors up to the instant of their combustion
correspond to the .nditions of intense cracking and high-tempera-
ture pyrolysis.

The basic cracking reaction of low paraffin hydrocarbons is
decomposition of the carbon skeleton with formation of free radi-
cals which react with undecomposed molecules, causing their dehy-
drogenation and the formation of unsaturated hydrocarbons of the
olefin type. The multiatomic (higher) homologs of methane are split
into molecules of saturated and unsaturated hydrocarhors of lower
molecular weight. This process is also .. companied by the splitting
off o.' a certain number of hydrogen atoms. The decomposition of the
unsaturated hydrocarbons proceeds more readily and in turn is ac-
companied by evolution of hydrogen in consequence of tho reaction
between the free radicals and the molecules. The dehydrogenation
of the olefins and the synthesis of aromatic hydrocarbons begins
at 7000C.

Ethylene at 14000C is almost completely dehydrogenated tn
acetylene, the simplest of the aromatic hydrocarbons. As a result
of the chemical transformation processes, a fairly strong dehydro-
genation takes place, i.e., copious evolution if hydrogen. At
higher temperatures, the hydrocarbons decompose further as they
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approach the combustion on The pOssibility of the complete de-
composition Of molecules with the formation of free carbon and hy-
drogen cannot be excluded. Based on these ideas, it Qan be assumed
that the combustion process of the fuel vapor develops in the
following way. As a molecule of hydrocarbon with fairly complex
composition moves into the combustion zone and is heated, it is
decomposed with loss of a certain number of hydrogen atoms. The
freed valency bonds of the carbon combine, forming unsaturatec
compounds. Further heating leads to further dehydrogenation of the
molecule and the formation of free carbon.

In the reaction zone, the hydrogen combines with atmospheric
oxygen. The energy liberated during this is partly consumed in the
breaking of bond3 between the carbon atoms which can ther. combine
with oxygen. In consequence of a possible local oxygen deficiency
the unreacted carbon atoms should move further away from the com-
bustion zone into the ambient medium which is richer in oxygen.
During this motion, the temperature of the medium drops; the rate
of the temperature decrease is entirely determined by the external
conditions.

The carbon bonds may then again join, forming stable carbon
compounds which cannot combine with oxygen under these conditions.
Thus it can be assumed that smoke is always formed in the combustion
of any industrial fuel, be it gasoline or fuel oil burned in atom-
ized form. Differences in the grade of the fuel and its structure
mainly determine its greater or lesser tendency to smoke formation.

As the smoke forms in the outer part of the combustion zone it
would be natural to assume that by creating suitable conditions for
the complete combustion of the smoke (ozygen and high temperatiu-e)
smoking can be considerably reduced or completely eliminated. As in-
vestigations showed, a jet of smoke formed in a diffusion flame
was readily burned in a secondary Bunsen flame [60, 611. It was al-
so found that maximum smoking of furnaces is observed during the
kindling period when the walls enclosing the flame are cold and tire
heat radiated by the flame is completely absorbed by them. As the
furnace heats up, smoke formation diminishes and may disappear al-
tugether under certain conditions.

When examining the conditions for the formation of carbon de-
posits, a distinction must be made between the deposits wh'ch form
on cold surfaces and the unburned fuel which is entrained with the
combustion products. The caraon aeloscits observed on the walls of
furnace chambers and gas conduits is of very diverse composition.
forming either a soft downy deposit or hard, brittle coatings.

A microscopic study of carbon deposits [53J showed that soft
deposits consist of almost spherical particles embedded in an amor-
phous binder substance, while the hard deposits are a vitreous sub-
stance. It is assumed that solid carbon deposits consist of petrol-
eum coke, formed as a result of liquid-phase cracking, subsequent
pyrolysis and, finally, coking cf the fuel whIch ha3 come into
contact with the wall. The wall temperature plays an important part
in this [62, 63, 64]: if it exceeds 450-500 0 C, deposits of carbon
are not observed even during the combustion of heavy fuels. in real
flames the process of complete drop combustion, by virtue of some
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S.thc.r c ,rcumtances (iinadequate a~mizatlon, low temperature
level of the process, etc.) may not terminate within the furnace
volume and in this case the party• or completely coked drop will be
entrained into the atmosphere together with the gaseous combustion
products or precipitated oD the furnace of gas conduit surfaces of

Sthe boller.

This brief discussion of the conditions of formation of smoke

and cartbonaceoub deposits thus allows the conclusion that during
the combustion of heavy hydrocarbon fuels in general and, particu-
larly, of fuels rich in aromatic substances, smoke is always form-
ed and its subsequent elimination is determined by the e'ternal
conditions, i.e., the presence of oxygen and high temperature.
The formation of scaling is determined by the properties of the
fuel, mainly its content of tar-dsphaltene substances as well as
by the combustion conditions which in turn are determined by the
quality of atomization, the temperature and hydrodynamics of the
flame. These factors exert a direct influence on the time required
for the complete combustion of the liquid phase and the coke resi-
due within the furnace volume.

On the basis of these assumptions one has to be very careful
with regard to various "radical" methods of combating the formation
of smoke and carbon deposits during the combustion of liquid fuel,
publicized fair' 'requently in the recent literature !continuous
electrical diL Pge [65], steam sirens, etc.).

These methods to combat the formation of smoke and carbon de-
posits during the combustion of heavy fuels were based on the de-
sire to improve and accelerate the combustion process of each drop
by acting on it from without, for example, by a high-voltage dis-
charge or high-frequency sound vibrations. In the first case it
was thought that the electric discharge with its enormous energy
instantly breaks up all molecules of heavy hydrocarbons with for-
mation of a large number of active particles and the evolution of
a large quantity of heat. These particles and the high-temperature
wave propagating from the discharge zone should serve as some kind

of activator. However, as special tests carried out by the authors
have shown, such an effect is not observed within a very wide range

of variation in furnace loads and combustion cnnditions.

By using high-frequency vibrations (produced by steam sirens,
etc.) for the intensification of the combustion prccess of atomized
Pie!, it was hoped to achieve an effec6 of combustion acceleration
through an improvement in the supply of oxygen from the ambient air
and by accelerated removal of the combustion products from the com-
bustlon zone with vibrational motion of the air around the burning
source. This proposal is correct in principle since it corresponds
entirely to the experimental data obtained in the study of the com-
bustion of moving drops. For the flame as a whole, however, it is
less convincing. The fact is that a sound wave is subject to con-
siderable modification when it passes through a medium of differ-
ent density, such as a burning "lame. The combustion zone -around
the individual drop is a very effective shield for the sound waves.
A large number of drops located around the source of the sound
waves represents a shielding zone whlch prevents the vIbrations
from penetrating into the depth of the flame. An experimental check
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of' this hypothesis, carried out by the authors in a booster cham-
ber, completely confirmed this assumption.

From our point of view, the most effective means of combating
smoking and formation of carbon deposits is the correct management
of the combustion process, based on accurate knowledge of the laws
of combustion of liquid fuel and all its stages. Practical means
of combating smoke and deposit formation are a high process tem-
perature level, efficient atomization and thorough mixing.

10. COMBUSTION OF LIQUID FUELS WITH MODERATE AND HIGH SULFUR CON-
TENT

The use of liquid fuels with moderate and high sulfur content,
the percentage of which in the nation's fuel balance is increasing
steadily, has revealed great technical difficulties at large power
stations in connection with the intense wear of the heating sur-
faces and their corrosion. The ash formed on combustion of fuels
with moderate and high sulfur content is deposited on the convec-
tive heating surfaces and reduces their performance Afficiency

which results in a lowering of the general economic indicators of
the entire installation. Moreover, ash deposits and corrosion great-
ly reduce the reliability and service life of the outlet surfaces
in contact with the waste gases and thus of the entire unit [66-69].

The most comprehensive and systematic data on the performance
of boilers operating on high-sulfur fuels are given in [69]. In
the PK-10 steam boiler furnaces (230 tons/h, 100 kgf/cm2 , 5 10,0
and in the BKZ-210-140F (210 tons/h, 140 kgf/cm2 , 570 0 C), stabilized
high-sulfur- crude oil from the Arlan deposit with a sulfur content
of z3% and sulfur-rich petroleum residues of -he ,120-M40 grades
from the Ufa NPZ petroleum production plant' were burned. The fur-
naces of these boilers were equipped with burners and frontal
switchchambers (540 mm diameter for the PK-10 boiler and 530 mm
diameter for the BKZ boiler) and with centrifugal spray nozzles
with a fuel capacity of 1100-2500 kg/h.

Observation of tne combustion process showed that the %isible
flame virtually filled the entire furnace space and terminated
1-2 m from the hingle plate.

The temperature in the core of the flame was virtually inde-

pendent of the type of fuel and varied within the range of !6000C
(crude) and 16600C (petroleum residue). However, the temperature
field was greatly modified on transition from crude oil to petrol-
"eum residue. During the combustion of Arlan crude oil the flame
became shorter and the temperature gradient along the flame was
steeper than in the petroleum residue flame. With decreasing a, the
length of the flame Increased slightly. At the same time it was
found that the location of the burners greatly affects the temper-
ature distribution within the flame.

By variation of the air flow rate with simultaneous sampling
of the combustion products and the determination of their gas com-
ponents, the authors of [69] were able to establish that under cer-
tain conditions of combusticn of petroleum residue (insufficient
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turbulence of the air and other factors), heat loss due to chemi-
cally incomplete combustion can occur even in presence of consid-
erable air excess. Thus, chromatography revealed the presence of

H2 CO and CH4 in the combustion products; a curve of the losses
as a function of the chemical incompletc:•;-s of c-nmbustion in the
presence of excess air was plotted on the basis rof the data thus
obtalned (Fig. 38). The heat losses due to mech•,nical incomplete-
ness of combustion during the combustion of petroleum residue
amounted to 0.05-0.1% and with Arlan crude oil unounted to 0.01%
and less.

47- -N TI-
7,1 715 72

Fig. 38. Heat loss as a function of chemical combustion incomplete-
ness in presence of excess air. Q = ll0-30-10s kcal/m3 'h. Various
nozzles. Fetroleum residte and Arian crude oil.

As in other works, the intense wear of the convective heating

surfaces is pointed out in [69]. Thus, when sulfur-containing
petroleum residue of the M20-M1 40 grades -- atomized by means of a
centrifugal nozzle - is burned, a considerable increase in the flow
re, stanoe of the gis conduit (25 mmn per 1000 h of work) is observ-
ed.despite protectie measures which had been taken (sand-blasting
and introduction of magnesite into the convection part of the
boiler). When Arlan crude oil was burned without sandblasting and
magnesite, ash deposition was intensified and the flow resistance
of the boiler gas conduits increased to 30 mm per 1000 h of opera-
tion.

The foregoing and other examples of the combustion of fuels
with average and high sulfur content above all indicate the factI
that the process of their zozrbustion does not differ in principle
from that of low-sulfur fuels. However, even at a relatively low
ash con;tent in the sulfur-containing fuels, the ash deposits form-
ed on the convective heating surfaces with the conventional methods
of combustion of these fuels lead to considerable trouble in the
operation of the heating device and the entire installation and to
lowerln& of the operational economic indicators.

An analysis of the ash deposits shows that with higher origin-
al fuel sulfur con~nt, ash acidity is increased, which, moreover,
also increases as the flue gases move through the gas conduits of
the boiler [70, ,1].

Th~e basic difference between the deposits formed in the com-
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buht,•tl of sulfiuw-(nrtaining fuels and the deposits formed in the
combustion of low-sulfur petroleum residues is the high content of
vanadiun in the form of the pentoxide V2 0s in the former [72, 73].
Because an increased sulfur content in the ash of the original
fuel is accompanied by an increased vanadiu-a content, the following
forms of corrosion caused by the ash deposits are possible and ac-
tually observed with the usual methods of combustion of sulfur-con-
taining fuels: high-temperature (vanadium) corrosion and low-temper-
ature (sulfur) corrosion

High-temperature (vanadium) corrosion arises through interac-
tion of vanadium-containing asn particles with surfaces at a tem-
perature above 600-650C. The exact mechanism of the corrosive ef-
fect of the fuel ash containing vanadium has not yet been deter-
mined. However, the presence of !v'anadium pentoxide V205 in the ash,
which usually also contains sodium oxide makes it probable that the
corrosive effect of the V10s on the metal results from the melting
of the protective oxide film. In this case the V205 plays the part
of a catalyst.

Vanadium corrosion of boiler surfaces is relatively rarely en-
countered nowadays because the wall temperatures of steam super-
heater tubes hardly ever attains the critical value of -600-650 0 C
corresponding to softening of the V2Q5.

As regards low-temperature (sulfur) corrosion, as indicated
in the foregoing, this is virtually always observed in the conven-
tional combustion of fuels with average end high sulfur content.
This form of corrosion is due to the presence of sulfuric anhy-
dride S0 in the combustion products lead3 to a considerable in-
crease in the dew point so that the flue lases containing 803 dur-
ing their passage through the relatively cold parts of the convec-
tive surfaces permit the combination of the SO3 with water vapor,
forming sulfuric acid. Under these conditions, part of the surface"
with a temperature below the dew point sweats (water economizer
and entrance section of the air preheater). In consequence, the
fly ash sticks to these surfaces and sulfuric acid corrosion occurs
under this ash layer. Beginning at isolated points, the sweating
and ash deposition zone extends to adjacent regions leading to
complete clogging of the entire first preheater stage.

Several methods are currently used to combat ash deposits and
corrosion •f the heating surfaces when liquid fuels with average
and high sulfur content are burned.

The first method, borrowed from the practice of the combustion
of low-sulfur liquid fuels, consists in trying to eliminate the de-
posits by periodic steam-cleaning of the heating surfaces, by wash-
ing them with water or by mechanical vibration of the surfaces of
the coils. However, this method has been abandoned almost everywhere
oecause of its very low efficiency. Cleaning by sandblasting is used
at present [74, 75]. Practical experience with sandblasting equip-
ment has shown that it is efficient in removing the deposits when
they are not sticky. Although it prevents the formation of deposits,
sandblasting is nonetheless not a very effective method of combating
the sulfuric acid corrosion of low-temperature heating surfaces.
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Fig. 39. Dependence of the dew point: a) On particle size; b) on
magnesite dose. 1) MgO = 68%; 2) MgO = 76%. A) Dew point; B) kg/
/ton.

Another widely used method of fighting corrosion at the pre-
sent time is the use of varicus kinds of additives. To prevent van-
adium corrosion, small doses of VNII-NP-702 and other additives
are added to the fuel, and these enter into chemical reaction with
vanadium contained in the fuel ash and bind it. As a result, the
softening temperature of the ash is considerably increased and the
ash becomes friable, nonaggressive and can be readily removied from
the surface. To prevent sulfuric acid corrosion in the gas conduits,
additives are introduced to combine with the SO3 formed during the
combustion of sulfur-bearing fuels. Compositions with a fairly ilgh
content of calcium or magnesium oxide are normally used as ouch ad-
ditives (slaked lime, 50-60% CaO; dolomite: a mixture of 30-34%
CaO, 21-22% MgO and 38-48% Ca0 2 [sic]; magnesite, 92% Mgb and
others).

Addition of 2-3% of the fuel weight of magnesite with an MgO
content of 70% and ground to a dispersit-y of 18% and a mesh size
of 88 pm lowers the dew point by !0-150 C [76]. The total effect of
continuous use of magnesite additive in combination with periodic
sandblasting is quite considerable: the corrosion rate of the metal
is considerably reduced and the duration of boiler operation is in-
creased two to three times. An inlcrease in the fineness of the
magnesite to 65 pm at the same dose lowers the dew points to 100-
90cc. Increasing the MgO content to 76% at a fineness of 75 um re-
duees the dew point to 70-80C. An increase in the dose to 8-12%
of the fuel weight gives a further raduction in the dew point of
the fuel wight gives a further reduction in the dew point to 70-
65 0 C (Fig. 39). Howcver, the positive effect of the additive is
explained not so much by the lowering of the dew point as shown in
Fig. 39 as by the fact that the magnesite on the surface of the
tubes combines chemically with the sulfuric acid, binding it and
thus crying the surface. Hence, the ash particles do not stick to
surface and can be readily removed. As concerns the measurement of
the dew point, it was shown in [77] that the drying effect of the
magnesite on the measuring head of the device led to a fictive
lowering of the dew point. The very low magnesite content of the
flue gases cannot greatly reduce the S0 3 coi.tent by binding and
absorbing it on the magnesite particles since there is a volume of
20-40 cm of flue gas for each average particle [77].
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Fig. 40. Volume concentration of SO in the flue gases as a func-
tion of: a) The sulfur content of the fuel; b) flame temperature.
1) t = 12000C; 2) t = 16000 C.

Attempts were made in some cases to lower the dew point mark-
edly by combined combustion of sulfur-bearing petroleum residue
and gas. An attempt was made in the furnace of a TP-41 boiler to
lower the S03 concentration in the flue gases during combustion
of petroleum residue of the M40-Mloo grades with a sulfur content
of 2.5-3.4% by adding various quantities of natural gas [78]. How-
ever, a positive effect was not achieved although the proportion
of gas was varied within wide limits (from 0 to 62%).

The above data point to the fact that both these trends in
the fight against sulfuric acid corrosion, although fairly good
when used in combination, are not promising because they are es-
sentially passive methods which do not affect the mechanism 4r6-
ducing the aggressive componento of the combustion producýA~and
the ash. Moreover, the use of a whole complex of corrosion protec-
tion measures involves a considerable complexity in the general
technological scheme and, consequently, an increase in the prime
and labor costs.

A novel method of combating ash deposition and corrosion in
the combustion of high-sulfur liquid fuels which differs in prin-
ciple from the previous methods has found application in recent

* times. The principle of this method consists in conducting the
combustion process of the liquid fuel with an absolute minimum of
excess air (a = 1). This (at stoichiometric ratios) prevents the
formation of sulfuric anhydride S0 3 and of vanadium pentoxide
V2 05 in the combustion products. This assumption is based on the
following facts. As numerous experiments have shown, the combus-
tion products of sulfur-containing fuels contain, in addition to
S02, the SO3 formed in a quantity which depends on the sulfur
content of the original fuel and the operating parameters air ex-
cess, temperature, etc.) which is illustrated by the curves of
Fig. 4 0.

During combustion of sulfur-containing fuels, up to 5% of the
total sulfur is transformed into SO3 and the SO3 concentration of
the flue gas can attain 0.005% [79, 80]. The exact mechanism of
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S03 formation during the combustion of the sulfur has not yet been
ccmpletely established.

In sulfuric acid production, as we know, the S0 2 is oxidized
to S03 only under certain conditions, i.e., presen-!e of a suitable
catalyst and relatively low temperatures since SO is unstable at
higher temperatures and decomposes at temperatures as low as
t - 1370 0 C

2S0, -# 2SO, + 0,.

The data of [79] presented in Fig. 40, however, do not agree
with this scheme. As the flame temperature increases, the S0 3 con-
centration in the combustion products increases [79] and at
t z 17500C approaches a certain constant value. The hypothesis has
been advanced in several works [81, 82] that the S0 3 formation dur-
ing the combustion of sulfur-containing fuels is determined by the
catalytic effect of the sulfates, and the iron and vanadium oxide
in the fuel ash and also in the top layer of the heating surfaces.

It is believed that the S0 3 is almost exclusively formed during
the combustion process of the liquid fuel [83]. The SO, yield in-
creases with increase in excess air and decrease of temperature.
The gasification of the liquid fuel vapors moving into the combus-
tion zone of each individual drop and the combustion of the coke
residue as a function of the intensity of the air supply and the
temperature level are accompanied by the evolution of CO, H2 , C2 H2 ,
CH4 and other heavier hydrocarbons and by copious soot formation.
Under these conditions, the formation of S03 is accompanied by re-ducing reactions of the S03 + CO ÷C02 + SO2.
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Fig. 41. Dew point as a function of the air excess: Data of [84]:
1) 3.2% S; 2) 2.42% S; 3) 1.33,' S; 4) data of [69]. A) Dew point.

This mechanism of SO 3 formation, in our opinion, is not highly
probable. It was found from numerous observations that the dew
point of flue gases formed during the combustlon of high-sulfur
fuels, determined by the S0 3 concentration in them, is a strong
function of the air excess [84, 85]. As follows from Fig. 41, the
dew point of the flue gases decreases sharply with decrease in the
air excess and at a - 1.0 it becomes virtually equal to the dew
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point of pure steam, regardless of the sulfur content in the fuel.
This provided a basis for assuming that when fuel-air mixtures are
burned at close to stoichiometriic ratios, the sulfur content of
the fuel is of no importance L84, 85]. Special investigations were
carrIed out on the process of combustion of sulfur-containing fuels
in steam boilers uith extremely small amounts of excess air. The
results of these investigatIons fully eonflirmed this hypothesis.
Whereas earlier, with conventional combustion methods for liquid
fuels with high sulfur content, despite measures to proteAt the
surfaces exposed to the gases against wear and corrosion, It was
not possible to prevent these altogether, all heating surfaces sit-
uated in the flue section of the boiler retained their metallic
luster without the slightest sign o• corrosion and the service life
of the furnace was increased to 26,000 h when the combustion pro-
cess was carried out at values of a = 1.01-1.02. All additional
equipment, installed in the boiler to combat wear and corrosion,
was removed.

Thus, practical experience in the combustion of high-sulfur"fuels with small air excess contradicts data in Fig. 40 and con-

firms the general mechanism of S0 2 and SO3 formation in free oxy-
gen at moderate temperatures. There are also grounds for assuming
reduction of air excess has a positive effect on the hioh-tempera-
ture (vanadium) corrosion since the formation of V2 0 5 takes place
in stages by successive oxidation of the lower oxides of vanadium.
Since the lower oxides of van&dium have higher softening points
than VIO!; the elimination of the possibility of its formation al-
lows nonsiderable increase in the temperature of the heat-absorb:.ng
walls between which the gases pass.

Despite its basic simpliclty, the method of burning high-sul-
fur fuels necessitates the resolution of technological difficul-
ties because of a need to maintain combustion efficiency. Indeed,
in the fuel combustion with a minimum air excess there is the
danger of great losses due to chemical and mecharnlcal combustion

incompleteness because of formation of local stnes with evident
deficiency of air. This is of particular importance in large-vol-
ume furiaces with a large number of burner devices. As the experi-
ments of the VTI [Dzerzhinskiy All-Union Heat Engineering Insti-
tute) and of Bashkirenergo [693 showed, even with conventional
methods of liquid fuel combustion, losses due to chemically incom-
plete oombstion increase with greater nonuniformity in the fuel
and air supply to individual burners (Fig. 42). Reducing the air
excess increases these losses so greatly that the problem of uni-
form loading of the burners becomes dominant.

Moreover, the problem of mixing fuel and air in the furnace
spaie assumes great significaiice when air excess is reduced. Ac-
cording to data in [69] great effect is achieved by increasing
the air velocity at the nozzles to 80 m/s. In this case, the depth
of air Jet penetration becomes sufficient for satisfactory mixing
in varicus parts of the flame. IPxproved mixing of the atomized fuel
with air in the combustion space at low air excess can be achieved
by providing stagewise supply of air to the flame, i.e., by con-
trolling the combustion process in accordance with a scheme simi-
lar to that of gas turbine [GT) (rTY) chambers. Separation into
primary and secondary air makes it possible to shorten consider-
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ably the duration of the elementary stages of the process, to re-
duce the total flame length and to reduce the probability of the
flame extending into the flue of the boiler.

Furthermore, in the conibusv'_cn of atomized fuel with small air
excess, it is necessa',y to maintain the prescribed combustion con-
ditiors during all variations of the load on the unit. These diffi-
cultiab -ian be overcome only when a highly sensitive control system
with low Lag is available.

49-

410 I 4W IM 49W4U 4Z+ 4m #

Fig. 42. Heat losses due to chemically incomplete combus.ion as a
function of fuel and air distribution nonuniformity among the
burners (BKZ-210-140F boilers, fuel, petroleum residue).

The positive effect of this control of the combustion process
also includes a considerable saving in materials, primarily due to
the fact that the large decrease in the dew point of the flue gas
allows it to be cooled to a lower temperatire. This gives a certain
increase in the efficiency of the unit and corresponding fuel econ-
omy. The reduction in the air consumption of the furnace reduces
the electric power required to drive the fans, which also has a
positive effect or the total efficiency of the thermal power unit.
According to the data of [86], the total saving achieved by chang-
ing the boilers to operation with low air excess is estimated to
amount approximately to 20,000C-to 60,000 dollars annually. The
lower figure applies to the saving io the combustion of gas and
petroleum residue and the larger figure, to the combustion of
petroleum residue alone.

Manu-script Transliterated Symbols

Page
No.

66 cp = sr = sreda = medium

66 f = front = ?ront

67 r = g = goreniye = combustion

67 B= v = vosplameneniya = ignition
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67 x = k = kaplya -- drop

67 T oK -- t.k = toplivnaya kaplya =fuel drop

67 .•.B = t.v = toplivo, vosplameneniye = fuel, ignition

68 V.HA = ind = induktsiya = induction

68 B = v = vozdukn = air

68 T = t = toplivo = fuel

69 A = D = Dizel' = diesel oil

69 M = M = Mazut = mazout [petroleum residue]

I
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Chapter 3

ATOMIZATION OF LIQUID FUELS
11. ATOMIZATION PROCESS RELATIONSHIPS

The first theoretical studies of the atomization process were
based on the assumption that the basic and sole cause of the dis-
integration of a jet is the existence of unstable oscillations [87].
Owing to unevenness of the cylindrical walls of the nozzle, vibra-
tion of the spray nozzle, turbulent pulsations, movement of the air
around the jet, etc., the surface of the jet is subjected to initial
perturbations. As a result, the jet begins to pulsate and loses
stability, disintegrating into drops at a certain wavelength or
oscillation period.

The disintegration of a low-viscosity fluid begins with oscil-
lations at a wavelength exceeding the circumference of the unper-
turbed let [87]. On investigation of the discharge of viscous jets
at high velocities it was found [88] that the jet pulsations are
modified with appearance of two kinds of oscillations: axisymmetric
and wavelike, The frequency and wavelength of these oscillations
depends on the flow conditions of the liquid, the shape of the nozzle
aperture [89] and the velocity and physical properties of the liquid
and the medium in which the atomization takes place. A large number
of recent works [90-96] analyzes the different forms of oscillation
(axisymmetric, wavelike) and the conditions under which a jet disin-
tegrates on emerging from orifices with circular, elliptical, tri-
angular, annular and other shapes, Increasing the pressure of the
liquid or the velocity of the ambient air reduces the length of the
unbroken liquid jet emerging from the nozzle virtually to zero be-
cause the fuel is atomized directly at the nozzle outlet. The de-
pendence of the disintegration of a liquid due to vibrational mo-
tions Js extended not only to continuous jets but also to drops [95].

It has not yet been possible to derive equations to calculate
the drop size on the oasis of aa analysis of the vibration processes
in the fuel jet. Hence, the theoretical relations between the length
of the critical (un3table) waves, the flow parameters of the liquid
and the ambient air are used to select the criteria which character-
ize the atomization process.

References [97-101] present equations derived for the calcula-
tion of atomization fineness on assumption that drops are stable
as long as surface tension is greater than the drop aerodynamic
forces.
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a

b

Fig. 43. Disintegration of drops in an airstream: a) Photomicrograph
of the process; b) schematic representation of variation In drop
shape.

The mechanism of liquid particle dis3ntegration can be divided
into several stages. The airflow compresses the liquid drop which as-
sumes a parachute-like shape. This concave film is then ruptured and
smaller drops are formed (Fig. 43). The process of liquid particle
disintegration is clearly evident from the photomicro-raphs of ivar-
ious stages nf drop deformation (see Fig. 4 3a) investigated in [102].

Direct determination of drop breakdown as a function of the
relative air velocity showed that there exists for each drop size
a critical velocity above which the drop disintegrates. The experi-
ments were staged in the following manner. Single drops were re-
leased into the airstream and photographed. It was found that drop
disintegration in various liquids (mercury, wzter, gasoline, kero-'
sene, alcohol etc.) with a diameter of more than 2 mm begins atD kr - 14 [1031. D kWV. ( 1

(3.1)

In a study of free fp'.ling drops the value of D kr varied frcm
15.4 to 30.0 and attained 47.0 in some cases [104).

Invectigatons of the disintegration of small drops (2rk < 2 mm)
showed that the criterion Dkr is not constant and increases with
decrease in the drop diameter [105). In the same reference it is
claimed that for every liquid there existi a maximum drop diameter
which 4s stable in an airstream of any veloclty. The velocity of the
drops under the influence of the airstream was not measured in
these studies so that considerable differences in the value of the
criterion Dkr for large and small drops were obtained. The forces
which cause the deformation and then also the disintegration of
the drops are determined by the relative velocity [1063 which
is greater for large drops at the same absolute velocity of the free
airstream. The conclusion of the existence of maximum drop sizes stable
at any absolute airspeed becomes comprelensible when we take this into
account. The smaller the drop, the greater the relative velocity at
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which its deformation begins. However. --Ith emall drops t ie
time required for the d3eformation it is Impossible to produce con-
siderable relative velocitie6 because these drops are easily entrained
by the airflow and for a short time assume a velocity which is virtual-
ly the same as that of the alrstrean.

Considering the equilibrium of the forces actin on the drop
at the instant of it:.s maximum deformation (see Fig. t3b), let us
'determine the pressure on the Inside where the airstream impinges• on the drop

(3.2)

where p is the static pressure; v is the velocity of the air; w is
the speed of the drop; oV is the air density.

On the lee side, the pressure is
Qr (V - W)"

p,= -- 6 (303)

The force due to the difference cf these pressures at the criti-
cal instant corresponding to the disintegration of the drop should
be equal to the force of the surface tension

tr. (p, - p2) = 4a, (3.4)

where r is the curvature radius of the deformed drop at the thih-
nest paht;

2Q, (v - w)P_ P 2-• 3 "(3.5)

Solving Eqs. (3.4) and (3.5) Jointly, we obtain

2 a•Q.(e -- zv)• = 4ar•.(3. )
3 1Q(%4 ~A 3.6)

whence D = 12 (when w is replaced by the difference (w - v) in

Eq. (3.1).

Based on experimental data, it was found that the ratio of
curvature radius for the deformed drop to drop radius is -3.3. In
the criterion Dkr by replacing the quantity rd by the drop radius,

lie obtain Dkr = 3.63. Processing experimental data of [103, 105]

yielded values for the criterion Dkr within 2.2 to 3.6 for a wide

range of drop sizes. Analytical nalculations carried out on the
assumption of drop disintegraticn as a result of unstable oscilla-
tions (pulsations) gave a value of -kr : 5 [96].

The deviation of the dropshape from the spherical and the
appearance of a hollow result in instability because at the point
of the hollow the surface tension does not counteract the aerodyna-
mic pressure but promotes an increase in deformation which causes
drop disintegration. Hernce, it can be assumed that if the drop does
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not disintegrate, it has a spherical shape, i.e., after atomization,
the flame should contain only spherical droplets. Photomicrographs
of drops In flight confirmpd this assumption because circular silhou-
ettes are obtained in photography of the flying drops r107].

The maximum drop size which can exist in the jet is determined
from the condition of equality between surface tension and aerodynamic
pres sure

2 -(3.7)

where rk is the drop radius; a is the surface tension coefficient
for the liquid; w is the drop velocity; p is the specific gravity of
the liquid and Is the resistance to drop motion.

Solving Eq. (3.7), we obtain

t 40
S= _ *( 3 . 8 )

Comparing Expressions (3.1) and (3.8) for Dkr, we can write the
following relation:

S "(3.9)

Despite the significant differences in the Values of f, obtained
by various authors [10a-1103 experimentally as well as theoretically,
thO resistance coefficient, calculated from Dkr in (3.9), exceeds the
experimental values for a sphere tenfold. This 1ndicates the sharp
deceleration of the deformed drops, which takes place only at the
initial instant of Jet discharge from the nozzle.

Jet disintegration into drops by turbulent pulsation can be
described in the simplest schematic form as follows. On fuel discharge
from the nozzle, particle-detachment from the bauic Jet is prevented
by surface tension which creates a film as a kind of extension of
the nozzle. This film is ruptured under the influence of the turbu-
lent pulsations and the let disintegrates Into single drops. In [111)
the process of drop formation in a fuel Jet is divided into two per-
iods: the first during which the Jet is broken up into particles by
turbulent pulsations and the second one in which the drops coagulate
so that their mean diameter increases. In this theory of fuel disin-
tegratlon, nowever, the effect of air resistance is neglected, the
laws of the kinetic theory of gases are applied to a liquid jet and
a theoretical szheme of drop size increase by coagulation 16 used
without sufficient proof.

For such cougi.;lation of drops they would have to collide at
some relative velocity [1121. Since the drops in the jet have vario-us
sizes and speeds, it co•Id hardly be assursed that a considerable pro-
portion of collision.- would lead to coagulation of drops. Furthermore,
the drops are fairly wide]y spaced. This distance increases with in-
creasing distance from the spray nozzle. For example, at a distance
of 50 mm from the spray nozzle with a fuel flowrate of 10' kg/h, a
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jet angle of 600, a drop velocity of 80 rn/s and a mean drop dia-
meter of' 0.2 mmn, the distance between drop3 Is 2.6 mm, i.e., 41-, drop
diameters. In this case, the nrobabili,'y of' a single drop striking a
drop in the subject layer Is only 0.47%.

Some experiments whose results are treated as indication of
Intense drop coagulation leading to con2siderable modifications of jet
dijpersion characteristicz are based or, sarious ii-thodological arrors.
F~or example, in [1I'3], compress5or oil through twv o~r four channels
was fed in~to the airstreamn through a Venturi nozz~le. Appro.-imately
the same quantity of liquid passed through each channel. Wben four
channels were used, larger drops were obtained than with two channels.
This was explained by coagulation of the dropi. Howev.er,. tii- -torniza-
tion conditions were not the same since with* two char.ne-ls in onera-L
tion, the air flowrate was 3.88 kg per 1 kg of' citl, whereas ;1t-ih four~-
channel operation it was 1.79 kg/kg, i.e., only half as much. Conse-
quently, the expenditure off atomization energy was not the same,
wh~ch accounts for the increased me-an drop sire when the oil. was
passed through four channels.

Thus, althonigh the possibility of drop coagulation exists in
the jet, the coagulation process cannot greatly modify the jet copa-
vosit-ion with respect to drop size. Hence, the hypothesis of' the
two-stage process of jet disintegration lacks sufficient. foundation.

The scheme for the primary breakup of the jet into drops be-
Icause of turbulence effects can be used as a sitmplified model of
the liqUiA itinnlzation process. The theoretical premises anO analyti-
cal rela~tions for drop sizes require further elaboration.

Another scheme of jet disintegration is based on the assumption
that the eause of the breakdown of a single liquid flow into drops
is to be sought in cavitation processes [lIL43. At1- a h-igh fuel flow
velocity in the nozzle, static pressure decreases and when it, attains
values corresponding to the vapor pressure of the liquid, cavitation
zones are formed in the flow in the f'orm of Individual b~ibbllez. Th1ese
bubbles disappear when they leave the nozzle where the pressure is
rest-ored to atmospheric, thus destroying th inert. ftejt
iThe formation of the cavitation voids takes -lace with rigorous per-
lodicitly at a frequency depending on the flow velocity ['1153. In a
study of liquid flow [116], the folIlowing relation was found between
the number of collapsing caviltat--on voids and the velocity:

Flow velocity, Y!n/s '0.3 18.0 8.2 1 8,2 11.2
Nt.'aber elf, col lapsing I4cavitation voids per 1 *1 100 2120 247 24 32

With increasing folow velocity, the cavit'ation bubbles are
formed not only on the surface but also in the interior of the jet
and a vapc-r-ga~s emulsion emerges from the nozzle. The bubble envel-
ope ansist-Ire Of a liquid to be atiomized, coagulates drops unt-
der the action of the surface tens ion at whilch point the btubbles
disatooear. The cavitation phenomena start at the surface of the
Jet; thus the th~nne.- the jet, the greater tne relative d~pt'h tc 4
vhiCh the cavitation bubbles can- penetrate at equal dischbrge
velocities, Vortex motion (in centrifugal- spray nozzlea) Drom-ctes
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the formation of cavitation bubbles over the entire jet cross section.

As follows from the brief description of the basic physical
mechhnisins of Jet disintegration, the process is fairly complex and
it is difficult to indicate preference for any of the above-discussed
theories at the present time. It can be concluded from the numerous
experimental investigations that the disintegration of the jet is
due to the actimn of numerous factors. Various forms of oscillation,
turbulent pulsations, aerodynamic shocks and cavitatIon phenomena all
contribute to the complex process of jet disintegration.

Depending on the atomization conditions, the effect of the
various factors is not equal and some of them can be neglected. For
example, the effect of the force of gravity is normally neglected
in all these mechanisms. However, of the flow velocity is very low,
this force is the one mainly affecting the disintegration since the
L,,eakup of the jet takes place as a result of the difference between
the flow velocity and the velocity of free fall. An increase in flow
velocity is accompanied by the formation of axisymmetric [91] and
then wavelike [90, 92] oscillations of the entire jet which lead to
its disintegration. Further increase in velocity is accompanied by
formation of a wavy surface and the detachment of isolated strands
or films from this surface. Detachment of layers and drops from the
wavj surface is observed when liquid flow encounters an airstream in
a tube [117, 118]. An increase in the velocity difference at the in-
terface between two phases is accompanied by the appearance of waves
and detachment of annular liquid films. The detachment of individual
strands and drops from a liquid surface can be observed in jets of

large diameter flowing from a nozzle at high velocities (hydraulic
excavators, firepumps, etc. [119]). Cavitation phenomena not only
promote the formation of waves but are obviously one of the causes

of disintegration and the detachment of drops from a thin filament
of liquid [120].

A Jet of atomized liquid has a relatively small diameterind
thus it is difficult to observe the detachment of fuel films from
the surface because the waves and the zone of the cavitation pheno-

mena penetrate deeply into the center of the jet in consequence of
which atomization takes place directly at the nozzle. The aerodynamic
effect of the ambient air influences formation of waves, detachment
of parts of the liquid and further atomization. The parts which sep-
arate from the continuous jet are filaments with several bulges
[121]. A high-speed microkinematography study of atomization [122)
shows that a liquid which flows from a nozzle at a certain pressure
forms a kind of spatial lattice over the entire 4 et cross section.
The presence of voids in the center of the jet is evidently due to
a cavitation phenomena. Under the influence cf aerodynamic resis-
tance, external pressure and the pulsations of individual liquid
particles, this network, composed of liquid particles with irregu-
lar shape, then disintegrates into drops. The maximum drop size
is determined by the magnitude of the aerodynamic forces.

Photographs (Fig. 414) indicate diffusion of the jet by the
mass of ambient air, and this can be explained by turbulent mixing.
Owing to the association between the motion of the drops and the
air, an energy exchange takes place between the fuel particles and
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the airstream. This process is very intense In the section directly
behind the nozzle and the drops quickly lose their singularity. It
may therefore be stated that the drops formed at the nozzle do not
subsequently change in size if one neglects the size decrease owing
to vaporization.

During atomization, the liquid drops acquire an electrical
charge and their further interaction is also due to electrical forces.
The presence of a charge on the drop surface gives rise to forces
which are opposed to the surface tension which promotes disintegra-
tion of the drops [123]. It is not possible by means of mathematical
equations, to take into account all the currently known forces and
phenomena accompanying or causing the disintegration of a continuous
liquid jet into drops. However, as in any other change of state, the
transformation of a continuous liquid jet into a system of small
drops requires the expenditure of a certain amount of energy. If we
neglect the detailed intermediate stages of the jet energy transforma-
tion into the energy of the drops, the equality

e = E6 + E (3.10)

must be satisfied. here EO is the energy expended on atomisation,
Ef is the energy of the atomized jet; Ep is the irreversible loss

due to friction, sudden expansion of the jet, impact, heating of the
drops, pulsations, etc.

• _h • l....

Fig. 44. Variation in jet structure as a func-
tion of fuel pressure. . |

I
Atomization is accomplished by the very energy of the fuel jet

produced from the operation of the fuel pump (in the mechanical
atomizer spray nozzles), by the energy of the atomizing medium
(the air or steam in pneumatic or steam spray nozzles) or by the
energy of the fuel jet and of tho steam (in combined va]'or-mechani-
cal spray nozzles). This energy can be defined as

2 2 (3.11)
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where Ht and Hv are the total pressure in the fuel and air systems;
mt and mv are the mass of the fuel and air in kg-s 2 /m.

In the mechanical atomizers, Hv and mv are zero and the second

term of Eq. (3.11) is absent, while in the pneumatic atomizers the
fuel pressure Ht is negligibly small, so that the first term in Eq.

(3.11) can be neglected. In the study of flow processes it is more
convenient rather than the total energy of the fuel or atomizer med-
ium to consider the specific energy per unit weight of fuel:

= H,+ -an-Hs. (3.12)

The potential ram energy is expended on overcoming friction
as the liquid moves through the spray nozzle, on excitation of the
turbulent pulsations, on the disintEgration of the jet and on im-
parting a certain velocity to the drops formed. The energy loss due
to friction depend on the viscosity of the fuel and the spray nozzle
design. In pneumatic spray nozzles, the loss amounts to a fraction
of one per cent of the total energy, whereas in mechanical spray
nozzles it attains several per cent.

The energy expended in the creation of turbulence is equal to
R

Elp= (I'+?+ ) urdr, (3.13)

where t, V, u are the components of the pulsation velocity of the
liquid particle along the three coordinate axes.

The averaged values of these three components can be considered
to be equal; thus '.

S= 3:ze i dr. 00 (3.14)

The experimental relation obtained in [124], according to whicn
the energy 9tr (3.13) of the turbulent pulsations for the airstream

does not exceed 3% of the kinetic energy of the jet can be used to
estimate the energy of the turbulent pulsations. For a fuel Jet which

* has a much higher viscosity than air, the turbulent pulsation energy
amounts to less than 1% of the total jet energy. The main part of
the potential ram energy is transformed into kinetic energy. Taking
into account the negligible energy of the turbulent pulsations and
losses, it can be assumed for practical computations that the entire
ram pressure is transformed into a velocity head and the kinetic
energy of the jet is then:

for mechanical spray nozzles

e. =(3.15)
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for pneumatic spray nozzles

(3.16)

The energy of the atomized jet consists of the potential energy
of the surface layer and the kinetic energy of the moving drops. The
potential energy of the surface layer can be determined from the
equaulon

(3.17)

where Fk is the total surface of the fuel drops; a is the surface

tension; dk is the diameter of the drops in the fuel jet; N. is the

number of d~ops u:ith diameter dk.

The atorized fuel jet has an indete:,minate number of drops;
hence, it is prefer •ble to relate the energy equation to the unit
fuel flowrate.

o = 7jA(3.18)3I
where Jk is the average drop diameter; yt is the specific gravity

of the fuel.

The kinetic energy of the drops can be represented as the sum
of the energies of their translational motion and their rotation
about an axis passing through the center of gravity of the drop:I M-OP ,-1 .-104)

H= -2- -- , (3.20)

where wk is the speed of rotation; Jk is the inertial moment;for

a spherical drop this will be

=-tea. 
(3,21)

The drops may not have any rotational velocity component if the
resultant of the external fcý'ces is directed along the bridge con-
necting the drop with the jet at the instant of detachment. When the
resultant of the external forces is perpendicular to this line (Fig.
45) in drops which break away from the crest, the angular momentum
will be maximum.

The speed of drop rotation was not measured experimentaily,
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but for solid particles whose rotation is due to impact or oscilla-
tion of particles irregular in shape along a flow [125j the rota-
tion energy is only -0.1% of the kinetic energy of the moving parti-
cle.

The potential energy of th? surface layer in % of the total
expended energy can be determined from the relation

(3.22)

On the basis of experimental data foe' diesel spray nozzles
[126, 127] this ratio is 0.03 to 0.058%, for centrifugal spray
nozzles [128-131] from 0.02 to 0.22% and for the pneumatic type
[132-134], from 0.005 to 0.03%.

Fig. 45. Schematic representa-
tion of forces at the instant
of drop detachment from a
liquid Jet.

The lowest ratio of drop surface layer energy to the total ex-
pended energy was found for pneumatic spray nozzles because%here
the entire energy is not transferred to the fuel, but only 20 to
60%, depending on spray nozzle design.

According to the theory of liquid disintegration [120), the
site where the integrity of the jet is disrupted is a gas or
vapor bubble whose appearance may be due to thermal fluctuations.
This bubble grows if the vapor. pressure p of the liquid is greater

than the ambient pressure (the hydrostatic pressure p and the sur-
lace tension):

Pn > P4- _, 
(3.23)

where p is the vapor pressure of the liquid.

The work on the formation oW the bubble consists of the work
of forming the void in the liquid, the work of filling this volume
with liquid vapor and the potential energy of the surface layer of the
inner 3phere of the bubble. By s-jmnig these parts of the work and
replacing the dimension dk by the critical value from Relation (3.23),
we obtain

S(3.24)
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The energy expended on the formation of the bubble, according
to data presented in [135], depends on the negative pressure applied
co the liquid and can be determined from the relation

E, •:8.-_6 (3.25)
P

4here A' is the work of bubble formation,in ergs; p is the pressure'.n kgIm.

As calculations show, the dimensions of the critical bubble
come close to those of a molecule and the energy expendea in its
Vormation approaches the thermal energy of molecules (-4.10-14 ergs)
when the negative pressure is close to the molecular tensile strength
of the liquid. Consequently, the work expended on disintegration
need iot be nonsidered in the over-all energy balance of the fuel
drops.

Analysis of energy relations obtaining In liquid atomization
shows that potential ram energy is mainly transformed into kinetic
drop energy.

SThe energy directly expended on liquid disintegration depends
n the discharge velocity and, according to experimental data is
roportional to 9-0*1s-9 0.39 for Jet spray nozzles, to 9-6.'1 for
_entrifugal spray nozzles and 8-., for pneumatic spray nozzles.

1Phe proportionality factor is on the order of 0.08-0.03 and depends
'on the method of transforming the potential energy of pressure into
the atomization energy. Any deviation of the jet and particularly
of its surface from regular smooth shape provides optimum conditions
for aerodynamic action and the detachment of particles from the sur-
face of the jet. The shape of the jet and the energy directly ex-
pended in drop formation also depend on the design and dimensions
tf the spray nozzle.

12. DROP SIZE DISTRIBUTION IN THE ATOMIZATION PROCESS

In the very first studies of spray nozzles, it was found
w.hat the jet of atomized fuel consists of drops of various sizes.
"he cause of jet composition nonuniformity is usually explained by
tarious random phenomena, and for mathematical description of size
Itstribution one uses the laws of probability theory and the equations
)f statistical curves. According to the definitions of probability
-heory, a jet of atomized liquid is a statistical set for which the
tameter is the argument and Its separate values form a set series.

kithough a distribution curve corresponds to each set, the number of
such curves is limited.

The measurement results for the entire spectrum of drop sizes
ir- characterized by the frequency curve

N,

v -(3.26)

)r the total weight curve

-- (3.27)



where 9. is the number of drops with diameter dk; R is the total

weight of the drops with a diameter greater thanldk, in %.

In the processing of experimental results in the form of Rela-
tion (3.26), various equations have been proposed to characterize this
c'urve [1361, but with direct measurements, the curves obtained by
various researchers are not of the same nature: some curves [137]
do not have a maximum and rise sharply on approach to the ordinate
(including the curves obtained in the processing of our experiments),
others [138) have a maximum and then decrease to zero (Pig. 46). In
some cases [139] the distribution curves are extrapolated to zero
without any justification.

° NJ

SFig. 46. Freuency curve: I) According
Sto the Li experiments; 2, 3) according_to the l.V. AstI hoy exeriments.

The discrepancies between the frequency curves obtained by

various investigators is explained by the fact that the drop measure-
ments are usually carried out with plates coated with soot and a

* thin layer of magnesia. It is very difficult to measure and count
small drops with this method.

The number of drops not included in the measurements (particu-
larly those which have vaporized) can be enormous although by weight
they may repreient only a negligible fraction of the fuel trapped
on the plate. Moreover, the frequency curves do not give a clear
idea concerning the atomization quality because a slight variation
in the number of large drops has virtually no effect on the charac-
teristic of the curve, but the mass of these drops my exceed the
mass of all the small drops. (This is understandable from the simple
relation: the mass of a drop with a diameter of 300 pm corresponds
to the mass of 27,000 drops with a diameter of 10 pm. And, converse-
ly, an apparent significant variation in the distribution of drop
sizes in the range of small sizes will be slight relative to mass
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Aistribution and will have virtually no effect on the process of
lame combustion.

The Rosin-Rammler equation [140] has been most widely used to
haracterize the weight distribution of the drops

R = F- .~L~n].(3.28)

The cuefficient a for pneumatic and mechanical spray nozzles
'anM es from 2 to 4 and for rotational spray nozzles it increases
;o S. The mean drop diameter d corresponds to a value of R - 36.6%.
!he curve of Eq. (3.28), like many other curves characterizing a
itatistical set, has a range of variation for the variable dk from

to -. The range of variation for dk. is limited for practical cal-
Z

:ulations. The extreme drop sizes obtained directly in the measure-
ments or the values corresponding to a definite value of dk which

satisfy the stated problem can be taken as the boundary values. In
Ihe processing of experimental data In statistics, the limit dimen-
sion of the variable corresponds to the probability 0.27%. Now, if
bhese conditions are used for the distribution curve of (3.28), the
paximum and minimum diameters of the drops will 'orrespond to the
points on the curve of (3.28) whose ordinate R ia 0.27 and 99.73%.
kccordingly, the maximum drop diameter is calculated by means of
'he formula

- (3.29)

nd the minimum diameter

(3.30)

The range of drop diameter variation in the flame according
Lo Eqs. (3.29) and (3.30) is

p2142, (3.31)

which for the practical limits of x (2 and 4) will be 46.28 and 6.9.

In addition to the Rosin-Raler equation, ex ;sasions proposed
)y Nukiyama-Tanasawa [141] are used for the weight distribution of
:he drops:

S

dR d _M •" r--• )(3.32)

here a and n are coefficients characterizing atomization; r is the
ign of the gamma function.

The equation of the normal logarithmic distribution has also been
LUsed
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dR -tit =C•XP (--62Y2) (3.33)

a (3.34)

and the "upper limit" equation [142] which differs from the pre-
ceding only in the expression for yi

do"-- dV ,(3.35)

where a and 6 are atomization parameters, determined from the meas-
urerent results.

A R/I, %

+10 _ __ .

-20
-40

"-00

Fig. 47. Comparison of atomization characteristic cu-ve accuracy: I)
Rosin-Rammler curve; 2) Nukiyama-Tanasawa curve; 3) normal logarithmic
distribution curve; 4) "upper limit" curve.

Investigation of deviation in the experimental data from several
proposed relations showed [143] that the lowest errors are given by
the "upper limit" equation and the Rosin-Rammler 4quation (Fig. 47)
obtained by processing experimental data. There are extremely few
references to date on the physicaJ pattern of formation of drops of
various sizes. Based on the theory of jet disintegration under the
influence of wave oscillations, a hypothesis was advanced [144] ac-
cording to which several unstable waves of various lengths are
formed in the jet, and these determine the wide range of drop sizes.
This concept has not been developed further. Experimental investiga-
tioas were usually limited to finding the distribution curve and
its mathematical interpretation. The dependence of range in drop-
size variation on external conditions, atomization energy, etc.,
wre not investigated; at most, the distribution characteristic
was defined as a function of spray nozzle design [134].

It was found during experimental research on the disintegration
of drops in an airstream [1021 that the nature of drop disintegra-
tion changes with increase in the relative velocity of the air: at
moderate velocities, the drop is deformed and flies apart into sev-
eral parts, whereas in the case of supercritical velocity, the atom-
ization of the drop takes place by detachment of a liquid layer from
the surface, with the main part of the drop being preserved.
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Fig. 48. Diagra of velocities (a) and energie2s (b) in the transi-
tion section of a two-phase stream: 1) After Eq. (3-39)"; 2) after
Eq. (3.4o).

if one analyzes the drop size distribution over the section of
the jet, the following quantitative relationship is obser-ved: the
largest drops are formed in the center of the fuel jet (for centri-
fugal spray nozzles, the middle of the fuel film) and the smallest
at the flame boundary (the outside boundary as well as the inside
b oundary).

'"is distribution can be explained by examining the atomiza-
tion of a large-diameter jet. At the boundary with the amboient
medium (air), because of great relative velocity, the forred waves
cause part of the liquid to break a iy from the surface in the form of
filaments and drops. The subsequent Y.tomlzatlion process takes place
in the same manner, with the difference that the jet is now surround-
ed by a mixture of drops and air which has a lower- relative velocity

with respect to the jet. The next layer stripped from the jet will
have an even lower relative -.elocity, etc. The variation in relative
velocity during detachment from the surface of the liquid Jet causes
a change in the size of the drops formed from each separated layer.
Hence, the nearer to the center of the let, the larger the drops.

If the theory of turbulent. jets is applied to the study of
interaction between fuel and airflow, the diagram of the relative
velocities in the initial part of the 3et (before the disintegratlon
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of the central part of the fuel flow) will have the form of Fig.
48a. Two-phase flow in tubes exhibits analogous velocity distribution
[145, 146]. In the opinion of some authors [147, 148], the specific
flew energy pw2 is of decisive importance for turbulent mixing.

For a free submerged jet flow, depending on the dimensionless
ratio of the axial flow velocity w at any point to the axial velo-
city w in the center of the jet is defined by the formula (149)

m

r(1?- S)2 (3 ,36)

=7-, (3.37)

where y is the distance from the flow axis; r is the jet radius in
the subject cross section.

We assume in first approximation that the density variation
is proportional to the concentration variation

Q _C

acts In -(3.38)

where C is the admixture concentration equal to the ratio of the
admixture weight to the weight of the ambieh., medium at the subject
point of the jet; C is the admixture concentration in the center of
the jet.

For a jet with heavy admixtures, the dimensionless admixture
concentration in the gas jet is equal to the square root of the
dimensionless velocity. Hence the energy distribution over the jet
cross section can be expressed by the relation

S•,•=(I- . •(3.39)

According to the experimental data of [147), the value of pt2

in any section of the jet is defined by the equation
• exp [-1,42(-•- '

P ax (3.40)

where p is the density of the flow at the point under discussion;
p is the density in the center of the jet; w is the axial velo-
chty at the subject point; y is the distance of the point from the
flow axis; x is the distance from the pole of the jet along the
flow axis (may be assumed equal to the distance from the end of
the spray nozzle); a Is an experimental coefficient depending on
the initial turbulence of the flow.

At r -- 2.61ax , the two curves QW-IQ,, f% are very similar
(see Fig. 48b) and for further analysis of the quantitative rela-
tionships of distribution in drop sizes we use Eq. (3.39).

As shown ty results from processing numerous experimental
data, drop sizes can be defined as an exponential function of jet
energy [18)
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Since formation of the wave surface and drop detachment from
the continuous jet occur because of the velocity difference between
the liquid flow and the ambient medium, the velocity difference and,consequently, the energy spent on drop size reduction, will decrease

nearer the jet center. Considering this, we can write drop size as
a function of energy in the form

or
'___m_ = (I r ,s•
O I ( 3 .4 3 )

The number of drops of each size depends on th6 mass of the
jet wh-ch has acquired a given kinetic energy. With a uniform velocity
profile in the fuel jet at the initial instant, the distribution of
Its mass over the cross section is proportional to the square of the
radius.

_j- - 2 (3.44)

where ro is the radius of the spray nozzle.

The -imultaneous solution of Eqs. (3.43) and (3.44) yields an
expression for the law of drop distribution by size

or, replacing -i/5b by n, this relation can be written in a simpler
form:

Rg'-= I1 (_ d
(3.46)

These equations were derived on examination of a highly simpli-
fied scheme of jet disintegration into drops and can serve as a
mathematical illustration of the process of forming drops of var-
ious diameters. Since during disintegration of each layer of the
fuel jet, finer drops are formed in addition to the drops whose size
is typical of this layer thickness, the curve of Eq. (3.46) gives
the upper limits for the number of large drops in the flame.

For comparison of Relation (3.46) with the distribution ac-
cording to the Rosin-Ranmler equation, the characteristic (average)
dimension d (3.28) must Le replaced by the maximum. Using Relation
(3.29), we find

-5 I/d d5 ,92 "(3.47)

Comnparison of the distribution equations (3.46) and (3.47)
with the measurement results for drops obtained by various research-
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ers [129-1341 shows that in the atomization of fuels with pneumatic

(Fig. 49a) and diesel (Fl.g. 49b) spray nozzles, the experimental
points occupy a zone which is bounded by Eqs. (3.46) and (3.47). The
value of m in Eq. (3.47) is 3 and that of n in (3.46) is 2,5.

For a centrifugal spray nozzle, one can carry out the same
calculation by treating the conical film as a flat jet or by divid-
ing the film into several separate segments and then summing the
result_ . . T... i mathematiCal solfution of this problem, 3ifl"Cs
great difficulties although the physical pattern of the disintegra-
tion of the jet and the conical film is of the same nature, Experi-
mental data obtained by the author3 of [150] during the measurement
of the fineness of atomization by trapping methods, modeling with
paraffin and by sedIment measurement methods (concerning these
methods, see Chapter 6) showed that the drop weight distribution
for centrifugal atomizers can be described by the same func~oiial
relation as for jet and pneumatic atomizers.

The measurement of the fuel drops was carried out for differ-
ent types of atomizers (single-stage, two-nozzle and two-circuit cen-
trifugal atomizers); the followinc fuels were used: diesel oil, pe-
troleum residue 'K-50, M20, M40, A80, and paraffin. The results of
all the experimental data, represented in the form of the dimension-
less relation R = f(dd max) in the diagram fit into a zone limited

by the distribution curves (3.46) and (3.47) with the characteristics
n - 3.22 and m = 2.5 (Fig. 50).

The values n and m determine the range of variation of the
drop diameters, i.e., the uniformity of atomization. The larger n
(or n), the smaller is the difference between the minimum and maximum
drop size which follows from Eq. (3.29). The index n, as foliows
from the experimental data, depends on the shape and thickness of the
jet, the properties of the atomized fuel and the flow velocity.

During the disintegration of the jet intgodrops, the separa-
tion of the fuel from the surface takes place In the form of rings
or filaments. Since at the boundary of two phases a rapid decelera-
tion of the flow occurs, the boundary layer will have a velocity
distribution which differs somewhat from that of the main flow. Ac-
cording to researches on turbulent flow [1511, the thickness of the
boundary layer is determined by means of the relation

6 = . Re-P. (3.48)

For laminar flow conditions in the boundary layer, p=O0.5; for
turbulent conditions, p = 0.14. It follows from Eq. (3,48) that the
thickness of the layer increases with decreasing velocity (and,
consequently, also of Re). The next layer should separate from the
let at the same velocity gradient. In view of the lower velocity at
the boundary of the jet, the layer will be thicker. With increase
in the diameter of the jot, the number of layers and the thickness
of the last central laye. tncrease and, at the same time, the maxi-
mum drop size should increase. The increase In the absolute size of
the large drops modifies the nature of the distribution curve
&4Pdd, = = 1() which comprises a large range of drop sizes and, cor-
respondingly, the index m In Expressions (3.28) and (3.46) will de-
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Fig. 49. Weight distribution of the fuel drops produced by: a)
Diesel spray nozzles; b) pneulmatic spray nozzles.
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Fig. 50. Weigit distribution of the fuel drops during atomization

with centrifugal sprayers. Curves plotted on the basis of Eqs.
(3.-16) and (3.147): 1) at m = 3.0; 2) at n = 2.5.
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crease. This assumption was confirmed by experiment [121]. When fuel
was atomized by sprayers at approximately the same pressure and a
constant ratio of nozzle length to diameter, the maximum and minimum
drop diameters were obtained as a function of the nozzle size (Table8).

TABLE 8

Results of the Measurement
of Drop Size

I flunamem Kafl.I3.
Axxfjecv A ss MI 3

.UX scrical

0.23 700 IOD0 145
0.35 6851 130 160
0.45 720 130 182

1) Nozzle diameter, mm; 2)
fuel pressure, kgf!cm2 ; 3)
drop diameter, p; 4) minimum;
5) maximum.

As follows from the data of Table 8, the minimum drop size is

practically unaffected by an increase in nozzle diameter and the
differences in them a.'e within the limits of experimental error. The
maximum drop size, however, increases markedly. The same conclusion
can be derived from the experimental data of the other investigators
[127, 137].

For atomizers with film flow it is also possible to prove the
effect of fuel film thickness on the drop size distribution if the
results of the atomization of fuel with centrifugal and rotational
spray nozzles are compared. The latter have a film thickness 5-10
times less than the centrifugal types and, accordingly, the charac-
teristic m in the distribution equation (3.28) for rotational spray
nozzles increases and amounts to 4-9, which corresponds to a very
narrow scatter of drop sizes (the ratio of maximum to minimum size
is only 6.9-1.21).

The variation of the velocity gradient and the energy trans-
fer between the layers depend on the viscosity of the fuel. The

higher the viscosity, the smaller are the waves and perturbations
on the surface of the jet and, consequently, the conditions for.
energy exchange between the Jet and the ambient airstream are less
favorable. The energy and velocity distribution within the fuel-
air jet takes place more uniformly. According to Eq. (3.48), the
thickness of the boundary layer is proportional to the viscosity,

the exponent being 0.5-0.14. The power exponent for the viscosity
in many other relations characterizing the fineness of atomization
is of the same order [126, 127, 130, 152]. With increase in the vis-
cosity of the fuel, the thickness of the boundary layer increases
and the total number of layers in the jet decreases. Consequently,
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Fig. 51. Effect of the fuel
velocity on the drop distribu-
tion (on the characteristic m
in Eq. (3.28)). A) m/s.

the range of variation of drop sizes is restricted, i.e., the
atomization will be more uniform. The increase in the thickness
of the initial layers and the size of the small drops resu~ts in
an increase in the mean size. Experiments carried out by the
authors on the atomization of petroleum residues of grade M12,
M40 and M80, confirmed this assumption. An increase in the tempera-
ture of these petroleun residues (consequently, a decrease of the
viscosity of the fuel) caused a variation not only of the mean
size but also of the coefficient m (3.28). For example, with in-
crease in the temperature of the petroleum residue M12 from 75
to 120*C, the coefficient m changed from 3. to 1.8, which cor-
responds to a variation of the ratio of maximum to minimum drop
size from 11.0 to 71.3 (3.32).

The effect of the viscosity of the fuel on the atomization
has been investigated in several works in which, as a rule, atten-
tion was given only to the variation of the average drop size. The
works [126, 138] give the variation of several types of averages
as a function of the viscosity, each of which depends in a differ-
ent manner on the size of the drops constituting the flame. Based
on a study of the effect of viscosity on these averages it can be
inferred that when the viscosity of the fuel is increased, the
range of drop sizes is narrowed with simultaneous increase of the
same.

The flow velocity of the fuel also affects the distribution
of the drops: the greater the velocity, the greater is the turbu-
lence, the easier the energy transfer and the smaller the differ--
ence in the effect on the fuel over the entire cross section of
the jet. Consequently, the atomization will be more uniform wich
increase in the flow velocity of the fuel (or air in pne.uatic
atomizers). Figure 51 shows the index m (3.28) of the uniformity
of the drop size distribution as a function of the velocity.
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,'3. ATiDHiZATiOH CHARACERUISTICS AND THEIR DEPENDENCE ON THE PHYSICAL
PROPERTIES OF THE FUEL

To estimate the atomization quality it is more convenient
iii many cases to use a single average characteristic instead of
the whole drop size distribution curve. The choice of this charac-
teristic should be dictated by the problem to be solved or the
measurement method which gives directly the average. If the aim
of the investigations is to compare the performance of varlcu'^"
spray nozzles, it is expedient to use one of the averages used in
statistics. In the choice and calculation of the average it is also
necessary to take into account the effect of the measurement ac-
curacy on the atomization characteristic.

Most authors use one of the following quantities for charac-
terizing the degree of atomization obtained in their experiments:

the arithmetic average

V Nj (3.49)
L-1~

the average surface

(S ) (3.50)

the average volume

Sd3 Nj
a.=/ -, '- •/ '(3.51)

the average weight

(3.52)
'--!

where qj is the total weight of the drops with diameter dk..

In the study of the processes of breakdown of the jet, vapor-
ization and combustion, the experimental data must be processed
on the basis of the assumed physical pattern of the process in
such & way that the averages characterize the process under study.
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Fox•a~uple, abbring that tne drops are r'o.med under the influence
of the resJstance to their motion and the surface tension, the aver-

age which characterizes the fineness of atomization, is defined as

I- n

'-1
p-I-- (3.53)

Y d:Nj
(-I

This expression reflectF tne relation of the forces acting
during atomiza'ion: the .'orce o'f aerodynamic resistance which is
proportional to the drop surface, and the force of the surface
tension which is proportional to the sum of the drop diameters.
When we compare the flame of an atomized fuel with regard to the
vaporization rate, we must use the mean diameter at which the ratio
of vaporization rate to volume is equal to the ratio of the vaporiza-
tion rate of the entire flame to the volume of all drops in the flame.
This diameter, according to the calculation of Probert [35), can be
computed by means of the formula

r (1 +2/-)
Y,2 ( 3 . 5 4)

where d and m are the characteristics of the atomization curve
t3.28).

The average drop sizes obtained by indirect measurements, de-
pend on the property of the drops used for the measurement: optical,
electrical, mechanical, thermodynamic, etc. (see Chapter 6). For
example, with the photometric method, the average drop size is

1-1 ,V
-im

(3.55)

When the electrical method is used, the average drop size
is determined as

1d1,1

V n i/ (3.56)

In view of the fact that a large number of di"'erent averages
is used at present to characterize the atomization .f a fuel, the
possibility of using experimental data on atomization is greatly
limited.

The problem of finding a •,elationshlp between different aver-
ages can be solved only if the size distribution law of the drops
can be expressed analytically.
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in a general case, any average can be found by means of the
weight distribution equation from the following relation:

a• • d-a(R) dd" i' "-3 d•p(R) ddf (3.57)
d ' - " d P -a

where d is the average drop size, defined as the ratio of

the sums of the drop diameters raised to the qth power to the sum
of the drop diameters raised to the pth power. (R) is the funution
of the weight variation of the drops as a function of their diameter.

In characterizing the weight distribution of the drops by means
of the Rosin-Rammler equation, the mean drop size for the cases where
3 - q < m. and 3 - p < m can be calculated by means of the gamma-func-
tion

Sd[-( 2- [rr +I± ,)]P. (3.58)

For example, for computing the average weight of the drops,
this equation assumes the form

R. = jr(G--+ .) (3.59)

An -xpression for any kind of average, given above, can be found
analogously. *t

In addition to the above averages, the median diameter has been
widely used for estimating atomization efficiency. The median of
any population is the argument corresponding to a value of the in-
tegral distribution function of 0.5. The median of the d.stributionjfunction described by Eq. (3.28), is

de d(In 2)'" =-da V,0,-"5931. (3.60)

A second, also widely used distribution curve characteristic
is the mode, i.e., the abscissa of the maximum of the differential
distribution curve dR/ddk = f(dk). For the curve described by Eq.

(3.P8), the mode is connected with the maximum diameter by the re-
lation

Sdmo = V• . (3.61)

"If conditions connected with tne investigation of some physi-
cal process are not made in the determination of the atomization
cha.acteristic, the choice of the average should be carried out on
the basis of an estimate of the accuracy of its determination. To
calculate the error involved in various characteristics, special
measurements of atomization efficiency were carried out under iden-
tical conditions at the All Union Central Scientific Research Insti-
tute -- Ministry of Railroads [AUCSRI MR](UHWM MnlC). Averages of
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TABLE 9

Results of the Measurement of Atomization Efficiency

X.PI I,' T, d11 i a~ jS i$ 6 1 I M -ie -,,.

I q..s3. p-1. -3I _________ _____-3;_ I
ncmiy'ieiin.e &IeTAom ymml a umI~a R 7

AXp 6 96 222 122 1177' 186 1 I 264 3.1 235 2
0, A 9...16 16.4 24.4 26.6 17,3 21.3 16.4 24,2 0.42 19.1 16.6

4 62 156 6 139 93 75 202 2.3 171 154

0. AC . . . . . . . .. .  3.6 6.6 12.1 8,7 8.8 15.2 11.1 12.3 0.15 10.01 9.2
F. % ....... 26.5 27,1 18.4 1 43.5 14.9 40.3 41.4 15.4 174 159 18.5
v. % .. .. .. 24.7 31.9 23,3 43.7 19.0 48.7 44.5 18,3 19:6 17:5 17.9

rfo,•y'CeHnue ceSAmem•HouerpmecxHu UemoAoM 1

SI 25 174 226 94 173 1 182 J 129 259 3,2 231 229
,•A 9 78.........78 14.3 11.2 24.3 9.4 8.8 18.3 13.9 2.5 12.4 12.4

r, % .. . .85.8 P ",56.0 14.8 73.0 15,7 14.9 41.0' 15.1 25.0 14.9 16.3
v. % .. .. ... 92,0 57,5 14.8 77.0 16.3 14.5 .42,0 16,2 23.4 16.1 3 16.3

dT -. o= ,, - " = aým -xai,, .t100; v,=3a.100.

x - xapaxT'epitcKa pacnasaaiHm; N - QH=~o ormos.
12 13

1) Atomization characteristic; 2) dv; 3) dr ; 4) di; 5) dr; 6) de; 7)

obtained by the method of drop catching; 8) dsr, p; 9) 1; 10) ob-

tained by the model -method; 11) obtained by sedimentometric method;
12) atomization characteristic; 13) number of tests.

/, 5 42, 25 30 a"-?2 3n

Fig. 52. Relations between different atom-
ization characteristics.

d., in. _•,_•
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- , i0-4

1110-



the type d were calculated on the basis of the results of measure-
qpments of the entire drop spectrum and the statistical characteristics

were determined on the basis of distribution curves of Type (3.28):the median (3.60) and the mode (3.61) and also the quantities d and

It was found on the basis of an analysis of the results ob-
tained by processing experimental data (Table 9) that the absolute
values of the average drop size increase with increase in the expon-

ent at dqK (q and p). With increase in the exponent, the dependence
of these •verages on tne size of the large drops increases whereas
the small drops do not exert any important influence. The accuracy of
the characteristics dqp at q = 1-3 and p = 0, i.e., the mean arithme-

tic, the average surface and average volume drop diameter, is deter-
mined mainly by the accuracy of the measurement and calculation of
the number of small drops. The measurement accuracy of these quanti-
ties is considerably less than for thelarge drops,_hence the great-
est errors (-100%) were obtained for the averages dlo.

The least errol-s occur with the average weight and median char-
acteristics which are preferably used for determining the atomization
efficiency if the problem does not call for the choice of a special
average.

Comparison of the theoretical and experimental dependencies of
different kinds of averages on d (3.28) shows (Table 10) that the
differences in the results are within the limits of experimental
error and that Eq. (3.58) can be used for converting one form of
average drop diameter into another.

As follows from Eq. (3.58), the difference between all averages
decreases with increase in the index m whcih is evident Agom the
relation of Fig. 52. Even at m = 3, the average weight, median and
mode are virtually equal.

Depending on the adopted characteristic (average drop size)
the same results can differ considerably. For example, according to
the experimental data [138) given in Fig. 53, an increase in the
viscosity from 3 to 10*VU increases the drop size by approximately
40% if the atomization is estimated by the mean arithmetic diameter
(d, 0 ). If the atomization efficiency is gauged by means of the Sauter
average diameter (d 3 2 ), the same data allow the conclusion that the
atomization efficiency has been more than halved. The use of the
average weight diameter (43) for the characteristic would give an
even greater difference. Analogous results were obtained in the work
[126]. This difference is explained by the effect of the riscosity
of the fuel on the drop distribution.
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TABLE 10
Results of Determination of the Atomization Char-
acteristic as a Function of d (3.28)

I'e~yrb1~U nlo cepHun onU~TOO

O 1 ,jjo P re in 3 1 3 'Je .4HH, 0 UO IIiH e N M Hx ,. ,k, p•..Kg e, !| • 3 4

,,o .. .. I.• 0,0 0.9 0 0.88 10.0o

_ On -toe . . .. ... ... 0.82 0.84 0.83 0.77 0.74

, -d Top ken - .i -s- 0.4. 0.74 o: 065 0.6o C.75OnSe.........0.70'10, 21 0:46 0:45 0,71

To em~CKOe 4 0.63 0.63 0.70 -:-16 03 06.5
4~ d IOiigi~0.52 0.5S 0.63 037 0:8 j 5

d2 1 : - Ko Toc2 4 .K 0.5 0-1 1 .v02 .20 U6.~
Ouu'.. . . . . 0.. 461 OAS 0.57 0.30 0.33 0.37

1) Ratio of characteristics; 2) values of the ratios; 3) results
based on test series; 4) theoretical; 5) experimental.

2
3

o 2 4 e Eb!' A

Fig. 53. Effect of the viscosity 6'f the fuel on the magnitude of the
aver ge drop size: 1) Mean arithmetic (d 1 0 ); 2) mean volume (d 3 0 );

3) average according to Sauter (d 3 2 ); A) VU.

The average size like the entire drop spectrum, composing
the flame, is determined by the energy consumed in the atomization.
The utilization of this energy directly for the atomizatio.n of t.ie
jet depends on various factors, the main one of which, as was shcwn
in the foregoing, is the velocity difference at the surface of the
jet and the ambienc atmosphere. The thicker the fuel jet, the
smaller is the velocity difference in the central part. Most of the
experizivntn! data show a proportiMnality between the average drop
size and the nozzle d'.ameter. The interaction between the flows
and the energy transfer (pW2 ) from one layer of fuel tc another
depend essentially on the viscosity. With increase in "e viscosity,
the internal friction offers a greater resistance to the detachment
of layers which causes a decrease in atomization efficiency. The
surface tension also hinders the breakup of the jet. The larger the
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surface tension coefficient, the larger are the drops formed during
atomization.

The specific gravity of the fuel has the least effect on the
atomization process and on the average drop size; it determines the
inertial forces on which only the throwing power of the flame de-
pends. A study of the conditions of the disintegration of drops due
to aerodynamic foyces showed that a variation in the density of the
iqui', a factc~r of (from water co niercu:y) dzz; atfcct

the drop size and the atomization criterion [l Si]. ince the speci-
fic gravity of the heavy fuels varies within the range of 860-950 kg/
/m 3 , a detailed study of the effect of liquid density on the atom-
ization is not of practical interest.

The surface tension coefficient is a more important charac-
teristic in the study of atomization because on the magnitude of
this force depend the oscillations, the profile of the jet surface
and the resiztance to the effect of the aerodynamic forces and
turbulent pulsations. The existence of the surface tension forte
is responsible for the spherical shape of the drops of atomized fuel.
In many analytical equations [80-82], the effect of the surface ten-
sion on the drop size is expressed by a direct proportionality. The
criterion relations obtained ty processing of experimental data show
a much less impcrtant influen'.e of the surface tension coefficient
on the drop size than would follow from the theoretical relations.

The differences in surface tension between petroleum resLdues
of different grades £155] dc not exteed 7-8%. Heating reduces the
surface tension only slightly. For example, when cracking residue
of the grade M80 is heated from 50 to 1000 C, the surface tension
decreases by 8.7%.

The greatest differences between fuel grades are in their
viscosity. If we analyze the analytical expressions for the deter-
mination of the average drop diameters [100, 1211, the viscosity is
not taken into account at all in some cases. in other works/*the
elfect of the viscosity on the average drop diameter is e timated
to be :roportional to the viscosity coefficient with an exponent
of 0.2-0.5. This discrepancy between the experimental data and
then also the criterion relations, is explained by the fact that the
viscosity force not only affects the process of size reduction it-
self, but determines also the velocity profile and energy loss of
the let and, in centrifugal spray nozzles, also the thickness of
the jet of outflo-ing fuel. Since the energy losses depend on the
design of the particular spray nozzle, it is Impossible to estab-
lish a generally valid relationship.

As the experimental data obtained by us (Fig. 54a) show, the
viscosity of the fuel, from values of v = 6-7 mm /s downwards, has
practically no effect on the average drop diameter. With increase
in viscosity, the average diameter increases stee-ly. The viscosity
effect is particularly evident in the operation of atomizers with
low fuel pressure (for mechanical) or with small specific air flow-
rate Tfor pneumatic spray nozzles). In the centrifugal spray nozzle,
the greater the viscosity of the fuel, the greater is the pressure
at which the atomization takes place directly at the nozzle (in the
absence of a compact fNe] fIm) (see Fig. 54b).
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In connection with the very complex processes taking place
during atomization, numerous experiments have been staged, the re-
sults of Khich have now been generqlized by criterion relations. The
choice of dimensionless criteria is based on dimension theory or on
the theoretical assumptions which explain the disintegration of the

jet. In eitlher case, the final equation includes the following var-
iables: cik, average drop diameter; ds, the nozzle diameter, or 6,

the thickness of the fuel film; w, the relative velocity of the

liquid; u, the surface tension coefficient; v•t v' The visccsity of

the liquid and the ambient atmosphere (air); pt, p ' the density of

the liquid and the ambient atmospher-.

0.C- - -.. -0--.

V. 15 729 S30 35 ;2ceg A'A

•r/cN*B

o V 20 30 40 50 1jN-1CrX A

Fig. 54. Effect of the viscosity of the fuel on atomization: a)
On the average (median) drop diameter; b) on atomization without
visible stable film. A) in,2/s; B) kgf/cm2.

Another quantity qv, the specific air consumption of the

spray nozzle, is included for the pneumatic spray nozzles.

The estimate of the atomization efficiency is usually carried

out by a combination of the following crite, 4 a and simplexes:

Re the Reynolds criterion, which characterizes
Cthe conditions of fuel flow;

We -• __- the Weber criterion which gives the ratio
0 of the inertial force and the surface
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tension force}

Lp -- the the Laplace criterion which is the ratio of
the 'surf'ace tension and viscosity;

M ? 4 and N- _, the simplexes which express the ratio of the

inertial forces and the viscosity of the am-
bient atmosphere in the atomized liquid.

Many researchers have shown that the viscosity of the ambient
atmosphere has little effect on the atomization efficiency, so that
this parameter N is usually left out of the equations.

The most widely used criterion relations have equations of the
form

SF (We; Re; M) (3.62)

or ( =f1We; Lp: M).

(3.63)

On the basis of processing of experimental data for Jet spray
nozzles, the equations [107, 108) alr- recominended

d =3,1_ _'W e I
T 'M---O.14 ,-Y- (3.614)

or for pin-type spray nozzles

4, 12 (3.65)
d-=-- -3, f, Re=60--710,

d, R07-106 Re = 710- 1585, (3.65a)d- Re"W\eF,36 ' • 'o "'

A, 5ReWe.' r Re = 1685, .11 (3-65b)

where de is the equivalent diameter, equal to the ratio of' the annu-

lar passage cross section of the atomizer and the "wetted pe:'meter"

d. = 4R- -r 26. (3.66)

where R is the hydraulic radius; 6 the minimum radial cleal'ance be-g
tween the pin and the spray nozzle housing.

The following c.-iterion relations have been proposed for cen-
trifugal spray nczzles [129, 130, 152]:

d - 47.8LpO.' 13 , 7 )

where A is a complex which combines t1. geometrical dimensi,.,ns of
the spray nozzle

ig- 0 =BLP-r--O,3s gWe (3.6-)
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According to the experimental data, the coefficient for the

case of atomization of water or aqueous solutions of glycerol is
B = 4.47, for kerosene and molten paraffin, B = 2.29.

d,~ I90'.5,V0.2

e-0. - (3 .69 )

An empirical formula, proposed in the work of Nukiyama and Tana-
zawa 141] for pnc.m-..t..o..C spray nozzles is widely used:

d,= 58 a+ 59 045 , oQ,,)1sk -0

This equation was obtained within the following range of var-
iation: a = 19-73 dyne/cm; p = 0.7-1.2 g/cm3 ; w = 100-300 m/s;
p~qi-' -- 600-1000 . The diameteý of the drops dk, taking the above-
indicated dimensions entering into Formula (3.70) into account, is
obtained in microns.

In the work [18], a criterion relation is proposed in the form:
d ,, = B W e --.453

- •ý (3.71)

The coefficient B is determined experimentally and varies f'rom
1.2 to 0.61, depenaing on the spray nozzle design.

From our point of view, the equations for calculating the atom-
ization efficiency, should include a complex which characterizes the
energy expended in atomization. Whereas for mechanical spray nozzles
the Weber criterion (We) can serve as such a complex, this is in-
adequate for pneumatic (or steam) spray nozzles because the expend-
ed energy depends also on-the specific flowrate of atomizing medium
(air or steam). If the air flowrate is included in the equation for thedetermination of the average drop size (3.71), better agreement with the
experimental data is obtained. However, separation of the velocity and
specific air flowrate into two components does not correspond to the
physical pattern of atomization because both these parameters are com-
bined in the common concept of energy. When calculating the energyflowrate in pneumatic spray nozzles, it is necessary to determine theuseful (transferred to the fuel) part of the spray nozzle energy.

Manu-
scriptPage Trensliterated Symbols

No.

P7 Kp =kr = kriticheskiy critical

87 K = k = kaplya =drop

88 B = v = vozdukh = air

88 A = d = deformirovannyy = distorted
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92 b = f = fakel = flame

92 T = t = toplivo = fuel

93 Tp = tr = turbulentnyy = turbulent

95 n = p = poterya =lon

Sn = p = par = vapor

102 B = v = ves = weight

108 P = f = fotometricheskiy photometric

109 3 = e = elektricheskiy = electric

109 DMI MrC = TsNII MPS = Tsentralnyy nauchno-issledovatel'skiy
institut ministerstva putey soobshcheniya = Cen-
tral Scientific Research Institute of the Ministry S~of Railways

112 Y= VU = vyazkost' uslovnaya = conventional viscosity

114 C = s = soplo = nozzle

S11 •a = e = ekvivalentnyy = equivalent

115 r = g gidravlicheskiy = hydraulic

$
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Chapter 4

PRINCIPLES OF ORGANIZATION OF THE FLAME PROCESS
14. PRINCIPAL DIAGRAMS OF HEATING UNITS

According to the terminology of Professor G.F. Knorre [156],
the whole diversity of heating devices used in different fields of
stationary and transport power engineering can be divided into two
basic classes: furnaces of the heating type and furnaces in power
installations. To the heating type belong the furnaces of station-
ary and movable boiler installations, industrial furnaces and
devices in which the heat, evolved during the process of combustion
of a fuel, is transferred to another body, but where the combustion
products do not perform useful work (excepting the work of displace-
ment of the gases). Typical for furnaces of this type is the simul-
taneous evolution and absorption of heat. The tendency to maximum
utilization of the radiative heat of the flame results in the need
for the utmost development of radiation-absorbing surfaces, the ac-
commodation of which compels the use only of simple, mainly rectangu-
lar configurations of heating devices with large dimensions.

In furnaces of the power type, the main purpose of which is the
production of a working gas fluid with certain parameters, the aim
followed is a maximum intensification of the process of heat evolu-
tion. The processes of heat removal from the flame and the combustion
products within the limits of the furnaces are secondary and, general-
ly speaking, undesirable. As a rule, the furnaces of the power type are
not only technologically but also with regard to the design combined
with the other units of the device.

The different purpose of heating devices limits to some degree
thepossibility of selecting a single principal diagram. Thus, for
furnaces of the heating type, the conditions of the arrangement of
te shielding surfaces is of primary importance whereas for power
furnaces the decisive factor is Lne weight and size limitation.

However, Independently of their purpose and operating conditions,
the following common technical requirements apply to both types of
furnaces.

1. The design of the heating device should ensure a maximum
degree of combustion of the fuel and stable combustion under all
operating conditions of the power installation at high heat stresses
and a minimum of hydraulic losses.
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2. The process of combustion of the fuel under all opcratrng
conditions of the heating device must take place without formra'-
tion of deposits and smoke.

3. The products of the combustion of the Fuel should not
have a corrosive and erosive effect on the metal parts located in
the path of their flow and should also not cause asn and coke de•-
posits.

4. The design of the heating device should ensure safe opera-
tion and the possibility of inspection, maintenance or the replace-
ment of individual parts or the furnace itself.

5. The service life of the heating device should be adequate.

The requirement to attain high rates of heat transfer in the
furnace volume is equivalent to the requirement to shorten consider-
ably all stages of the combustion process of each separate drop in
the flame. The requirement for completeness of the combustion can
be reduced to the requirement of a complete combustion of all fuel
drops (This implies not only the complete disappearance of the mass
of the liquid drop during its combustion, but also the complete com-
bustion of its vapor even outside the individual combustion zone).
It is technically impossible to fulfill these requirements simoly
by reducing the size of the drops arriving in the furnace. As has
been shown in Chapter 1, a marked a, -ration of the combustion
process requires an increase in the temperature level of the pro-
cess and the supply of oxidant to each drop. These conditions can
be achieved by thcrough mixing r'f the atomized fuel with the air
which is either strongly preheated or added in slight excess. The
intense agitation of the airstream in which the combustion takes
place involves additional energy expenditure which is responsible
for the higher hydraulic losses.

Finally, the requirement of stability of the combustion pro-
cess under all operating conditions of the heating device means to
achieve reliable ignition of the fuel jet upon variation of the
furnace load within given Limits. This requirement can be met by
a large increase in the agitation of the fuel jet or by providing
for a recirculation of part of the high-temperature combustion
products to the root of the flame which also increases the hydraulic
losses.

Thus, the requirement of boosted operation and low hydraulic
loss is to some degree contradictory.

As follows from the preceding chapters, the dtielopment of
the process of combustion of a fuel drop during a certain stage
can also take place without supply of air, simply in the gas medium
with high temperature. Such a stage is the preheating of the drop,
the duration of which increases considerably for heavier fuels, in-
crease in drop size and lowering of the ambient temperature. Under
the usual conditions of combustion of heavy fuels this amount. to
30% of the total combustion time of the drop. Extending this as-
sumption to the entire flame which contains drops ofp cifferent sizes,
it can be concluded that the supply of the air required for the com-
bustion of the flame to the nozzle orifice is not such a necessary
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measure as Lhc)Sht previously. Most likely, the supply of the entire
atr. to the r.-ot of the fuel flame is not inexpedient because this
ewer- The temperatare and the process of preparation of the drop

)10, combu-stion (p!,eheating) is correspondingly extended in time.
The slower developitent of the preparatory processes involves a change
4n the combustion condit'.ons in connection with the slower tempera-
ture rise and th3 sh:.ft of the flame center in the direction of the
airstreant. Slmultaneoua].y with this, reliable ignition of the Jet
by rpturnr c.- part of tk.b combustion products requires the provision
of a larger zone of return flow which naturally increases the hydrau-
lic losses. Rapid attenuation c"f the initial turbulent flow in Zhe
burning flame, provided to achieve mixing in the depth of the flame,
requires an increase in the flow velocity of the air which also in-
creases teh hydraulic losses.

The best solution for shortening the duration of all stages of
the combustion process and for lowering the level of the hydraulic
losses is to distribute the air supply along the length of the
flame, supplying oniy that part of it to the root of the flame which
is indispensable for the Ignition and combustion of the smallest
drops. The remainder of the air is distributed along the flame to
provide for the Igntiton and combustion of the larger drops.

This arrangement of the process, first carried out in 1886
by the engiraneer Pash-inin for ship's bollers [157], enabled the
total effiCienrcy of combustion of the fuel to be greatly increased
with considerable increase in the steam output of the boiler.

Practically all power furnaces (combustion chambers of gas
rbine engines [EGTE(rTY) now operate on this combustion principle.

However, for boiler furnaces, the use of separate air supply involves
considerable engineering difficulties due to the specific design of
these furnaces.

r1

Fig. 55. FaciL-ty for injecting secondary air into the zone of coin-
bustion of petroleum residue: I) Working spray nozzle; 2) input ori-
flces; 3) air preheater; 4) outlet nozzles; 5) control valve; 6)
gate.
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The provision of nonlocal air supply depends primarily on the
possibility of achieving the required range of the air jet. For power
furnaces, the necessary depth of penetration of the lateral (with re-
gard to the flame) air jet is achieved at relatively low initial
flow velocities and small orifices which makes it possible to match
the quantity of air necessary for supply to a certain flame zone and
its velocity. For normal boiler furnaces, the transverse dimensions
of which are very large and are d~t~rmjned by the errangement of the
shielding surfaces, this matching is obviously impossible without
the use of special high-pressure air supply devices although some
proposals in this direction have already been made. One of the dev-
ices wninh improve the combustion process of heavy fuels, is repre-
sented in Fig, 55. According to [158], the secondary air is supplied
via orifices in the air preheater which is located in the furnace
chamber. From the preheater, the air passes through nozzles into the
combsution zone. The quantity of secondary air supplied to the flame
is controlled by means of a gate and special valves.

The heating device shown in Fig. 56 may also be a certain in-
terest. This heating device is a combustion chamber to which the
air for combustion is supplied in stages., in proportion to the
combustion of the fuel flame. The first stage, uisually termed the
gasification chamber, is a closed volume to whihh a small propor-
tion of the air (-30%) required for the combustion of the fuel is
supplied via the atomizer. This air reaches the furnace volume
through numerous orifices in the walls. The combustion products
together with partly vaporized and gasified fuel arrive in the
second stage (afterburning chamber), where the remainder of the
air is directed.

Fig. 56. Schematic view of a firebox for the combustion of sulfur-
containing fuels. 1) Fuel; 2) primary air; 3) secondary air; 4)
combustion products.

However, neither of these solutions is radical enough, and
suitable for general application since one of them can be used
only for furnaces with small volume and the other requires a special
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furnace design.

Thus, the design of a heating device which completely satisfies
all requirements is very difficult at present. These difficulties
are further aggravated by the fact that the currently used standard
method for the calculation of furnaces [159] is not suitable for
selecting the most rational methods of hc'ndling the combustion pro-
cess but is merely a method of determining the final parameters of
the combustion products for given opeeating conditions of' the fur-
nace.

These factors had the consequence that the design of all fur-
naces of the power as well as the heating type is carried out mainly
experimentally on the basis of data on the performance of analogous
designs at the disposal of the designers. This, in turn, led to the
appearance of a very large number of types and designs of furnaces
for the most diverse purposes. It should be pointed out, however,
that for furnaces of the heating type it would be more correct to
speak of the creation of a large number of types of burner devices
and not of furnaces, since the design of the latter is determined
mainly by the arrangement of the shielding surfaces as mentioned in
the foregoing.

Fig. 57. Scheme of the simplest single-pass furnace chamber: Ft, Ff)

Cross sections of furnace and flame; Zt, if) length of furnace and
flame; 1) Air; 2) fuel.

It should also be pointed out that the design features of boiler
furnaces, mainly those with large capacity, compel the use of a large
number of burners in order to achieve adequate filling of the fur-
nace volume with the flame.

Despite the great diversity of the burner device designs, they
can be divided in principle on the basis of the handling of the
relative motion of the fPel and air into single-pass and tangential
burners and, with respect to the method of air supply, into straight-
jet and vortex (turbulent) burners. An additional attribute for
classification is the method of supply the air to the flame.

Most burners in operation at present are of the type in which
the entire air required for combustion is supplied to the root of
the flame. However, burners in which a separation into primary
and secondary air is used, arB beginning to find wider application.
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Figure 57 shows the simplest scheme of a single-pass burner

wnich has been widely used in the past in stationary power and heat-
ing installations. The inherent deficiencies of this design are the
very limited range of stable combustion and the practical impossibil-
ity of achieving high volume and cross-section boosting of the fur-
nace. This is due, firstly, to the fact that as the flow moves away
from the nozzle, the combustion products impede the flow more and
more, thus hindering the access of oxidant to the unburned drops.
Secondly, as the flow progresses in the furnace, a consideraole
decrease of the relative drop velocity occurs which causes a mark.d
decrease in the mixing intensity and, consequently, prolongs the
afterburning of the flame. And, finally and thirdly, the peripheral
layers of the introduced aJr practically do not participate in the
combustion. Hence, the process of combustion of atomized fuel takes
place with a much smaller average excess of air than would be assumed
on the basis of the fuel-air ratio.

Fig. 58. Scheme of turbulent
burner with vane damper: 1)
Spray nozzle; 2) damper.

A zone of reverse currents develops in the annular r.tating
airstream produced in the burners of the turbulent type. 7fhe di-
nensions of this zone are determined by the tangential velocity
component of the vortex flow. Above all, this made it possible to
tmprove greatly the conditions of continuous ignition of the intro-
duced fuel by conveying part of the hot combustion products to the
root of the fuel flame. Furthermore, the high initial turbulence of
the flow caused )re intense delivery of oxygen to the burning
drops at the end •f the flame. Thus, the twisting of the airflow
made it possible to solve two main problems successfully: to shorten
considerably the duration of the preparatory stages of the combus-
tion process (preheating and ignition of the fuel) and to actively
influence the final stage of the process, the afterburning of the
coke particles. The twisting of the flow proved to be so effective
that this principle is now perhaps the basic one in the practice of
designing and construction of the most diverse burner devices for
heavy fuels.

Burners in which the turbulent flow and vortey formation are
achieved by incorporating a vane damper have found widespread ap-
lication.
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A mechanical spray nozzle, usually of tne centrifugal type,
is located in the center of this dampei (Fig. 58).

The vortex effect in the airflow can also be obta ned by tan-
e: •il sul.,2l of the air to the burner as in the simplest form of

brner, shown _n Fig. 59([OEN](03H) burner). A distinguishing fea-
ture of this burner is that the energy of the airflow is also used
for the atomization of the fuel. More complex in design and operat-
ing principle is the burner depicted in Fig. 60. The air required
for combustion, the quantity of which can be controlled by peri-
pheral contoured vanes, enters the burner duct under an angle to
the burner axis, thus acquiring a tangential component. A speciallly
shaped damper located in the burner axis, divides the airstream into
two parts, one of which is delivered via tangential chann~els with
rectangular section in the body of the damper to the root of the
fuel jet, formed by a mechanical (centrifugal) spray nozzle, while
the other by-passes the damper and enters the furnace chamber.

Fig. 59. Schematic view of turbu-
lent burner with tangential air
supply. 1) Petroleum residue; 2)
steam.

The burner shown in Fig. 61 is very similar in principle
to the preceding one.

In this design, the division of the airstream into a primary
one deflected towards the root of the fuel flame and a secondary one,
is more oL.Ious. It is achieved by means of a vane damper situated
in the center of the burner, through which the primary air enters,
and a system of orifices at the periphery, throuEh which the second-
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arr air is supplied to the burning flame.

It can be inferi'ed from an examination of the basic operating

principles and designs of burner devices that the most signifitant
aspect in the development f burnePs for heavy liquid fuels is the
use of a vortex flow with divlsvn of the air into primary and se-
condary; this was verified experimentally in poxer-type fArnaces and
presented itself in the best light.

Fig. 60. Turbulent burnuer with separate air supply: 1) Air duct; 2)
control vanes; 3) conical blade damper; 4) spray nozzle; 5) crank

S~handle for rotating the blades.

SOne of the factors which detE.ermine the rate of combustion
of the flame and., consequently, the specific thermal load In the

S~fur~nace volum e, Is che process of afterburning of the coke residue
Sas well as the gasleous products of the Incomplete combustion of the

,fuel vapor. The speed of this process is determined by the hydrodyna-
i mic conditions and the transverse dimensions of the airflow. The

S~sma]!er these dimensions are, the better will be the mixing and the
' more rapid the afterburning, other conditions being equal. In the

multiburner furnatzf., the transverse dimensions of the flame are
consierabl, whic;h, naturally, makes it more difficult to a-hieve

I through mixing. This circumstance is aggravated by the mutual influ-
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Fig. 61. Turbulent burner with separate alt supply: 1) Fan; 2) guid-
ing vanes; 3) prlmary air vortex former; 4) Ignition zone; 5) nozzles
for the supply of secondary air; 6) flame indicator (ionization sen-
sor); 7) air control gate; 8) fuel supply; 9) centrifugal spray noz-
zle; 10) combustion zone; 11) refractory-coat; 12) steel body of
burner.

ence of adjacent flames.

Based on these concepts, it is recommended in the work [160]
to divide large furnaces Into separate sections by installing du-
plex shields of the type of honeycomb furnace of the single-pass
boiler No. 1 of TETs-9 of Mosenergo or by installing parallel ser-
ies of tubes (glove-type boilers). Each such cell is equipped with
its own burner. The realization of this hypothesis should give a
very efficient operation due to the increased radiating surface as
well as the possibility of a considerable increase in the specific
heat transfer rates in the furnace volume, as attested to by the
practical operation of the small-size power furnaces of the type
of GTJ combustion chamber in which heat transfer-rates were achieved
which were ten times higher than in large-volume boiler furnaces.

15. DISTRIBUTION OF THE FUEL OVER THE FURNACE VOLUME

Two theories are currently used for calculating the local fuel
concentration at every point of the furnace volume. According to
one of these [161-163], the motion of the flame is regarded as the
motion of a physical body witn variable density, and, consequent~l,
with a variable resistance coefficient. Here belongs also the theory
of turbulent flows which examines the motion of a gas flow with soilid
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impurities [1493. The assumptlon is made in this case that a con-
stant quantity of fuel passes through any cross section of the flow.
In reality, the quantity of fuel decreases with increasing distance
from the burner nvszle since the flight dLstance of the drops, other
conditions being equa!, is determined by the drop size. The greater
the diameter of the drop, the further it flies.

According to the second theory [108-110], the calculation is
carried out for each drop separately, making use of the equation of
motion of the mass center of a solid sphere but it does not take into
account the flow of the ambient air entrained by the stream of drops.

As a study of the flight of solid particles in an airitream
[125] shows, their velocity does not vary during their motion in
the same way as that of the air. The airflow is decelerated con
siderably more efficiently than the solid particles.

In the initial part of the fuel flame, where the distance
between drops is small, the particle3 exert a mutual influence
and on the surrounding air, entraining it and ir.•arting to it a
velocity close to that of the drops. In proportion to the increasing
distance of the drops from the nozzle, the distance between them in-
creases, the interaction decreases and the motion of each drop be-
comes independent. Thus, the jet can be regarded in its first sec-
tion as an integral body which does not give off individual drops
C.d, in the second, one can study the motion of individual drops in
the airstream entrained in the initial section. The length of the
initial section depends on the angle of the jet, the flow velocity
and fuel consumption and also on the quality of atomization. The
larger the angle of the jet, the shorter is the initial section and
the interaction between drops ceases nearer to the nozzle. The velo-
city and f-el consumption have the opposite effect.

With coarse atomization, the independent motion of the drops
begins sooner because the larger the drops, the smaller is their
number in the stream and the greater the distance between them.
Consequently, not only the average drop size but also the size dis-
tribution of the drops affects the nature of the aerodynamkc inter-
action between the fuel and air stream.

In the case of mechanical atomization, the large drops with
their large wake, entrain a greater mass of air than the small drops
and exert a considerable influence on the motion of the small drops.
In the pneumatic spray nozzles, more time is required fcr equaliz-
ing the velocities of the large drops and the dispersing medium in
the initial section, where the velocity of the air is greater than
that of the drops, as well as auring the deceleration when the velo-
city of the drops is greater. The small drops will have a velocity
close to that of the airstream for a considerable proportion of
their path in the furnace. The sudden velocity drop of the air in
pneumatic atomization takes place after the initial section, which,
according to the theory of turbulent flow [149] amounts to

a (4.1)

where zo is the length of the initial section; Ro the initial radius
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of the jet; a, the degree of initial turbulence of the airstream,
amounts to 0.06-0.075 according to the experimental data.

On the basis of an analysis of this physical pattern of the
mution of the jet it can be inferred that while the trops have the
same velocity at the moment of their f'orimation, the jelociry of the
drops from the moment of their independent motion (when their mu-
tual distance is large and they no longer exert a mutual aerodyna-
milc effect) will aepend on their size.

In real spray nozzles, the initial section of tne flame is
short compared with the total flight path of the dr.ps and it can
be assumed for practical calculatior3m in first approximation t.-at
the drops begin their independent r_ ,Ai.n directly after thr'.t =mer-
gence from the atomizer nozzle.

Using the equation of the drop motion (l.?l) and (1.29), we
find that the total acceleration is

YX (4.2)

The solution of Eq. (4.2) at the initial values of T = 0,
x = 0, w = kw, will have the form

X = 2' (4.3)

where k is a coefficient which takes into account the deviation of
the velocity of the drops during their independent motion from the
average flow velocity of the fuel; according to the experimental
data, k depends on the drop radius and can be approximately calcu-
lated by means of the empirical formula

k r- 0,.16 ý 0,84 ex •p (; ),(4.4)

where d is expressed in mm.

As follows from Eq. (4.3), the flight distance of the drops
03pends es3entially on the drop radius. If we assume that the mo-
tion of the jet terminates at T = -, then we can calculate for
each drop its maximum distance from the spray nozzle (Fig. 62).

The velocity variation along the length of the flame can be
determined if we replace the variables in Eq. (4.2); since

dw dw dx,ft--- = -dxT -dT-

dw (4.5)

we obtain
W a

- . (4.6)
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As a result of the solution of (4.6), taking into account that
at x = 0 w = we, we find the velocity of the drops at any distance
from the spray nozzle

*w=(k0A4.s_ •.._ ('1.W:• ((k7

At w = 0, the solution of this equati on gives the maximium
flight distance of the drops and 'noincides with Eq. (4.3) at T

"4 --
I 12-1-,_ -

44

Fig. 62. Flight distance of drops of petroleum residue as a function
of their diameter and initial velocity (M): 1) 1= 100 m/s; 2) w =

S80 m/s; 3) w = 60 m/s; 4) w - 40 m/s; 5) w = 20 m/A; 6) maximum
drop sizes of petroleum residue at B = 154 (Eq. (3.28) and 7) at
B = 4.36.

Owing to tha turbulent Impulse exchange with the ambient air
during the motion of the fuel, a deviation of the drop trajectory
from the axis takes place which imparts a conical shape to the jet.
On the basis of theoretical studies, using the laws of turbulent
diffusion [164], an equation was obtained which characterizes the
relative density of the stream over the cross section for jet-type
spray nozzles

q7 (4.8)

where q is the mass of fuel in the considered section at a certain
radius; q, the mass of fuel in the center of the flame; r, the in-

stantaneous radius;
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where a,. is i constant characterizing the turbulence of the jet; kr

a constant which .haracterizes the quality of atomization.

ia

SI!!I
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b

Fig. 63. Distribution of the fuel along the
radius: a) For Jet-type spray nozzles; b)
for centrifugal spray nozzles. 1) per I mm
of r.

Experimental verification of Eq. (4.8) gave good agreement with
the theoretical values. As follows from (4.8), the distribution of
the fuel along the radius of the jet becomes more uniform with in-
creasing distance from the spray nozzle (Fig. 63a).

When we consider the distr'ibution of the fuel in the flame of
centrifugal spray nozzles we must take into account the presence
of a rotational moment in the vortex chamber and nozzle of the
spray nozzle which imparts a peculiar shape (hollow cone) to rbe fuel
Jet. Since the centrifugal spray nozzles have a large jet angle,
consideration of the motion of the drops along the axis only doesI
not by any means give a complete picture. For these spray nozzles,
the variation of the trajectory is considered with respect to two
mutually perpendicular directions: along the axis and the radius
of the flame. In this case, the components of the acceleration, re-
sistance, and initial velocity along the X axis will be:
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Z-- Sv (4.1_. )

-. ((4.1i)

w.. w e , cos a12;
(4.12)

and fur iht y axis
/,= .d•,(4.13)

Re 2 (4.114)

(4.15)

where a/2 is the slope angle of the drop trajectory at the moment
of the emergence of the drop from the nozzle.

The total velocity of the drop can be expressed as w

or w - and the initial differential equations assume the form
sinl w2

dw1 ,l.d-v- % - u~•. 4.16)

sit, Irv.(4-17)

Following solution of (4.16) and (4.17). taking into acc•
the initial conditions, we find the drop coordinates during Rts
motion

2d l.,kwo s a

2d.-5 + %,.,,(4.18 )

2d "•-k-o sin -- r

.'- + ,'4 "(4.19)

The data of this equation differ from those of the equation
for the Jet-type spray nozzle (4.3) merely by one factor which depends
on the flame angle. The flight distance as a function of the drop size
for jet and centrifugal spray nozzles can be described by the same
diagram (see Fig. 62). As follows from Fig. 62, the flight distance
of the drops increases In propoi'dion to their size and initial velo-
city. However, these parameters "drop size and velocity) are also
interrelated; for a given spray nozzle design and fuel, the maximum
drop size will be determined by the initial velocity of the jet.
Consequently, each of the curves (see Fig. 62) should have complete-
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ly defined bounditries. If we use Eq. (3.58), we find the following
relation for the mean drop size of petrcleum residue at a thickness
of the conical film of 0.25 mm:

d,=B 1*- -r ( 4 . 2 0 )

and for the maximin size, assuming m = 3. in accordance with Eq.
(,4.20), we obtain

do=

Wa.=- 'r (4.21)

where B for the chosen conditions [6 = 0.25 mm, Pt = 91.7 (kgf's 2 /m4,
v = 5.8 mm2 /s (-I.5 0 VU)] is 1.54, with dmax expressed in• mm and w
in m/s.

Having determined the maximum drop diameters by means of the
diagrams of Fig. 62, we have then the flight distance of the largest
drops (or the length of the flame). This dependence can be expressed
analytically for the chosen conditions:

x,,,n = 2 S (4.22)

As follows from Eq. (4.22), the flame length decreases with
increase in the initial velocity of the fucl. This is explained by
the fact that ax increase in the initial velocity has an important
effect on the drop size. The resultant ee.±'ease in the maximum drop
size causes a shortening of the flame lengt-.

A combined analysis of Eqs. (3.68) and (4.18) makes possibie
the assertion that with increase in the thickness of the conical
film the flame length will increase since the flame will contain
larger drops. With increase in svrface tension, viscosity and speci-
fic gravity of the fuel, the flame length also increases. For exam-
ple, if the viscosity Increases t:; 3cVU (-20 mm2 /s) B = 4.36 (4.20),
and the line limiting t',e maximum range will accordingly be shifted
higher (see Fir, •?.7.

The mass of the flame varies with increasing distance from the
:,o.zle. For example, at xO = 0.6 m (wo = 60 m/s), all drops with a
diameter less than 275 u lose their axial velocity and settle under
the action of gravity (see Fig. 62), consequently, the mass of fuel
passing through a furnace cross section at the distance xi will be

less than near the spray nozzle. The weight of the drops for each
diameter can be determined from the di'itribution equation (3.28) or
(3.42). Excluding the weight of the drops which have lost their
axial velocity, we find the variation of the mass of the fuel along
the length of the flame (Fig. 64 a) for the case of B = 4.36 (Eq.
4.20).

Not only the total mass of fuel but also the average dieop size
varies along the length of the flame. To determine the average
weight diameter we can use the equation

- 132 -



1!

" iW
0 02 Z, f . "0 I ,0 2 LC .Z,-

a

siz (b)alngth --lCi Of flm: I1) u7=IOC ~

F -- T - V I F i

28,I ;I j j j LA

Fig. 6Ik. Vareation of the mass of d'iai qa the weght of drops
size (b) avo n o the len msn i of the flame: i, • = 10O m/s; 2) • -

fo ;he drop dimtesmci; 1a) the weim;ght) drops

rwhee dlo ared te dis cr te d opam peri d the dweigh droups;

wihthe detriameter 65a shows thematicallye one dop h tyiZca droups

Ic is the drop size the flight distance of' which i linm~ted by t*.,e
cross section ofv the flame under cons s eration.

The variation of the mass and size composltion c2 the flame
also takes place in radial direction. it follows f'ror the equationrs
for the drop trajectories ('4.18> and~ ('4.29) that the i~u'ge drops
are located in the flame periphery and the small drops closer to
the center. Figure 65a shows schematically one of the typical drop
distributions over the flame cress section, obtained by the authors
in a study on several centrifugal spray nozzles. Each line gives
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Fig. 65. Distribution of fuel drops With respect to size in radial
direction: a) Dispersion composition in`%£ b) average sizes.

the weight of drops of a certain size relative to the weight of
fuel at this point. As follows from the above-given relations,
the periphery contains a small quantity of small drops which is
in contradiction with Eq. (4.19). The deviation of the small drops
from the theoretical trajectory takes place because during the
flight of the drops, as a result of the turbulent exchange with
the ambient air, the latter will move along the axis. By interact-
ing with the fuel drops, the entrained air changes the trajectory
of the drops away from the nozzle axis. The air has the greatest
effect on the small drops so that a certain redistribution takes
place and a small quantity of small drops reaches the periphery.
With regard to their weight percentage, these drops amount to a
negligibly small quantity.

The deviation of the large drops, containing the main mass
of the fuel, from the axis also determines the distribution of the
fuel over the eross section with two maxima, typical for the centri-
fugal spray nozzles (see Fig. 63b). Knowing the distribution of
the drop weight on the basis of the sizes (3.28) or (3.42), it is
possible to obtain, by using Eq. (4.22), the flame density as a
the flame density one can calculate the distribution curve of thefunction of the radius (see Fig. 63b) ana, conversely, by means of

drop weights by means of the sizes.

The motion and development of the fuel Jet in furnaces takes
place in an airstream. If the airstream with the velocity v is in

the direction of the flame axis, the force of resistance R to the
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motion of the drops is determined oy the relative velocity. The
differential equations of motion can then be written thus

(4.24)d w" N -" - - v o l" ( I + C 2 ) 0 ." ,

--•-- %A .+W (4.25)

to sin -

where C= 2

(4-26)

The solution of these equations under the initial conditions
SO•, = c• - v%, x= 0, w # kw, sin -1, 0 = gives the following expresi-

sions for the determination of the drop coo-dinates relative to the
spray nozzle

- kw° co uI2-- 5
O( 3 •Tk-.-, coa-- v. (4.27)

24ý

Y= kwe sin ct/2

ST A(4.28)

These equations have a limited range of application because

with increasing velocity of the air, the relative velocity of the
drops and correspondingly the parameter Re decrease. Furthermore,
the. air velocity in real furnaces does not remain const At over
the entire path of motion of the drops.

If most of tITe path of the drop is traversed under conditions
of Re being considerably smaller than 50, it is expedient to use
the Stokes equation for calculating the resistance coefficient

24 (4.29)

The final expression for calculating the flight distance, of
the drops will then have the form

L .

p.= !8 •'4
(4,32)

Since the Stokes formula is correct only for low values of Re
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(under 0.!) we must introduce a correction [165) intc Eq. (11.32)

9 =V1%4.33)

The values of the coefficient k as a function of Re and the

errors at the limiting values of Re are given in Table 11.

TABLE 11

Corrections to Eq. (4.32)

I Bem.iq.wa nonpa.I

X'. ...... ... 1.0 1.17 1.31 1.50 1.73 1.98 2.54 2.1 8

mig Re . . . . 0.-i 1-.2 2-4 4-7 7-1 11-16 16-23 31-42
OLVI6X,. %:

ncza . . . +5 +7 +7 +7 +7 +7 +7 +7
S 'KoHLe yca -

CTK. . . -5 -7 -7 -7 -7 1 -7 -

1) Correction; 2) limits of the value of Re; 3)
error, %; 4) in the initial part of the section;
5) at the end of the section.

Tc simplify the calculations, a correction of 0.h of the maxi-
mum for all trajectories of drop motion can be applied.

The calculation of the fuel distribution in the furnace will
be more complex in the case of atomization with pneumatic or steam
spray nozzles with a highdegree of atomization and uniform size
distribution of the drops, one can use the equation of motion for
a jet with heavy impurities [149). However, irr the practice of fuel
atomization with pneumatic spray nozzles, particularly those operat-
ing with low pressure, relatively large drops are obta'ned (-0.3-
0.4 mm) with a large range of size variation. Hence, it is neces-
sary to consider the motion of the individual drops for an analysis
of the drop distribution in the flwae. During the initial moment of
the action of the spray nozzle on the fuel, an energy exchange takes
place, as a result of which the average velocities of the fuel drops
and the atomizing medium becomes equal to

w01 + ~qv
S(14.314)

where Vo.v Is the initial velocity of the atomizing medium; wo.t the

nitlial velocity of the fuel; q the specific flowi-ate of the spray
nozzle in kg/kg; 0 the efficiency factor of the kinetic energy .f
the spray nozzle which characterizes the degree of energy transfer
from the air to the fuel.

The flight of the drops In atomization with pneumatic spray
nozzles is characterized by sudden variations of the resistance and
the parameter Re. Thus, the ve-ocity of the drops in the initial
section is considerably lower than the velocity of tne air and Re
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I
has higher values. Then the velocities are equalized and Re - 0.
Re then increases again but only slightly because the velocities
of the drops and the air decrease. Considering the motion of the
drops from the moment of equality of the velocities (which is the
case [166, 167] over a short distance) the Stokes formula (4.29)
can be used to determine the resistance coefficient. The differen-
tial equations of motion then assume the form

do 24ns (W - UP (4.-35)
8Re

or

(4.36)

1= 22!.
QT

(4.37)

As a result of the transverse velocity components and the en-
ergy exchange with the ambient gas (air) in turbulent Jets, an in-
crease in the cross section of the jet takes place. The drops devi-
ate from the axial direction and their trajectories recede from
each other already in the main section to a distance at which they
no longer interact. However, the atomizing air (steam) retains a
considerable velocity for some time. According to the laws of sub-
merged jets, the axial velocity of the air jet will decrease in
inverse ratio to the distance

JýV -R 
(4-38)

where c is the distance from the spray nozzle; v. the initial velo-

city of the stream.

The solution of Eq. (4.38) gives the following relations:

dx 096R. (4.39)

2.0,96R, (4.4o)

According to the above scheme of motion, x at T = 0 should
be equal to the length of the initial section, when

I / bV. (4.41)

where
b O= ,96R,

/ 25 (14.42)

Substituting the expression for v (4.41) into (4.35), we ob-j tain the differential equation of the drop motion with variable
resistance
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dw boo) (14.43)

The solution of this equation has the form

W~e~- CXP ) + c].(444

The integral contained in this equation does not have a general
solution and cannot be expressed by any elementary function. For con-
crete quantities entering into the equation, one can use the expan-

sion of (- i)n a series and integration of this series. The number

of terms in the series depends on the concrete conditions.

At equal initial velocities, the fligi" distance of drops
produced with a pneumatic spray nozzle, is cater than those
produced with a mechanical spray nozzle.

The distribution of the fuel over the flame cross section
for the case of atomization with pneumatic spray nozzles can be
described by the theory of turbulent jets for a two-phase flow by
a relation of the type

q•T, (4.45)

where q is the spraying density of the fuel at a given point; qt

the spraying density in the center of the jet; r the distance of
the point under consideration from the jet axis; r 0 the radius of

the jet in the investigated section.

According to the experimental data [18], the density of the
fuel jet in atomization with a pneumatic spray nozzle varies in

taccordance with the following relation:

x -0.
q -L -p SY7) (4.46)

where r 0 . 2 is the distance from the jet axis to the point of the

section where
q I
9 =- 2 (4.47)

There is good agreement between the theoretical and empirical
relations, obtained by generalization of the experimental data. The
variation of the local fuel concentration in the flame sections
corresponds to a qualitative difference characterized by the com-
position of the dispersi.on. The average drop size along the burner
axis can be determined on the basis of the flight distance of the
drops as a function of their sizes and the distribution law of the
drop sizes (3.42). As follows from the experimental data, obtained
by the authors, the variation of the average drop size in the trans-
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verse section of the flpme is characterized by similar profiles
(Fig. 66a) at any distance from the spray nozzle. Owing to this
distribution law, the dependence of the average drop sizes on the
flame radius can be generalized by a single curve (Fig. 66b) plotted
in the coordinates

!_E=/( r,

24 're) (~4.48)

where dsr is the average drop diameter in the considered section;

2sr the average drop diameter, determined over the given cross

section; r the distance of the section under consideration from the
flame axis; r. the maximum flame radius in this section.

The variation of the average drop size along the axis, with
pneumatic atomization, is characterized by the relation represented
in Fig. 6 6c.

As follows from a consideration of the laws of motion of
the fuel drops in the furnace volume, only the density has a direct
effect on the flight distance of the drops. The viscosity and the
surface tension affect the general distribution of the fuel only
indirectly via their effeat on the drop size,

P, CH

10

a

1,5

Fi g. 90 O 0" 80 f0eZ, eC

Fig. 66. Distribution of the drop size during pneumatic spraying
of a fuel: a) General diagram of drop size variation over the sec-
tions; b) drop size variation over the radius; c) variation of the
average (radius) drop size along the flame axis. 1) v.
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The natur~e of the fuel distribution and the laws of motion
change during the burning of the flame. These changes are due to
the decrease in the mass and size of the drops during their flight,
the decrease in the resistance coefficient of a burning drop com-
pared with a nonburning drop of the same size and the variation of
the viscosity, density and velocity of the ambient gas in conse-
quence of the temperature increase. With increase in the kinematic
viscosity of zases during a temperature rise from 200 to 10001C,
the resistanoe coifflcient increases nearly 5 times. On the oLhe.
hand, the resistance coefficient of a burning drop decreases slight-
ly owing to improved flow [168], The increase in the gas velocity
reduces the relative length of the jet. To take all these factors
into account analytically is very difficult but the general rela-
tion for the motion of a burning flame will be characterized by a
decrease in the flight distance of the drops and a more rapid
velocity decrease. The parameter Re also varies greatly for burning
drops since the drop diameter and velocity decrease, while the vis-
cosity of the air increases. In this case, the Stokes law can be
used to determine the resistance coefficient and the differential
equa.tion of motion can be written in the form

dLw 24-rd2.0Q. (4.149)-r- 8Re

On the basis of the material presented in Chapter 1, it can
be assumed that for single-component fuels the drop sizes vary
during combustion as a function of time in accordance with the
equation d

d•=•-k•.(14.50)

Relations (1.72) and. (1.81) can be used for the combustion of
heavy fuels; assuming for approximate calculation that the decrease
in the drop surface takes place in proportion to the time, we obtain:

(4.51)

where

(4.52)

Using Relations (4.49) and (4.51), we find for the conditions
of a burning drop the equation for the equilibrium of forces during
its motion

( -3dw.w (d, - kr)°.'dr (4.53)

The eolution of this equation under the initial conditions
T= 0, w = wo, has the form

L= -) (4.54)

where
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(4.55)

The dependence of zhe path traversed by the drop on the time
can be found by integrating Eq. (4.54) under the boundary conditions
T = 0, X= 0

X w~d (j+1] 1.6

The flight distance of the drops, determined by the time of

its complete combustion is equal to

'wA (4.57)

The flight distance up to the moment when the acceleration along
the axis and the gravitational acceleration are equal can be calcu-
lated by solving Eq. (4.56) at

2q, . 1 (4.58)I _ I

The difference between the time thus obtained and the time of
complete combustion of the drop amounts to less than 0.001%, thus
the flight distance of the drop can be calculated for both caTes by
means of Eq. (4.57). \

In order to find the variation of the fuel miass along the flame
in the case of motion of burning drops one has to allow for the
fact that the decrease in the total mass of unburned fuel takes
place not only on account of completely burned but also partially
burned drops.

Knowing the variation of the diameter of any drop as a function
of the combustion time, the weight of unburned fuel up to the time

* 'r can be determined:

6 N (1. 59)

where N. is the number of drops with size d determined by means of

the equation for the weight distribution of the drops (3.28).

According to the Rosin-Ramnuler distribution, the number of
drops of each diameter per unit weight of fuel, is

N1  6M d,-, exp r ( __,
q ' d (4.60)
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By combined solution of Eqs. (4.59) and (4.60) and replacement
of the sum by the integral, we obtain

M d .1-4 1.5 ±[-
V1.(d1-411 exp [- ()'dd 1 ,. (4. 61)

The integration limits in these equationb should be the maximum
drop dianeter and the diameter of a drop which has completely burned
up to the inoment -r, equal to d = *. The results of the graphic
integration of Eq. (4.61) are shown in Fig. 67. Using tnis relation
and Eq. (4.56), it is possible to obtain the mass variation of the
burning fuel along the length of the flame by excluding the time t.

f

4A

Fig. 67. Weight of the unburned fuel as a function of the ratio
dk/d on the drop size distributiorn according to Eq. (3.28).

The above-presented Yariants of equations make it possible,
depending on the initial conditions of the movement of the fuel in
the furnace, toestimate very approximately the distribution of the
fuel and to calulate its motion along the flame. Since considerable
variations of the conditions of motion take place during the flight
of the drops in an operating furnace, it is difficult to find a com-
mon equation suitable for calculating the motion along the entire
length of the flame. The most marked change in conditions of mo-
tion for the heavy fuel drops takes place at the moment of ignition,
thus the flight trajectory of the drops must be divided into two
parts for a first correction of the mathematical relations: from
the moment when the drop leaves the nozzle to the moment of igni-
tion, and from the ignition to its complete combustion.

For the drops which leave the spray nozzle in the direction
of the airstriam. the velocity and distance from the spray nozzle
can be determined by means of the equation

=[q,. (wo_. . r + 2d'-51 +J • (14.62)

x = V,(% )o ' ,. I- Ur.
( - r 2d'--5 (4.63)

The flIght time of the drop up to the moment of Ignition can
be assumed to be equal to the combustion time (see Chapter 1), ne-

- 142 -

I



glecting the induction time:

±0 (4.64)

The subsequent motion of the drop must be calculated by means
of equations which take into account the variation of the drop mass
(4.54), (4.56).

For motion of the air at the constant velocity v, the equa-
tion for calculating the displacement of the drops assumes the Vorm

W (V(,-0 + ( 4.65)

and

( )do, 7_/,-~~
d0 II (14.66)

The value of the velocity w* in the above expressions is deter-

mined from Eqs. (4.62) and (4.64)

( ) 4k: (W- v) (4.67)
(~j'dw,--c) +2k.)*"

For large drops of petroleum residue (dk > 0.3 mm) the second

term of the denominator of (4.67) is ten times smaller than the
firbt; neglecting this term, we obtain

" OV4k2 (4.68)

The solution of Inequality (4.68) for the motion of a drop of
petroleum residue in a gas stream with a mean temperature of
t z.6000 C gives the following relation:

where d is given in mm.

It follows from this relation that for a burning drop with
large diameter, the velocity practically coincides with the velo-
city of the air. For small drops, the two terms in the denominator
of Eq. (4.67) become comparable; consequently, the difference in
velocities w4 - v will be even less than according to (4.66). In
Eqs. (4.65) and (4.66) the velocity difference w -v enters as a
multiplicand, the cofactor of which is smaller than 1. T-bus, the
motion of burning drops can be considered as being identical with
that of the air, i.e., it can be assumed that w;- Xv x•u
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Induced fortex formation and stagewise air supply and also the
reverse curr~nts which arise modify the nature of the distr~bution
somewhat in the sense of a shortening of the flame. Hence it can
be assumed that the above-proposed relations give limit values, which
must be corrected experimentally.

16. REQUIRED ATOMIZATION QUALITY

Cazss ar.- not rare in the practical operat 4 on of heating devices
in whichthe use of burners which have given excellent service in a
certain unit, did not give the expected effect in other furnaces.
The choice of the nozzle, which fully corresponds to all require-
ments of a certain installation, is effected purely by experimental
methods which delays greatly the starting up of the furnace or
causes a large fuel consumption. This situation is due to the cir-
cumstance that the current technical literature contains extremely
few data on the basis of which the technical requirements for burn-
ers with regard to atomization quality can be formulated, taking
the special features of each heating device, its operating condi--
tions and the grade of liquid fuel into account.

The opinions of the researchers on the effect of atomization
quality cn the combustion process in the flame diverge greatly. Some
authors believe [269, 174] that the limiting process is the forma-
tion of the mixture (,Taporization) determined by a large number of
physical and hydrodynamic factors. In this case, the intensity and
completeness of the combustion of the fuel flame depends directly
on the drop size, and the appearance of losses due to mechanical
incomplete combustion is explained by the difference between the
combustion time of the fuel p-.rticle and Its residence time in the
furnace chamber. Extremely fine atomization can lead to inefficient
mixing [171] because the fuel particles lose their velocity quickly
and are entrained by the airstream. The fuel is distributedonar the
nozzle producing an extremely rich mixture in which tls3iffusion
processes cannot achieve the required composition withiii the given
time interval. On the basis of this reasoning it is claimed that
to every design of combustion chamber (furnace) and to each grade

of fuel corresponds a most advantageous particle size spectrum, de-
termined by the conditions and nat:ure of distribution of the air
along the flame and its turbiulence.

Other authors [175, 176, 177], assuming that the combustion
of atomized fuel takes place in the gas phase, consider the chemi-
cal reaction between the fuel vapor and the oxidant as the limiting
process and regard the degree of dispersion of the fuel in the
flame as a secondary factor.

The scheme in which the combustion reaction is regarded as
the limiting process, can account only for the losses due to ces-
sation of the chemical reaction or its low rate. Hence, the losses
can be in the form of products of incomplete combustion or fuel
vapor.

It follows from the data given in Chapters 1 and 2, that for
fuels with fairly high evaporation characteristic and optimum con-
ditions for the preparation of the combustible mixture (fine atom-
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lzation, high ambient temperature), the chemical reaction of the
combination of the fuel vapor with the oxidant may indeed be the
limiting process under certain conditions. When heavy residual
fuels of the type of petroleum residues are used, the process of
preparation of the combustible mixture and the evaporation deter-
mine the total time required for their combustion.

An analysis of the experimental data from this point of view
cannot be narried oiut aRt prenent, however, because in the practice
of investigation of' furnace devices, the atomization quality given
by the burner is not measured, as a rule. However, as a result of
calculating the specific atomization energy, carried out on the
basis of data obtained in studies of different types of burners
established in different types of furnaces, a graphic dependence
of the total losses of the furnace process on the specific energy
(e,)' was obtained, which is shown in Fig. 68. As follows from
Fit. 68, all the experimental points fit well into a very narrow
region determined by natural scatter due to the large errors inthe determination of er-

The general dependence of the total loss on the specific
atomization energy or, which is the same, the quality of atomiza-
tion, is clearly evident here. Furthermore, at sufficiently large
values of er i.e.. with sufficiently fine atomization, the dif-
ferences in atomizer and furnace design cease to be significant
and the scattering region of the experimental points is constricted
practically to a curve which tends asymptotically towards zero loss.
This attests to the fact that with sufficiently fine afomization,
the quality of mixing of the atomized fuel with the air begins to
assume decisive significance.

The authors carried.out special studies [178) in order to
obtain direct data on the total effect of the quality of atomiza-
tion of the liquid fuel on the basic economic indices of the opera-
tion of furnaces.-In these works, the measurement of the atomiza-
tion quality was achieved by variation of the spray nozzle design

q,.g, Z I

S~I--5

100 1219 V 160 1I0 20, 2 jA

Fig. 68. Furnace losses as a function of the specific atomization
energy: 1) Spray nozzle 03H-350; 2) spray nozzle Hrm-500; 3)
P'yankov's steam spray nozzle; 4) slotted steam spray nozzle; 5)
spray nozzle HFM-500 installed under the boiler QKB-1C. A) kgf-m/kg.
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and its operating parameters and also by variation of the operat-
ing conditions of the furnace, using different grades of liquid
fuel. Since every deviation of the combustion conditions in the
flame from optimum is most clearly manifested under con-ditions of
boosted operation, a cylindrical, fully shielded combustion cham-
ber was chosen as test object. A centrifugal and pneumatic spray
nozzle was used.

As a result of processing of the experimental data, geaphs
were rlotted showing the completeness of combustion as a function
of the operating conditions and the average drop size in the fuel
Jet (Fig. 69). As follows from Fig. 69, the quantity n for diesel

oil tends to decrease with increasing drop size. Thus, for a Jet
with an average drop size of 200 p, nZ is about 90%. An increase

in the drop diameter to -300 V led to a decrease in the complete-
ness of combustion to .= 83%.

This relation is more marked and clearer for distillate oil
and petroleum residue. In this iase, the increase in the drop size
within the same limits led to a decrease in the completeness of
combustion of 0.85 and 0.75, respectively. These data attest to
the fact that the limiting process in the combustion of real heavy
fuels in booster furrnaces is the process of mixture formation (atom-
ization and vaporization of the drops). Owing to the lowering of the
general temperature level of the combustion process with decrease in
the boosting, the effect of the atomization quality becomes special-
ly noticeable. Let us examine in first approximation the conditions
which should be observed for the realization f given heat trans-
fer rates in the volume of a fully shielded f riace. It is assumed
as a working hypothesis that when heavy fuelskf the type of pe-
troleum residue are used, the flame haz a more discrete structure
than in the combustion of light fuels. In this case, the comoustion
of the large drops and the drops located at the periphery of the

I fuel jet will differ relatively little from the coqbustion condi-
tions in an unlimited medium, i.e., from the combustion conditions
of a single drop.

A basic condition for the complete combustion of fuel in the
furnace volume is the equality of the combustion time of a fuel
drop (T.) and its residence time in the furnace volume (a). The

residence time of the fuel drop i4n the furnace volume cannot be
determined without ambiguity because the fuel drops move along
different trajectories. The quantity z can be determined most simp-
ly for the drops the tra.4ectory of which coincides with the furnace
axis and, consequently, with the general direction of motion of
the combusticn r, dts. i this rpoe

!' t (4.69)

where _! wa the length of the furnace; w, is the average velocity

of the combustion products.
V,
Fr'V " (4.70)
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Here Vg is the volume throughput of the combustion products;

F t the furnace cross 5ection.

100 200 300 4,xrn A

a

'Io 0 IT-i4,91

100 Z90 b 0W x.M ! A
b

47 -

9 i--l- -i 'I -

J~ IM~0 7 ~' A
Fig. 69. Variation of the completeness of combustion of the fuel
in a furnace chamber as a function of the aver-Se drop size in the
fuel jet (with constant operating conditions of the furnace); a)
Diesel oil; b) distillate oil; c) petroleum residue *-12. A) p.

Substituting (4.70) into (4.69), we cbtain

z h=eV " (4.71)

In reality, however, the length of the furnace and its cross
section arD not fully utilized, hence the real residence time will
be shorter than the available time. if we designate the utilization
factor of the furnace volume (coefficient of filling of the furnacevolume by the flame) by *t, we have

Z- J, V,. (4.72)

The volume V of combustion products per second (volume thrjugh-
put per second) dgpends on the operating conditions of the furnace
and is determined by

v, G, ,SrRT + AL,)

Y = ff- (4.73)
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where Gsek is thp weight throughput of combustion products per

second; y the specific gravity of the combustion products; Bt the

hourly fuel c•.nsumption; a the excess air coefficient; L0 the quan-

tity of air theoretically required for the combustion of unit weight
of a given fuel; p the pressurein the reaction zone; R the gas con-
stant of the combustion products; T the average temperature of the
combustion products in the reaction zone of the furnace.

Equating (1.83) and (4.72) and solving this equation relative
to the initial drop diameter, we obtain

i •=do (4.74)
V V, (1+ 2) 1~.71

By replacing the quantity V by its expression via the weight
throughput and the parameters of the combustion products (4.73), we
obtain

a,=_ I/B, (I - aLa)(I + 1) RT" (4.75)

It is more difficult to determine the sizes of the drops which
leave the nozzle at an angle to its axis and the furnace axis. In
this case, the condition which limits the drop size, is the absence
of coke formation or. the cold heat-absorbing surfaces located in the
furnaci. According to thls, the fuel drops which leave the nozzle
under an angle to the furnace axis, should burn completely before
striking these surfaces.

The time of flight of the fuel drop from the centeU of the
nozzle to the point on the furnace surface under consi eration
(Z ) Can be estimated from the condition of motion of the drop
al&ng a trajectory, at each point of which all necessary parameters
of the medium are known (teiperature, flow velocity, pressure,
and other properties of the medium). The general solution for this
case cannot yet be obtained because the laws of variation of the
parameters of the medium as they apply to a flame of atomized fuel
as a function of the coordinates of the furnace are unknown. For
the simplest case in which all parameters of the medium in which
the drop moves are constant, sT can be determined from the equation
of the trauectory of the drop

Y= esl= + (4.76)
y +• +k~m Y;s1na, ~ yF~,

where

k---- +•.. V -P (4.76a)

P . = c'i :-'- (14. 76b)
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aT is the time; pv, ov' respectively, are the density and dyna-

mic viscosity of the medium; pt the specific gravity of the fuel.

These equations are valid only for the initial section of the
trajectory, i.e., where the motion of the drop coincides in time
with the development of the -reparatory processes (preheating, pre-
liminary vaporization and iE ition). Following the ignition of the
drop, when it retains its relative velocity, its trajectory will be
determined by a different relation between the resistance coefficient
and the velocity because the appearance of the flame around the drop
creates an additional resistance to its motion. However, the follow-
ing must be remembered: for drops located on the outer fringes of
the fuel jet, i.e., drops which leave the nozzle at the maximum
angle to its axis, the conditions for preheating and ignition will
be much less favorable because the drops are compelled to move all
the time in a medium the temperature of which increases very slowly
in connection with the general heating of the incoming air. This
also has the consequence that the loss of relative velocity of the
drop will obviously occur within a time comparable (if not less
than) with the time required for the ignition of the drop. The in-
crease in the resistance of the drop after the appearance of the
flame increases the rate of the loss of relative velocity even more,
and the trajectory of of the burning drop practically coincides
with the direction of motion of the combustion products, i.e., it
will be practically parallel to the furnace axis. These factors
permit the assumption that the following relations give a first
approximation:

"To := ZT. ( 4 . 7 7 )

Yn= == h, (4.78)

where Tv is the ignition time of the fuel drop; ymax is the maximum

deviation of the drop trajectory from the furnace axis (of the
atomizer); h is the distance from the furnace axis to the boundary
wall.

Substituting (4.77) and (4.78) into (4.76), we obtain
h = we sin a

k V-, iina (4.79)

The ignition time, as shown in Chapter 1, is determined by
the square of the initial drop diameter, the chemical induction
time and the ignition characteristic (k v) of the given fuel grade.

Equation (4.79), taking into account the expression for T,
assumes the form

h - z..0 sin ah = *' + k VW -s,.aT +a +k~z.sn (4.79a)

If we designate by b the quantity

S w -4.79b)
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we find
b ke

d.+ ÷ d K +(4.80)

Having carried out the simplest transformations, we obtain
the following equation for the determination of the critical drop
diam•ter:

d1.5_d2b:+d,.5k,(uTw,, h - kjr., = 0, (4.81)Zr. sin a)--O% =.= ,
4

where 5b 25 = • 'jg,_-.4 +,'-'

(4.81a)

If it is assumed tn•at the fuel drop is fairly large and its
preheating time considerably longer than the chemical induction
time, Eq. -(4.81) assumes ihz- form

d2 -- dO.5b" -I-- = 0; d2 -- dOb" -- a = O.

we sina (4.82)

An estimate of the numerical values of the quantities forming
part of the parameters b' and a, taking into account the real atom-
ization and preheating conditions of the fuel drops, shows that
their range of variation can be limited by the following values:

0 < b' < 0,04 Ax'S,

0 < a < 0.3-x'.

Accordingly, the range of variation of the drop sires will be
limited by the maximum 600 U. Figure 70 shows a nomogram for the
determination of the drop size as a function of the total set of
the values of the parameters b' and a from which it is evident that

the parameter a has the decisive effect on the maximum fuel drop
size which is limited by the condition of its ignition prior to
impinging on the cold wall. The variation of bl over its entire
range has an extremely insignificant effect on the initial drop
size. Hence we can neglect the term d 0 'b' in Eq. (4.82) without
causing a large error. Then the drop size is determined as

d=.- h-• (4.83)

By way of an example, let us consider the problem, what maxi-
mum drop size we can permit for a furnace with a volume of 3.98
ms, a width of 1.2 m and a length of 2.7 m in which a volume heat
transfer rate of the order of 1.3-106 kcal/msh is to be achieved.
The fuel is atomized b• means of a mechanical sprayhead under a
pressure of -25 kgf/cm' and forms a fuel Jet with an angle at the
apex of 2a = 1200. The fuel is petroleum residue (y = 960) with
the ignition characteristic k = 0.003 cm2 /s. For comparison pur-
poses, we determine also the aiameter _f diesel oil drops (y =
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T

= 860) for wnlcn k, - U.0050 cm/Is. Having first determined the
flow velocity of the fuel from the spray nozzle and assuming that
the two fuels have the same pressure and velocity coefficients, we
obtain the following drop diameters:

for petroleum residue , = 0,003.0,6 0,0063 cm 62 xx45.3

for dlesel oil d, 0-.005,.0.6 0.0084 84 == 8448

550

525

41S- 95-

-~ - SO50

•2 • -__.375

4OJ. I-- - - 0

0 4 51 40o 5 402 40,5 04• aU• !

Fig. 70. Diagr-am for determ~ina~tion of drop size as a function of

the parameters b' and a. 1) imn; 2) ii.

For a fuel drop moving along the furnace axis, we find after
substitution of the numerical values:

for petroleum residue4029 Ol ci(9

for diesel oil K= 0,29407= 0,0260 ci Z

Thus, to achieve heat transfer rates of the order of 1.30.106
kcal/m~h (furnace chamber of steam locomotive boiler) which c'orres-
ponds to a fuel consu~mption of -550 kg/h, the atomization quality
should be very good for diesel oil and particularly for petroleum
residue. The greatest danger in this case are the lateral drops
because they should be approximately half the size of those in the
eenter of the flame. Despite the relatively low' calculation ac-
curacy, the absolute drop sizes determined by this method, are
very close to the drop sizes observed in reality !n highly effec-
tive conlbustion of atomized fuel.
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It should be remembered, however, that the drop sizes de-
termined by computation, although they are limits, determined
on the basis of the ignition and complete combustion conditions,
they cannot be the limit sizes with respect to the atomizatior
characteristic, i.e., the drops for which R = 0. Strictly speaking,
the number of such drops should be determined on the basis of the
given law of heat evolution along the furnace. However, as a first
approximation, it can be assumed to be within the limits of 10-15%
and then the average drop diameter in the flame by means of which
the quality of atomization is normally gaged, can be readily ascer-
tained by means of Eq. (3.28).

It must also be remembered that in a large number of cases
(at low flow velocity and small aperture angle of the fuel flame)
the drop sizes determined by means of Eq. (4.83) will be much larger
than in the above example. In this case, an additional verification
of the completeness of combustion of this drop over the remaining
furnace length is reqaired on the assumption that the subsequent
motion will be over a linear trajectory with zero relative velocity.
The control relation in this case will have the form

A > x,=, (4.84)

where 'pred is the maximum permissible distance of the fuel drop

from the spray nozzle in the furnace axis; zmax is the real distance

of the fuel drop, determined by means of Eq. (4.76) at zT = Tv

The quantity :preds in turn, is determined from the equation

0 + X) W., (4.85)

where Zt is the furnace length; kg the combustior characteristic

of the fuel grade concerned (without taking into account the igni-
tion time); x is the ratio of the combustion time of the coke resi-
due to the combustion time of the liquid phase; w g is the average
velocity of the gases and combustion products formed in the furnace.

If the Condition (4.84) is not fulfilled, this means that the
chosen parameters of burner operation do not allow complete com-
bustion of the fuel drop under the given conditions.

Manu-
script Footnotes
Page
No.

144 'The processing of the experimental data was carried
out by the Canaidate of Technical Sciences, E.M. Yuda-
yeva who kindly communicated the results to the authors.

- 151 -



Manu-
script Transliterated Symbols
Page
No.

120 [TY . GTU - gazoturbinnaya ustanovka - gas-turbine

powerplant

122 T - t- topka = fire box

122 - f - famel - flame jet

128 K - k - kaplya - drop

129 T - t - toplivo - fuel

129 T - turbilentnost' - turbulence

130 p - r - raspylivenlye - atomization

132 BY - VU - vyazkost' uslovnaya - conventional viscosity

135 z - v a vozdukh - afr
139 cp - sr - srednly - average

140 r - g - gorenlye - combustion

146 ceK - sek - sekunde - second

ý49 wH m - Ind - induktslya - Induction

151 npeA - pred - predel - limit
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Chapter 5
ENGINEERING WETHOD' OF ORGANIZATION OF TLE FLA P2OCESSES

17. CENTRIFUGAL ATOMIZER DESIGNS

The idea to use the centrifugal forces in a vortex flow for the
atomization of fuel was realized in the first mechanical atomizer
built by engineers of the Tentelevka plant [157]. This atomizer was
equippeý3 with helical channels (Fig. 71) like, later on, the Kerting
atomizer which was widely used in the fuel preparation system of the
steam boilers of the firm Babcock-Wilcox. The flame angle in the
burners with helical inset was determined by controlling the pitch of
the helix. Instead of the helical inset, a multiple-thread endless
worm can be used.

The best fuel atomization effect is achieved in centrifugal
atomizers with channels which extend tangentially from the periphery
to the vortex chamber. One of these designs which was widely used at
the time, is the atomizer of P. I. Grigor'ev '180], known under the
name "Atom" (Fig. 72). In this atomizer, the fuel passes through
tangential grooves cut in the conical insert into the vortex chamber
and then through a nozzle into the furnace volume.

In most current designs, the vortex flow is achieved by
tangential feed of the fuel into a cylindrical chamber located in
front of the nozzle orifice. This atomizer is shown schematically
in Fig. 73. Via several channels (with round or rectangular cross-
section), arranged tangentially to the cylindrical surface of the
vortex chamber, the fuel enters the vortex chamber and then, via the
nozzle, the combustion zone. Owing to the tangential fecd of the fuel
through the nozzle, a vortex flow is established. The fuel particles
in the vortex chamber move along a flat spiral and in the nozzle,
along a helix. Because of the flow and rotational motion during the
outflow of the fuel, an air cavity is formed which extends through the
entire fuel flow including that within the burner (Fig. 74). Thus,
the fuel flows out through an annular cross section, the dimensions
of which depend on the diameters of the nozzle and the air vortex,
which later is determined by the magnitude of the tangential velocity
component.

Fig. 71. Bur'ner designed by the engineers of the Tentelevka Plant with
helical atomizer.I -153-.
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Fig. 72. The burner "Atom," designed by P. I. Grigor'ev.
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Fig. 73. Principle of centrifugal atomizer with vortex chamber.
Motion of the liquid particles: A) in the nozzle; B) in the vortex
chamber; a) tangential; b) axial; c) total (helical path); d) radial;
e) total (flat spiral).

Graphic Not Reproducible
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Fig. 74. Flame shapes with atomization in a centrifugal burner: a)
at low pressure; b) at high pressure; c) with relative shift of the
nozzle and vortex chamber axis.

Following their discharge from the nozzle, the fuel particles
fly in the direction of the composite velocity and form a thin film in
the shape of a revolution hyperboloid of one sheet. At low pressure,
under the action of the surface tension, the aerodynamic resistance
and the weight of the fuel, this film is gradually constricted and
then disintegrates into individual drops (see Fig. 74 ,a). This form
of jet has been termed "tulip." With increase in the pressure, the
velocity of the fuel increases and the constriction of the film is not
observed (see Fig. 74,b). The maximum preo-ure at which the fuel
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disintegrates into drops without formation of a films depends on the
physical characteristics of the fuel (viscosity, surface tension) and
the geometrical dimensions of the atomizer.

Of great importance in the centrifugal atomizers is the
coincidence of the axes of the vortex chamber and nozzle since any
deviation from this ccaxial arrangement results in curving of the air
;-zrtcx (see Fig. 74,c) and if the shift is larger, t!p vnrt d~sppp~ars
altogether. Prior to the disappearance of the air vortex: the fuel
consumption in the part of the flame close to the axis of the vortex
chamber increases; large drops appear here, thus interfering with the
atomization quality.

To produce a symmetrical flame it is essential that the atomizer
has several tangential feeds. However, when the number of orifices is
increased, Their diameters must be decreased in order to retain the
optimum ratios of the passage cross sections and this lowers the
reliability of operation cf the fuel system and increases the risk of
clogging. The number of tangential orifices in the centrifugal
atomizers is usuaJly 2-6.

A B A-A B-B

a BB

B-B B

A • c B

A d
Fig. 75. Centrifugal atomizer with three discs: a) distribution
disc; b) disc with vortex chamber; c) disc with nozzle orifice; d)
combined detail of the distribution disc and the vortex chamber; e)
combined detail of vortex chamber and nozzle (burner of the Baltiyskiy
plant).

In several centrifugal atomizer designs, the film formation is
attained by means of a disc with tangential slots placed in front of
the nozzle orifice (Fig. 75). The burners for steam toolohrs made at
the "Ilmarine" Plant [)81] are built on the same principle. The
burner design with these discs is more ýoromplex than that discussed in
the foregoing. Furthermore, the presence of severa2 parts centered
by means of the burner huusing 4n order to prevent a displacement of
the vortex chamber and nozzle axes requires v'ery accurate manufacture.
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A more efficient design which glves a better centering of the axes of
the nozzle and vortex chamber, was proposed by the Baltiyokiy Plant
[182] for burners with by-pass (see Fig. 75,e).

!I

a)

b)
Fig. 76. Centrifugal burner with several atomizers: a) with separate
fuel ducts; b) with common fuel duct.

During tne operation of furnaces with variable operating condi-
tions, when •he fuel supply varies by a factor of two or more, the
simple centrifugal design does not give good atomization at low loads.
The range of control of the fuel consumption can be enlarged in a
burner with several atomizers or with controllable cross section of
the tangential channels. The burner of the Nevskiy factory design
(Fig. 76,a) contains five atomizers. The fuel consumption in this
burner can be reduced by successive switching off of atomizers and
lowering of the fuel pressure. When the load is reduced. the fuel
pressure in one of the five petroleum residue channels ib reduced.
This channel is then disconnected and only four atomizer nozzles are
in operation. When the load decreases, the pressure is successively
reduced and the second, third, and fourth nozzle is disconnected.
T.e fifth nozzle is for idling and is disconnected only when the unit
is stopped. Thus, a smooth as well as a sudden variation of the
consumption takes place.

The assembly of a system of burners is due not only to the need
for enlarging the control range but is also necessary to achieve large
fuel consumptions because with a single burner the atomization quality
decreases with increased fuel throughput at the same pressure. Large
fuel consumptions with good atomization (up to 3 tons/h) can be
achieved with multinozzle burners [183] in which the fuel is supplied
via a common channel to several (4-5) atomizers (see Fig. 76,b) of
the centrifugal type. The multinozzle burners are compact, give a
wide flame and good filling of the combusticn zone with fuel. However,
the conditions for the air supply are less favorable.
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Fig. 77. Principle of burner with controllable cross section of the
tangential orifices.

In burners Nith variable tangential cross sections, the
throughput can be controlled by variation of the fuel pressure or the
total area of the tangential orifices. Such burners usually have a
mobile gate in the form of a piston or cylinder which closes the
tangential orifices during its displacement along the burner axis
(Fig. 77). The cross section can be controlled by reducing the
tangential orifices in one cross section for which purpose it is
necessary to rotate a ring with orifices which is mounted on the
atomizer body [184.] Some burner designs make use of a combined

* control method with simultaneous variation of the pressure and the
cross section of the tangential channel. in the simplest case, this
is achieved by installing a piston with a spring. The piston is
displaced under the fuel pressure, increasing the tangential passage,
and when the pressure is reduced the piston, actuated by the spring,
closes the tangential cross section.

Two--stage centrifugal burners are widely used in gas turbine
power plants. The control of the fuel throughput in these burners is
achieved by variation of the pressure in one of the stages. The
pressure in the other stage is adjusted automatically by means of
special valves. The burners of this type give a mixing of the two
fuel flows thus achieving good atomization at a large range of
variation of the consumption.

The fuel flow from the two stages can be mixed in the atomizer
(with a single nozzle) and in the furnace volume (two-nozzle burner).
The two-stage burners with single nozzle are of two types, single-
chamber and double-chamber. The first burner (Fig. 78,a) has two
groups of tangential channels which discharge into a common vortex
chamber. One stage, usually the first one, has a smaller cross section
of the tangential orifices and is calculated for low output. When a
certain pressure is reached in the first stage (!4-17 kgf/cm2 ), the
second stage is switched in. The fuel of the second stage, which ha-
a low velocity, is mixed with the fuel of the first stage and is
supplied to the combustion zone at a certain average velocity.

The nonuniformity of the fuel throughput by single burners
operated from a single fuel system is due not only to the difference
in the geometry and local resistance of the fuel duct but also to the
large fluctuations of the counter pressures. The counter pressure is
produced by the fuel of one stage in the direction of the other stage.
Under operating conitions in which the pressure in the first stage
is high and the second stage is only beginning to work, the error in
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the counter pressure 5s comparable with the feed pressure of the
second stage. Taking into account that the fuel throughput in the
second stage is considerably higher than in the first, the nonuniformity
of the counter pressure during the operation of the burner system from
a single fuel pump may lead to differences in the throughput of
individual burners of up to 200% under certain operating conditions.

I ---, . N
A

•g. 78. Principle of the two-stage burner: a) with single vortex
chamber; b) with single nozzle; c) with two nozzles.

Less effect on the counter pressure have errors in the
manufacture of double-circuit burners sInce the fuel of the second
stage of this burner enters the center of the vortex chamber of the
first stage where the counter pressure is low on account of the air

vortex. This burner (see Fig. 78,b) is made in the form of two
independent centrifugal burners one of which is pressed into the
other (the second one into the first). The fuel from the first stage
is atomized directly into the furnace volume. The fuel from the
second stage in the form of an annular film with a considerable
tangential velocity component arrives in the vortex chamber of the
first stage and then in the combustion zone. Under intermediate
operating conditions, the first stage operates under high pressure
and the second one under low pressure. Due to the mixing of the
fuel within the nozzle, a certain average velocity is established with
which the fuel arrives in the combustion zone. The direction of the
vortex formation in the two stages should coincide, otherwise, in
spite of the gooc mixing of the fuel, the atomization quality is
reduced owIng to the large energy losses.

In the two-nozzle burner, the fu:el from both stages interacts
outside the burner and the quality of atomization is determined by
size popusaton of the drops from both stage• . The two-nozzle burner
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(see Fig. 78,c) has two circuits with independent tangential fuel
supply, vortex chambers and nozzle ortfices; the nozzle orifice of the
second stage has an annular shape.

Both stages of the two-circuit burners (see Fig. 78,b) with
single nozzle are made, as a rule, in accordance with the classical
design w±th a vortex chamber and tangential orifices. Sometimes,

t. angen ttail oLifices in the firot stage are n.ot arranged at a
right angle to the generatrix of the cylindrical surface of the vortex
chamber. This scheme is tynical for two-stage burners with a single
vortex chamber.

In order to enlarge the range of variation of the fuel throughput
[185], three-stage burners have been propcsed wriich are a combination
of a two-nozzle and single-nozzle double-circuit burners. Owing to
their complexity of design and control, the three-stage burners have
not been used in practice.

Much used in present-day boilers are burners [l2, 186] with
consumption control by means of fuel overflow (Fig. 79). At maximum
load, the by-pass line in these burners is completely closed and all
the fuel enters the combustion zone. When the load is to be reduced,
the same quantity of fuel is supplied to the burner but part of it is
bled nff from the vortex chamber into the fuel supply line. This
reduces the quality of atomization somewhat although it remains
considerably better than at the same throughput reduction in the case
-f a simple burner. With decreasing throughput the flame angle
Increases.

Fig. 79. Principle of burner with fuel
by-pass.

A great disadvantage of the by-pass burner is the fact that under
all operating conditions (including the rated capacity) the pump must
be operated at maximtm load. The fuel can be bled off in the by-pass
burners from the central part or the periphery of the vortex chamber
(in the Peabody system) or from the nozzle (in the Todd system).
Burners with analogous designs have also been proposed for the
combustion chambers of gas turbine power plants [187].

Synchronously operating slide valves are installed in the burner
with simultaneous control of the fuel in the output and by-pass lines
r188] (Fig. 80,a). With open by-pasz channel and low fucl pressurc,
the rod 1 is actuated by the spring and closes the nozzle; the fuel,
after passing all the internal channels of the atomizer, enters the
by-pass system. When the pressure in the by-pass line increases, the
rod is lifted and opens the nozzle orifice and simultaneously closes the
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by-pass line with its shoulder 2. The system of valves and rods with
springs in the burner is adjusted in such a way that the fuel passes
through the nozzle at high pressure which ensures a good quality of
atomization at different fuel throughputs.

A more complex variant of the combined by-pass burner which gives
a wide range of variation of fuel throughout was proposed by A. M.
Sra!:ho % Fs I Au..e. (ste Fig. 80,0) at small loads supplies

fuel only to one (the central) stage; any fuel arriving through the
channel 1 in the second circuit is completely by-passed into the
reservoir via the conduit 2. With increasing supply of fuel to the
central stage, its amount in the outer circuit increases, not all the
fuel being by-passed out of the burner but part of it passing through
the annular nozzle of the second stage into the combustion zone. When
a cert-in pressure has been attaine2 in the first stage, a further
increase in throughput is achieved by covering the channel of the
bypass 2. At maximum loads, fuel enters the by-pass line and the
burner operates in accordance with a scheme similar to that of a
two-nozzle burner.

The burner of the "Velox" boilers [18] is also a combination
design. The burner (Fig. 81) operates under constant pressure. At
the initial, moment, the control is achieved by lifting of the rod 1,
which opens the nozzle and the tangential orifices of the inner stage.
An increase in throughput after complete opening of the tangential
orifices is attained by lifting of the inner atomizer 2, which opens
the nozzle and the tangential orifices of the second stage. Thus, at
the first moment, the burner operates with control of the cross
sections of the tangential orifices in accordance with the scheme of
Fig. 77 and then as a two-stage burner according to Fig. 78,c.

The rotating atomizers with rotating nozzle, proposed in 1930
by Professor V. V. Uvarov [190] can be counted among the centrifugal
type because of the nature of flow of the fuel (in the form of a
conical film due to the tangential velocity component). In atomizers
of this type (Fig. 82), the vortex formation in the fuel is attained
by rotation of a conical atomizer. The greater the speed of rotation,
the thinner is the fuel film, the larger the flame angle and the
higher the degree of dispersion. The fuel pressure is determined by
the resistance of the fuel ducts, the diameter of which is practically
unlimited and makes possible a reliable supply of fuel at any
throughput. In conseaucnce of the variation of the speed of rotation,
the rotational atomizers give fine atomization within a large range
of throughput variation.

An original atomizer design which gives fili atomization due to
the Jet-propulsion forces arising during the escape of the fuel, was
proposed by the Kolomna Locomotive Plant [191]. In this atomizer
(Fig. 83), the fuel enters the central atomizer with tangentially
arranged nozzles through a system of orifices. At a fuel pressure
above 2 kgf/cm2 , the atomizer begins to rotate, producing a fuel film;
further increase in the presburt causes an increabe in the number of
revolutions of the atomizer. At a pressure above 7 kgf/cm2 , the fuel
film disappears and the disintegration of the fuel into drops takes
place directly at the nozzle. The number of revolutions of the atomizer
attains several thousand per minute.
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Fig. 80. Fig. 81.

Fig. 80. By-pass burners of combined design: a) burner with simul-
taneous control in the throughput and by-pass lines; b) burner of
A. M. Prakhov.

Fig. 81. Burner of the boiler "Velox."

Fig. 82. Rotational atomizer.
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Fig. 83. Turbojet atomizer.

The above-discussed designs of centrifugal atomizers are merely
different principles of construction and do not by any means exhaust
the large number of designs used in numerous variants of furnace

~ devices.

18. THEORY OF THE CALCULATION OF SINGLE-STAGE CENTRIFUGAL ATOMIZERS

In a discussion of the design principles of centrifugal atomizers
it is evident that they are all based on the same principle of film
flow of the fuel. Hence the calculation of any centrifugal atomizer
is based on the laws of operation of the simple single-nozzle
centrifugal atomizer. The calculation of the atomizer boils down to
determining its basic geometrical dimensions which ensure the quality
of atomization required for the given combustion conditions at a given
constuption characteristic and flame angle.

Two basic methods of establ Thing the mathematical relations for
centlfifa! atomwizers are known* one or the basis of the princip!- of
maximum throughput [192-197] and another on 'he basis of the use of
equations of the momentum [198-201] The most widespread theory Is
that of Professor G. N. Abramovich [192] based on the assumption that
the air vortex within the atomizer has a size which gives a maximum
fuel throughput. This condition corresponcis to the critical f! •w

-- 62-



velocity of the fuel, equal to the velocity of propagation of long
• aves on the free surface of a fluid in a field of centrifugal forces.
In cases of flow with slight vortex formation and in atomizers with
sudden transition from the diameter of the vortex chamber to that of
the nozzle when the radial velocity component must be taken into
account, the theory of calculation using the momentum equations [201]
gives the best agreement with the experimental data.

The fuel consumption in centrifugal atomizers, like that in flow
from any orifice, is equal to the product of the cross section of the
orifice and the velocity. The rotary moment in the centrifugal
atomizers causes a considerable decrease in the active section
compared with the nozzle cross section. The decrease in cross section
and the deviation of the fuel velocity from the axial direction is
taken into account by the consumption coefficient p. In order to
determine this throughput coefficient, let us consider the motion of
the fuel in the atomizer. A peculiarity of the centrifugal atomizer
is the presence of a momentum M relative to the axi.s the variation
of which along the radius can be described by a differential equation,
proposed by L. A. Klyachko, of the form

where f is the friction coefficient in the vortex chamber; rt the

radius of the tangential orifices; pt the specific gravity of the fuel;

and Q the fuel throughput.

This equation was obtained under the following conditions: the
variation of the momentum is equal to the frictional moment at the
end face of the vortex chamber; the radial velocity is negligible
compared with the tangential velocity.

By integrating Eq. (5.1) within the limits of variation of r
from R to rs and, correspondingly, of M from M0 to Ms

M. eW?=SY9 3  (5.2)

we obtain

+0.51R (R -(5.)

at f = 0

A = r (5.5)

where A is the equivalent geometrical cnaracteristic; A thee
geometrical characteristic; wt the velocity of the fuel upon emergence

from the tangential orifices; R the vortex radius, eaua, to the
distance from ti nozzle axis to the axis of the tangential orifie;
Ut the fuel throughput coefficient in the tangenitial orfices.
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The loss of friction moment in the vortex chamber is allowed
for by variation of Ae compared with A.

The vector of the fuel velocity in the nozzle can be divided into
two components: an axial and a tangential. The axial velocity at
the nozzle entry is constant over the whole cross section and equal to

(I Q
v =ThQ--Fa) = ;pc' (5.6)

where * is the coefficient of the active cross section,

42 (5.7)

At the boundary with the air vortex, the excess pressure is zero
and the radial velocity is very small so that it can be assumed that

2' + u" = 2g11. (5.8)

wheie H is the total excess pressure of the fuel in front of the
nozzle, equal to the difference between the total pressure H0 in front

of the atomizer and the friction loss, expressed by the pressure AH,

H - AH. I

The axial velocity at the boundary with the air vortex is
determined by Eq. (5.6) and the tangential velocity can be found by
meaig of Eq. (5.3) at r - rv and is expressed by the relation

U -- = .2 -'• (5.9)

Substituting the value of v (5.6) and u (5.9) into (5.8) and
solving this for Q, we find

Q=ap 4,2 (5.10)

whence

T, !t= ./•_ I "(5.11)
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A relation which is insufficient for determining the throughput
is found on the basis of the assumption that stable flow of the fuel
will occur at a size of the vortex (op €) which gives a maximum
throughput, i.e., at

(5.12)d9p

Then,

A.= V (5.13)

Thus, the equations (5.4), (5.10), (5.13), and (5.14) express the
relationship between the geometrical dimensions and the operating
conditions (pressure) of the centrifugal atomizers and the fuel
throughput.

For an accurate calculation of the real pressure it is necessary
to allow for the energy losses in the atomizer. In the vortex
chamber of a centrifugal atomizer these can be regarded as the work
of the friction force over the pathway of the fuel. For unit volume
of fuel, this work (or tne energy loss) is equal to

dE= -L Qw' ds, (5,15)

ds=cos(r;s)dr dr, (5.16)

where w is the total velocity of the fuel particle; s the path
traversed by the particle; w the radial velocity component; r the
distance of the element under consideration from the axis of the
vortex chamber.

SinceI
W U(5.17)

where u is the tangential velocity component which is considerably
larger than w.

The radial component w can be determined as
Q

(5.18)

where b is the height of the vortex chamber; normally, b 2 t.
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Following replacement of w and u and substitution of the value
obtained from Eq. (5.14) for w, the energy loss can be represented in
the form of the following relation:

dE 5 -- ,uJ r dr. (5.19)

The tangential velocity is expressed via the momentum which is
determined by integration of Eq. (5.1) for the limits of r from R
to rS

2Q (5.20)

Substituting the expression for u (5.20) into (5.19) and
integrating this within the limits of variation of r from R to r., we

find the energy lost by the fuel as a result of the friction at the
end face of the vortex chamber

E,. = E. - E --2-V•A; (52
2Aý4(5. 21)

Af + _[(A _

wr+- -±- - 7" )+_LjnG2-] (5.22)
where 2 2

A 2

This etergy, lost by the fuel in the vortex chamber, must be

deducted from the pressure H. In this case, the throughput equation
is written thus:

Q -- .pr, 2gH - 72fA.(52)

If we replace 1 by p*, the throughput equation can be retained
in the form (5.10), as under

= ____ I
f + A1 . A;• •(5.24)

The above-derived equations do not make allowance for the energy
loss in consequence of the friction at the lateral surfaces of the
vortex chamber.

The method of calculating centrifugal atomizers: taking into
accourt the height of the vortex chamber, have been worked out by
Professor V. I. Kirsanov and the Engineer M. P. Korobkov. They
proposed the followlng equation for calculating the throughput
coefficlent:
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-+B (5.25)

where At is the geometrical characteristic taking into account the

frictior loss along the length of the vortex chamber; the connection
between this characteristic with p and 9 is the same as for A arid is
given by Eqs. (5.13) and (5.14).

After some simplifications, carried out bv the authors, we have:

A, Rr+,=- (5.26)

This equation is analogous in its form to the expression for the
equivalent geometrical characteristic (5.15) the only difference being
that the difference R - rs in it is replaced by the quantity L/2 since

in its derivation account was taken of the fact that the momentum was
reduced due to friction at the face end of the vortex chamber over the
path R - r5 , while Eq. (5.26) reflects the decrease in the momentum

along the length of the vortex chamber.

The part of the quantity A which takes into account the energy
loss due to friction at the end face of the vortex chamber is played
in Eq. (5.25) by the quantity B which allows for the energy los
during the motion of the fuel along the height of the fuel chamber.
B can be determined approximately thus

( IA) _r, 2A ). (5.27)

An experimentally determined friction coefficient enters into the
equation for calculating burners with allowance being made for the
losses along the height and the radius of the vortex chamber. Accord-
ing to the experiments carried out by L. A. Klyachko. this coefficient
is a function of the Reynolds number

ig (l10o) = , (5.28)

The Reynolds number is calculated on the basis of the entry
conditions for the flow of the fuel in the tangential- channels.
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Fig. 84. Throughput coefficient 1 and flame angle 2 as a function of
the variation of the equivalent geometrical characteristic.

Authors of the TsNIT MPS determined the throughput coefficients
for atowization of fuel in simple single-stage burners with a vortex
cham..ber made integrally with the nozzle. The fuel throughput was
found to vary from 120 to 410 kg/h at a fuel supply pressure of 5 to

51; kgf/cm2. Figure 84 gives the experimental values of the throughput
coefficients as a function of the equivalent geometrical characteristic
Ae and the theoretical relation calculated by means oi Eqs. (5.13)

and (5.111). The coefficient p was determined by means of Eq. (5.10).
An experimental investigation of centrifugal burnei. with rectangular
tangential channels arranged under an angle a to the barner axis also
showed good agreement with theoretical data.

The equivalent geo trical characteristic of these burners is
determined by means of t cquatilon

A, = ,0.51R(R--,)cchP (5.29)

where re Is the radius of a circle, the area of which is equal to

that of the tangential orifice:

(5.30)

where L and s are the sides of the orifl<ce; z is the coefficJent of
the resistance ;o the motion of the fuel in the tangential orifices:

= -- (5.31)
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where r is the ,ydraulic radius of the tangential orifices:g

rr- 2(b(5 (5332)

The frictional energy losses and the loss of momentum due to the
friction at the cylindrical wall of the vortex chamber were not taken
into account in these experiments. At the dimensional ratios of the
burners used in the experiments, the loss of momentuim was compensated
by the energy loss.

0 
41

I - I _1

2000 #'000 SXJ1 NO0 ROb)

Fig. 85. Dependence of: a) tne friction coefficient f and, b
the loss coefficient A as a function of the Reynolds number: 1) for
atomizers with straight tangential channels; 2) for atomizers with
circular input channels, located at an angle to the nozzle axis
(according to the experiments of Z. I. Geller and M. Ya. Moroshkin);
3) for burners with helical vortex chambers (according to the
experiments of V. I. Kirsanov); 4) for burners with channels with
circular cross section (according to the experiments of L. A.
Klyachko).

2he experimental data obtained in atomization of the petroleum
residues FS5 and M20, heated to temperatures at which their viscosity A

is 5-6 mm2 /s, agreed completely with the data obtained under the same
conditions with diesel oil.

Comprehensive investigations of centrifugal atomizers and heavy
residual fuels were carried out at the Groznyy Petroleum Institute
L[129].

The results of these investigations were processed, using the
* theoretical relations obtained by means of the theory of mcximum

throughput. The variation of the momentum in the vortex chamber was
taken into account by means of Eq. (5.4) and the pressure loss, by
means of (5.24). The loss coefficient A was determined by means of
an experimental curve which generalizes the experimental data (Fig.
85). For the frIction coefficient f, the dependence on the Reynolds
number, proposed in the work [129] differs slightly (particularly in
the range of low values) from the corresponding relations, given by
L. A. Klyachko and V. I. Kirsanov (see Fig. 85).
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In some cases, attempts are made in the processing of the experi-
mental data [202] to derive a general relation for the throughput coef-
ficient as a function of the dimension anid operating parameters which
would combine the loss of momentum and pressure. The calculation of
the burner is carried out in this case for an ideal liquid and the
throughput coefficient is then corrected by means of the equation

S= io" 1,29 (- -)0 Re-.O, (5 33)

where P0 is the throughput coefficient, calculated for the flow of an

ideal liquid by means of A (at f = 0); p 's the real throughput
coefficient.

This combination had the consequence that the measurement result
is affected by the special design features not only of the atomizing
(centrifugal) unit but also the system for delivering the fuel to this
unit. Difference in the design and dimensions of fuel delivery system
have a considerable effect on the experimental results. Investigations
of the burner of the type TsKKB (see Fig. 75) have shown that the
pressure drop of the fuel before it arrives in the vortex chamber (in
the burner body and particularly in the distribution disc) can attain
50% of the available pressure r203] under some operating conditions

(Q = 1600 kg/h, p = 20 kgf/cm 2). These losses are not unavoidable for
centrifugal burners but are typical for a particular burner and are
due to the local resistances at the entry and exit of the distribution
disc (see Fig. 75,a), the deflection of the jet at the entry to the
vortex former and the resistances at the entry to the vortex chamber.
Hence, to obtain more accurate results, the losses are preferably
calculated for the different elements: for the motion in the supply
channels, the constriction and expansion, in front of the tangential
channels, in the tangential channels, and the losses inherent in the
cetrifugal atomizer (in tne vortex chamber). As a result of taking
thse losses into account, the theoretical throughput coefficient is
always smaller than for an ideal liquid. When only the loss of
momentum is taken into account the throughput coefficient will be
larger. The real (experimental throughput coefficient can be larger
than for an ideal liquid which is typical for burners with low
throughputs and high values of the geometrical characteristic A or
less, which is the case for burners with large throughputs [204] and
small value of A. Evidently, the loss of momentum in the first. case
exerts a more important effect on the throughput than the hydraulic
pressure loss, whereas the reverse is the case in the second.

For the calculation of the second parameter of burner operation,
the flame angle, we shall make the following simplifying assumptions:
we neglect the radial velocity component in the nozzle and take as the

flame angle the angle of the asymptotical cone of the hyperboloid of
rjtation, formed by the flight trajectories of the fuel particles.
In this case the tangents of the departure angle of any fuel particle
is equal to the ratio of the velocities

tg- = U1 = (5.344)
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The departnre angle of the liquid particles from the burner
depends on their distance from the burner axis (r):

at the burner wall (r = r s) the angle is equal to

a = 2arctg IA =2arcsin ItA', (5.35)

at the boundary with the air vortex

a, = 2 arctg - -A-- 2arcsin (.A6
_2 - --, (5.36)

r
where s = -3 is the relative size of the air vortex, which is

rs

determined from the equation

s +is' i " (5.37)

Sp +-ýs - WA

Fig. 86. Schematic representation of the flow of fuel from the nozzle
and the formation of the flame angle.

The flame angle is largely determined by the angle under which
the liquid flows from the outer ring. This is explained by the fact
that the outer ring has a large area and the %xial veloeity of the
fuel particles at the nozzle wall is higher tizan at the boundary witn
the air vortex, consequently, more liquid passes at the nozzle wall
in unit time than through equal area elements at the boundary with
the air vortex [205]. To determine the flame angle, we divide the
nozzle cross section into elementary rings and consider the o-itflow
of the liquid froin these rings (Fig. 36).

The momentum for each elementary ring (q.) is determined by the
equation

q, - 2nQu r Ar. (5.38)
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Substituting into this expression the value of qi, we have

q, = 2a V -p.rIt2•- r.2V. (5.39)

The sum of the vectors of the momenta of all elementary rings is
equal toe

Qw, = qp, (5.40)

where w0 is the resulting velocity.

Projecting all vectors (5.40) on the burner axis and the total
momentum vector, we find

Qv 0  q~w, cm' 2 (5.42)

where i is the flame angle; ai the departure angle of the liquid

particles of each elementary ring.
2~ + 2 an sidpneto h

According to Eq. (5.8), wi v i and is independent of the

ring radius, hence

QU4Cs W ,cr (5.43z)

1-n N

As a result of the combined solution of Eqs, (5.43) and (5.44),
we obtain

(- 2q1  q 2 (5.45)

2 W-- r
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Replacing qi' sin S and cos 2 by their values from (5.39, 46, 47

and determining the limits of the sums of the numerator and denomItnator

of Eq. (5.45), we obtain the equation for determining the flame angle

2 i -- s2 2 iA, ns

Like the departure angles of the extreme fuel particles (as and

)the total flame angle according to (5,48), (5.37), (5.13) and

(5.114), is a function of a single parameter, the equivalent geometrical
characteristic Ae. Investigations, taking into account the frictional

pressure loss in atomizers with high output operating with petroleum
residue, gave good agreement between the experimental and theoretical
values. For diesel oil, as our investigations have shown. if the
friction losses are neglected, a deviation of the experimental points
from the theoretical curve was found (see Fig. 84). These deviations
are explained by the loss of tangential component as a result of the
friction at the side walls of the chamber and nozzle. In the studies
on the throughput coefficient, these losses were compensated by the
pressure loss and since the flame angle is independent of the pressure,
the experimental points are mainly located below the theoretical curve.

In accordance with the theory of the disintegration of the jet
under the action of the initial vibration or, of turbulent pulsation,
the thickness of the dispersion of proportional to the diameter of
the nozzle or of another geometrical parameter.

In the central sprayers, we use for a parameter of this type,
the thickness of the conical film. The geometric forms (see Fig. 73)

Sare derived fzom the thickness of the conical fuel film in the central
sprayers, and are equal to

6 rj cr)s -- = ,(I - s)cOS-2.(

a
With replacing cos -Y by its expression from (5.36), we obtain an

equation for calculating the thickness of the conical fuel film

-= -,rC (5.50)

and thus the relative thickness of the conical film is

7-- =(5.51)
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The equation for determining the thickness of the conical film
can be obtained from the continuity condition as proposed by N. N.
Strulevich. If we consider a film with a cone ang e of a,, the fuel

throughput through the active section at the nozzlcý is written as

=Fw = 46 (2rý -- cbs-w. (5.52)

If we disregard the losses in the burner nozzle and assume

jfQ (5.53)

then, solving in combination (5.52) and the equation for the fuel
throughput (5.10), we obtain

6 =' -__ _ 2 (5.54)
rc a*

a 2

The relative thickness of the conical film is a function of the
geometrical characteristic A (Fig. 87), with the curves plotted

e
according to the equations (5.51) and (5.54), differing only slightly
over the entire range of values of practical interest.

•Irg

45_ 1
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Fig. 87. Relative thickness of the conical film as a function of the
equivalent geometrical characteristic: 1) according to Eq. (5.51);
2) according to Eq. (5.54).

Experimental investigations [206] showed that the mean drop
diameter is proportional to the thickness of the conical film (Fig.
88). In the work [207], a linear relation was found between the drop
alameter and the parameter rs/sin a /2 which can serve as a

characteristic of the geometrical form of the jet which is connected
with the thickness of the conical film by a linear relation. Of the
physical properties of the fuel, the viscosity is of the rreatest
importance for the performance of the ate-nzer" sInce It n- orly



affects directly the quality of atomization as a force which opposes
the disintegration of the jet but also causes an energy loss due to
the friction losses and increases the thickcness of the conical film.
Figure 89 shows the relative thickness of the conical film as a
function of the viscosity of the fuel fox, the case of a centrifugal
atomizer. The variation of the mean drop diameter during the
operation of this atomizer as a funotion oP the viscosity of the
petrcle,um residue and paraffin at different preheating tenperat'Ares
is shown in Fig. 5'1,a.
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Fig. 88. Average (median) drop diameter as a function of the thick-
ness of the conical film: a) experiments of N. N. Strulevlch; b)
experiments of the authors. Fuel pressure: 1) 8 kgf/cm2 ; 2)
10 kgf/cm2 ; 3) 20 kgf/cm2 ; 4) 40 kgf/cm2 ; 5) 4 kgf/cm2 ; 6) 13 Kgf/cm2 .

The desired quality of atomization can be achieved by using
designs with minimum thickness of the conical film. Thi, involves an
inci-ease in the geometrical characteristic which causes a variazion
in the thrcughput and flame angle, the dimensions 3f the atomizer
which enter into the geometrical characteristi= having a different
effect on its performance.
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Fig. 89. Relative thickness of the conical film as a function of the
viscosity of the fuel for an atomizer with a noz2;le diameter of 2 mm,
a diameter of the vortex chamber of 7 mm and four tangential orifices
with a diameter of 0.75 mm: 1) p = 1 kgf/cm2 ; 2) p = 2.5 kgf/nm2 ;
3) p = 4 kgf/cm2 ; 4) p = 10 kgf/cm2 .

With decrease in the nozzle diameter, the fuel throughput usually
decreases but when the friction coefficient is large, the reverse can
be observed: the fuel throughput increases with decrease in the
nozzle diameter. At the same time, the equivalent geometrical
characteristic decreases markedly while the fuel throughput coefficient
approaches unity which is the cause of the increased throughput. An
extremum analysis of the function Q = *(2r s) (variation of the fuel

throughput with only the nozzle diameter as variable) shows that the
function has a minimum at the value

2 IR +

This is explained by the fact that with decreasing nozzle
diameter, the tangential velocity component diminishes owing to the
friction and the flow from the atomizer becomes similar to that from
the jet-type with sudden increase in the throughput coefficient.

With decrease in the friction coefficient f (at low viscosity of
the fuel and large flow velocity), the value of rs, corresponding to
the extremum of the function Q = *(2rs), increases and tends to
infinity, However, since 2rs cannot be larger thar the diameter of
the vortex chamber, the throughput practically depends unequivocally
on the nozzle diameter at small friction coefficients.

With increase in the nozzle diameter, the equivalent geometrical
characteristic of the atomizer increases sharply and the flame angle
increases.

As follows from Eq. (5.51), the thickness of the conical film is
directly proportional to the nozzle rad'Cis a indreases with increase
in the nozzle orifice. Simultaneously, 'he equivalent geometrical
characteristic increases and, consequently, the thickness of the
ccnical film decreases (see Fig. 89). The radius of the atomizer
nozzle corresponding to the maximum of the function 6 = ?(2r ) for
practical purposes can be determined by :ieans of the equation
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( z) (21gA + fie)r yR (5.55)

where z is determined graphically as a function of the equivalent
geometrical characteristic or by means of an empirical expression which
corresponds to the diagram with sufficient accLracy E2061:

z - Ig3,5A'' (5.56)

The extremum of the nozzle radius is connected with the friction
coefficient f. The latter is a function of the Reynolds number,
consequently, the viscosity and the velocity of the fuel affect the
extremum of 6 = ?P(2r s).

With decrease in the friction coefficient f, the maximum of the
function 6 = (2r s) moves away from the ordinate axis. For an ideal

fluid this function does not have the maximum (2rs - -) and with

increasing nozzle radius the quality of atomization also decreases.
For real liquids, the extremum value of the nozzle radius decreases
with increasing viscosity and decreasing flow velocity. When the
nozzle radius is decreased or increased compared with the extremum,
the quality of atomization increases.

The radius of the vortex chamber does not directly enter into
the equations which determine the performance parameters but is
contained in the expression for the equivalent geometrical
characteristic.

The function A = F(R) has a maximum at

(5.57)

Consequently, at this value of the vortex radius the throughput
coefficient and the thickness of the conical film will be a minimumand the flame angle a maximum (all other atomizer dimensions remaining

constant). The extremum of the vortex radius depends on the viscosity
and flow velocity of the fuel. When the viscocity of the fuel
decreases and the velocity increases (i.e., when the friction
coefficient f is decreased), the maximum of the function Ae = F(R)

deviates from the ordinate axis, while for an ideal fluid (f = 0) this
function does not have a maximum (Rekstr * c). Hence, during the

atomization of a low-viscosity liquid, the fuel throughput decreases,
the flame angle and the quality of atomization increase with increase
Sin the vortex radius.

In addition to the basic dimensions of the atomnizer (nozzle
diameter, diameter of the tangential orifices and the vortex-forming
shoulder) the parameters of its performance are affected by the height
of the nozzle and the vortex chamber, the length of the tangential
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orifices, the entry and exit angle of the nozzle aperture and the
tangential orifices and also the relative position of the axes of the
nozzle aperatures and the vortex chamber. With increase in the
lewgth of the vortex chamber, the loss of momentum relative to the axis
and the loss of total pressure increases which causes a change in the
fuel throughput, a decrease of the flame angle and a deterioration in
the quality of atomization.

VU II_

4175 51 - - -÷ -

4 51 1 2 3 + -S I 7h,1Z-e

Fig. 90. Flame angle 1 and mean drop diameter 2 as a function of the
relative height of the nozzle.

An experimental study of the performance of centrifugal atomizers
showed [208] that with increasing nozzle height, as a result of the
friction between the fuel and its walls, the tangential as well as
the axial velocity components decrease. With decrease of the
tangential coniponent, the active cross section of the nozzle increases,
thus the throughput remains practically const-ant, whereas the flame
an~le and the atomization quality decrease (Fig. 90). The increase
irn'the drop size takes place as a result of the thickening of the
conical film and the reduction in the total velocity. These
regularities hold as long as the flow from the nozzle is in the form
of a film, i.e., as long as the atomizer performs as a centrifugal
atomizer.

The vortex formation in the fuel and tne centrifugal effect of the
atomizer depend to a large degree on the lngth of the tangential
channels. If the length of the channels is short, the fuel flow
cannot be given the required directlon and deviates towards the
chamber axis which results in a decrease of the initial momentum, an
increase in the throughput coefficient, a decrease of the flame angle
and less efficient atomization. Extreme lengthening of the tangential
channels (more than 6-8 rt) leads to a reduction in the velocity of

the fuel during its passage through these channels which naturally
affects the performance parameters of the atomizer. A variation of
the length of the tangential orifices within the range of I. -4
diameters does not affect the performance parameters of atomizers.

The performance parameters of atomizers are affected not only by
the dimensions of the tangential orifices, the vortex chamber and
nozzle but aiso by their mutual position and the form of .ransILtior.
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Depending on the slope angle of the tangential orifIces, the: vortex
momentum varies. When the angle of the tangential oriftles deviates
from the direction of the tangent on the cylindrical part of the
combustion chamber (nontangential orifices), the vortex shoulder As
made smaller and the geometrical characteristic and the performance

parameters of the atomizers are correspondingly reduced.

The angle -f the tranzition- from the vortex chamber *o the
nozzle has a noticeable effect on the performance parameters of the
atomizer only at low values of the geometrical cheracteristic. in
this case, the fuel throughput decreases, the fla•i angle increases
and the atomization efficiency increases with increase in the
transition angle. With very small angles of transition, the path of
the fuel to the nozzle is lengthened, the lengthi of the vortex
chamber is practically increased and the performance parameters of
the atomizers are accordingly modified.

For the calculation, designing and manufacture of atomlzers it
is essential to indicate the optimum class of precision of its
dimensions [209). The equations (5.4) (5.10), (5.13), (5.14), (5.37),
(5.48) and (5.51) can be used to determine the deviations of the
performance parameters of centrifugal atomizers from their nominal
values as a function of the tolerances of the basic dimensions. By
way of an example, Table 12 presents the results of the determination
of the relative deviations of the fuel throughput, the flame angle and
the mean drop diameter as a function of the class of precision of the
achievement of the atomizer dimensions (nozzle diameter 1.85 nmn,
vortex chamber diameter 4 mm, number of tangential orifices 4, their
diameter 0.95 mm).

The computations shown in Table 12 were obtained for an ideal
fluid which can be used for atomizers working with low-viscosity
fuels at high feed pressures. When working with high-viscosity fuels,
the calculations of the tolerances [208] show the possibility of
producing the basic dimensions in lower class of precision. An
analysis of the calculation shows that the smaller the fuel throughput,
the more accurate must be the fabrication of the dosing elements of
the atomizer. For atomizers with large fuel throughput, the relative
deviations of the geometrical forms and dimensions will be slight,
accordingly the deviations of the perfcrrmance parameters of the
atomizers will also decrease with increase in the dimensions of the
cross sections of the fuel passages. It was found as a result of
measurements of the geometrical dimensions of a lot of factory-made
atomizers [204] that the higher the fuel throughput, the smaller is
the scatter of the throughput characteristics of the atomizers.

Thus, in the calculation of a centrifugal atomizer one can find
the geometrical characteristic (see Fig. 84) on the basis of the given
flame angle. The throughput coefficient p is determined by means of
Eqs. (5.13) and (5.14). Knowing the throughput and the fuel pressure,
the nozzle radius is readtly determined (5.10).
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TABLE 112

Deviati on of the Performance
Parameters of Atomizers as a
Function of the Class of
Precision of the Basic Dimen-
sions

~ - 2 oTx..oxcxxe napaucipos a %
A . HOJMXK4AbKOMY3X14 1

C I ._____ __ . _

0,37 O' .09
2 2.)6 0,85 I1,5

2 3,4 1,20 2.60

1) Class of precision of the
basic dimensions of the
atomtizers; 2) Derivation of the
parameters in % of the nominal
vdlue; 3) with respect to fuel
thrroughput; 41) with respect to

flame angle; 5) with respect to
drop size.

For the determination of the diameter of the vortex shoulder one
can use the relation -% =-~ is

St- , the number of tangential orifices is
t

preferably made greater than 3 in order to prevent 5kewing of the flame,
and the diameter of the tangential orifices should not be less than
I0.%mm. The maximum diameter of the vortex shoulder should not

exceed R < rt2/Z' (5.55), and the coefficient f can be determined oi;

the basis of the throughput and rt.

Following the selection of ar,?oximate values for the basic dimen-
stons, an estimate must be made on the basis of the available experimen-
tal data and theoretical relations of the expected presrure loss Ap and
the pressure p - Ap calculated, with allowance being made for the
friction coefficient f. The atomizer dimensions are chosen by the
method of successive approximations. The final verification must be
made, takirg the atomization efficiency of the fuel in the flame into
account. To determine the atomization efficiency, one has to find by
means of Eq. (5.50) the thickness of the conical film and, by means of
the expression (3.68), the drop size which must be checked (by means
of the equations givi.i in § 17) to see whether it cnrresponds to the
furnace device; the distribution of the fuel in the furnace volume is
estimated by means of the data in § 16.
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19. PECULIARITIES OF THE CALCULATION OF COMPLEX CENTRIFUGAL ATOMIZERS

The above-presented basic theoretical relations for the simple
centrifugal atomizer can be used for calculating more complex atomizer
designs. Thus, the performance of a two-state single-circuit atomizer
(see Fig. 78,a) may be regarded as the performance of a single-stage
atomizer with fuel supply via two systems of tangential orifices. As
in the case of the simple single-stage atomizer, we obtain Eq. (5.1)
by equating the variation of the momentum and tne friction moment.
For the case that both stages Rre operating, the solution of this
equation musc t'= divided into two stages. First one calculates the
momentum of the fuel in the section, defined by the distance between
the tangential orifices of the first and second stage and then in the
second section, from the tangential orifices to the output nozzle,
for the entire mass of fuel arriving through the two stages. For
practical calculations it can be asz'imed that the two flows (of the
first and second stage) move independently in the vortex chamber and
that the momentum of the fuel in the nozzle is equal to the sum of
the momcnta of the fuel in the two stages. Then, solving Eq. (5.1) for
the two flows, we find

M" QrQA,. I
C ,(5.58,a)

M ' IA.
11 9~

Al, t, + l,- (QzA. I + Qj2A,. I)

Ac
(5.58)

A,., J + °.51z R , -• ( 5.59, a )

A,.3  i Ritrc (5.59,b)
A i=I4. 1+ O.51R 1i(R,1 -- c)'

Ac = QjI. I + QI1A. 1!
Q,+ Q, (5.59)

where A is the total geometrical characteristic, the other symbols

being the same as for the simple single-stage-atomizer; the indices
I and II refer to the first and second stage, respectively.

For the calculation of the toroughput coefficient, the flame
angle and the thickness of the conical film, the co.'responding
equations for the simple centrifugal atomizers can be used, except
that the total geometrical characteristic must be used instead of
the equivalent geometrical characteristic. For the calculation of the
fuel throughput and the atomization e•iciency, the- flow rate of the
fuel can be approximately assumed as being equal to

W. V(2ý1+ý; 5. 6C)
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The operation of an atomizer on the second stage along does not
differ in any way from the operation of the simple centrifugal atomizer
and all the theoretical and experimental data which were obtained on
the simple atomizer, can be applied. When the fuel is supplied only
to the first stage, the equations for the simple single-circuit
atomizer can also be used but the large losses of momentum and pressure
due to the zcne filled with fuel must be taken into account (from the
entry of the first stage along the cylindrical surface of the vortex
chamber which has a braking effect). hence che atomization efficiency
durIng the operation of the first stage alone will be considerably
less than when both stages are working (under the same pressure).

The double-circuilt atomizers with single output nozzle have the
best characteristics ksee Fig. 78,b). Wnen the 1'uel is supplied only
through the flrst stage, its basic parameters (throughput, flame
angle, atomization efficiency) can be determined by means of the
equations given in § 18.

Using the basic equations fcr the calculation of the simple
centrifugal atomizers, we determine the fuel throughput when it issupplied only through the second stage of the double-circuit

atomizer with single output nozzle. If we regard the first stage
S the atomizer as a simple single-stage atomizer, in which the fuel

is supplied via the annular gap in the face of the vortex chamber,
the equation of the variation of the momentum for this atomizer is
analogous to Eq. (5.1).

Integrating thIs equation within the limits of variation of r
from r = rs i (rS.ll is the nozzle radius of the second stage) to

r = r f is the radius Df the nozzle of the first stage), we

find after several transformations

MQ-.Q. '~c6 1

where Ms.I and Ms.ll are the momenta at the point of emergence of the

fuel from the nozzle of the first and second stage, respectively.

According to Eq. (5.59,b):

AM QQ1 (5.62)

Eq. (5.61) can be written in the form

WC" 1(5.63)

where
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The further calculation is carritd out by means of the equations
of § 18 by replacing Ae by the reduced g1-ometrical characteristic A

cFi S918 byoeplacieng of fue thogpt1adt*eage2a uc

1001

70 - 67

so 46.

0 tO.~?7,ZG W 5. ~OAn
Fig. 91. Coefficient of' fuel throughput 1 and flaame angle 2 as a func-
tion of the parameter A during the operalion of the second stage onlyp
of a double-circuit atomizer with single output nozzle.

Figure 91 shows the dependence of the theoretical and experimental
values of the fuel throughput coefficient 1 and the flame angle 2 on
Ap. The basic theoretical dimensions of the tested atomizers and the

test results are given in Table 13.

The discrepancies between the experimental and theoretical
results are explained by the fact that the equationr or the calcula-
tion of the flame angle do not take into account th& losses of the
tangential velocity component in consequence of the friction between
the fuel and the cylindrical part of the vortex chamber and in the
nozzle.

The radius of the nozzle of the first stage (rs.I) does not

affect the atomization efficiency of the fuel because the dependence
of A on R sI and 6 on P p are of a reciprocal nature and compensate

each other. Experimental ,,tudies have shown (see Table 13) that at
the same fuel supply pressure, the differences in the atomization
efficiency of the fuel are within the limits of the experimental
error. However, the mean drop sizes exceed Lhose for single-stage
atomizers with the same geometrical characteristics.

-183-



TABLE 13

Operating Parameters of Double-Stage Atomizer with Single Output Nozzle
when the Fuel is Supplied Only Through the Second-Stage (Variable
Dimensions of the First Stage)

SpV * p 4 I I A1 -oCp 4-p*y,,.x 3 P. 4 Q As. 11
u epa"ep" rl "A. AtIIIa 6

2 0ocn~15 45.11 2.067 - .055 0.523 58 0,113 1. 2755
0 3 IojyU 10 58.80 2,438 1.255 0,480 6 0.095 0.240

2r,. -103 30 90.00 3.008 1.568 0.426 5 0.(77 0.200
R; 4 A i 5P 112,50 3.273 1.717 0,413 55 C.070 0.160

2 0opeynn 2 5 48.00 2,382 1.454 0.349. 56 j 0,104 J 0,247
10 65.21 2.571 1.723 0,33 65 0.08 0.220

2r,. = 1.3 m 30 104.04 3.8W 2.155 C.309 70 0.073 0.202
R " 4 KM 50 133.23 3.465 2.355 0.307 60 0.06S 0.;71

2 Oopcyaxa 3 I 5 48.00 2175"4 152v 0,323151 1 0.103 0.300
2rc,; 1.36 .Am 10 63.82 I 2,4 1794 0.300 59 1 0.088 0. 2_32

Rz=4,A' 30 104.65 3.184 2.2 on 0.071 0207

5 49.86 2,237 1.679 0.295 i 63 0.301 0.3W0
2 Oopc,-xa 4 10 67.28 2.599 i.959 0,282 64 0.089 0.262
2r, I = 1.44 w"" 30 110.43 3,2M8 2.499 0,268 64 0.06 0.168

R, 4 50 137.40 1 3.482 2.652 0.2,8 66 0.066 0.147

2 opcy~sa 5 58.06 0,071 1.026 0.317 1 57 0.162 0.34515 10 76.27 0,Gq1 1.153 0.M95 46 0,146 0.327
2M 1. IX n0 324.14 1.233 1.425 0,277 55 0,121 0.190

R, M ,50 156.52 1,346 1.554 0.270 '56 0,112 0,142

2 y 5 ia51.72 2.273 2.079 0.220 1 03W! 62 0..50 2,6285"2

Iopryixa 6 i0 69Z 2.628 2.407 0,209 66 0.84 U.274
2, 1,17 s~ 30 138. 3.366 3.309-0 e.205 7 0.068 6.187

'I j 50 317.50 3.534 3,248 0.198 70 0.665 0.142

,~I53 -• I • -55.1 2.396 2.7831 0.163 63 0.092 0,361
2r, I = 2.1 mX M0 7. 3 2.398 31185 0,154 74 0.081 I 0.26.8

o, Aa30 124,03 3.39 3,175 0,146 7 0.064 0.208

(PPyia85 5.50 1 2.38W 2.&31 0.155 7 .9 22
30 1 3•2.44 1 3366 3957 0.139 83 0.066 0.220

Ri = 3 3M 5. 156.52 3.652552 0.136 7 0.050 0.1%

2 5 .5 &1 2.3M 2.831 07,1 7. 0.o, o.14
10 74.07 2,688 31 1 0 1 . _

2t,I MM2. At 30 1 22.44 3.6 3.i57 0.146 82 0.084 0.260
R,_-_2_Am 1501 15x3.191 3,625 4.iA 0.135 3 _ 0.060i 0.140

25 55.04 2.8 .1 0,114 74 1 0.089 I 0.306Iocir o 1 34.8 1o
opcyIac 2. 3O I0x 1 7531 i 2.740 3.890 013 31 0.076 0.250

43Aix 3 0 125. 00 3.398 4.761 0.106 88 0.061 0.209
0=4- 150.b 3.625 5.056 0,104 84 0.3 0.8

2 5 r,7.11 2.461 4.574 0.078 3 0.0
CýOpcynxa I31 30 1 o 2.7;0. 5046 0 074 87 0.0 0 . 30!

2r, 3 X, 30 :'TP.57 3.4,18 6:283 0:072 .92 0.AIJ 3.250
4 am 157.b9 3.L25 1 6.5591 0A's !3 ' 0.050 0.190

1) Number of atomizer and d!men-ions; 2) Atomizer; 3) kgf/cm2 ; 41) icg/h.
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During simultaneous operation of both stages of a double-circuit
atomizer, a mixing of the two fuel flows takes place in the vortex
chamber of the first stage. The counter pressure thus produced
normally amounts to only a small proportion of" the pressure under which
the fuel is supplied. However, under transitional operating
conditions when the fuel pressure in the first stage is much higher
than the fuel pressure in the senond stage, the latter is comparable
with ... cvnter pressure in the first 3tage. The fuel of thc first
stage, according to Eq. (5.6), has an axial velocity constant over
the entire cross section at the boundary between the vortex chamber
and the nozzle. Hence, the counter pressure produced by the fuel of
the first stage on the second will be equal to

p (5.65)

By replacing Q by its expression from (5.10), we obtain

p -(5.66)

where

Figure 92 shows the ratio of the theoretical counter pressure
to the experimental pressure as a function of the ratio of the
nozzle diameter of the second stage to the diameter of the ar
vortex of the first stage. Investigations showed [198] that Eq. (5.66)
for the calculation of the counter pressure is correct only at values
of rS. i VrI > 1.

0 Of10 LSZ ?S 2$ JS #L 35 4-S 4*SA
Fig. 9?. Ratio of theoretical to experimental (ounter pressure as a
function of the ratio of the nozzle diamete,' of the second stage to
the diameter of the air vortex of trie first stage. A) ppr.t!Ppr.o;
B) r oIi/rv.
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It was found as the result of the study of a series of atomizers
that the fuel throughput during operation of both stages is equal to
the sum of throughputs of each stage. The fuel throughput of each
stage corresponded to a point on the throughput curve (recorded during
independent operation of the stages) with a pressure equal to the
difference between the pressure and counter pressure in the stage.

Acrording to the evpe-impntal data, thp rourte- pressure in
double-circuit atomizers with single output nozzle amounts to
5 to 20% of the fuel pressure in the first stage (pl) which is 0.75
to 3.0 kgf/cm2 at P1 = 15 kgf/cm2 . These values are comparable with the

fuel feed pressure in the second stage. The fuel throughput through
the second stage, corresponding to these pressures, is usually
larger than the fuel throughput through the first stage. In designing
double-circuit atomizers, the diameter of the nozzle of the second
stage must not be made equal to the diameter of the air vortex of
the first stage or have similar values since in this case the
slightest deviation in nozzle diameter (even within the limits of
tolerance of the first class) can lead to large cl-anges in the
counter pressure and throughput of the fuel.

It is best to make the diameter of the nozzle of the second stage
smal2er than the diameter of the air vortex of tne first stage. In
thii case the counter pressure will be only a negligible proportion of
the pressure and will not exert any significant effect on the
throughput.

The counter pressure of the fuel in the second stage in the
direction of the first under all operating conditions of the atomizer
represents a negligible proportion of the feed pressure of the fuel
in the second stage and practically has no effect on the operating
parameters of the atomizer.

The measurements carried out by the authors showed that the curves
of total fuel throughput during the operation of both stages under
equal pressure, obtained by direct measurement of the throughput
characteristics of each stage with allowance made for the counter
pressure, practically coincide.

in furnaces, the two stages operate at the same fuel feed
pressure only at 100% load. Under intermediate operating conditions,
the pressure in the first stage is considerably greater than in the
second but for this case also, the theoretical and experimental total
consumptions are in good agreement as follows from rable 14.

The flame angle and the thickness of the conical. film of a
double-circuit atomizer can be determined by means of the equations
presented in § 18, using the total geometrical characteristic As

(5.59).



TABLE 14
Results of the Determination of the Total Fuel Throughput by Calcula-
tion and Experiment

1 2 P4 - A£srOc:If uM*M ncpeA nepsol Or ,EKbko, r/l£ C

3 Aojsvu.e Yon-a~b 0:00 0avolo -Y-91-0. gIrecu'

4
-*AecThRMbxoe EMa.xae Tonrn4a

a nepwoAacryz , xv.lcO . ...... 14.8 K4,6 19.7 19.5 24.6 24.2 29.3 39

5
P•CxOA r70MRSa 'P3 Vepsy•o c'ynl,',-.

wig .... . .. ................ .... 66.5 66 74.6 74.4 84 81.5 90 101
6

p 2 - CtaTeIafNoe Aameave Yonam
so ropoa crynesm. d/r1s ..... .... 1.15 2.18 1,53 2.55 1.95 3.96 3.32 5.12

7
Pacxoa tonA)• 'epeo aopyo cmyneb.

r.o ................ 14 26 21 28 24.5 44 38 50,5
8

Pacqemoe 3uaweume cyumapumo psexoA,.
Kal, ........ ....... 80.5 92 9505 102,4 106.5 125.5 128 151.5

9
39cuep,,e'athN,-oe m4amme cy•.apmoro 9

pacxoM. #Wfs. .. ............ . 81.2 92.7 95.9 101.2 104.3 124.9 127.6 152.3

1) Indices; 2) fuel pressure in front of the first stage, kgf/cm ;

3) fuel pressure in front of the second stage, kgf/cm2; 4) real fuel

pressure in the first stage, kgf/cm2 ; 5) fuel throughput through the
first stage, kg/h; 6) real fuel pressure in the second stage,

kgf/cm2 ; 7) Fuel throughput in the second stage, kg/h; 8) Calculated
total throughput, kg/h; 9) Experimentally determined totalethroughput,
kg/h.

Figure 93 gives the average (median) drop diameter as a function
of the fuel pressure during operation of each stage separately and
in combination. When the fuel is supplied to the second stage, the
atomization efficiency is much less than during operation of the first
stage. This is explained by the large fuel throughput at the same
pressures and, consequently, the great thickness of the fuel film
and also the energy loss during the passage of the fuel through two
stages. The energy losses are particularly large when the atomizer
works on the second stage only. When the fuel is supplied through
.:oth stages, the fuel arriving through the first stage, does not
fill the whole vclume of the vortex chamber but leaves an air channel
in the center (air vortex). The fuel of the second stage arrives along
the "walls" of this air channel, narrowing the air vortex somewhat and
partially forcing back the fuel passing through the first stage. When
both stages are operating, a sudden expansion of the fuel flow In the
second stage does not take place as wnen the first stage is shut off,
in which case the atomization takes place twice, once from the secord
stage into the vortex chamber of the first stage and then through the
first stage nozzle into the combustion zone. As a result of this
motion of the fuel, the tangential velocity component is greatly
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reduced. Furthermore, the energy losses of the fuel Jet result in a
decrease of the total velocity (including the axial component) and to
an increase in the active cross section of the jet. All these factors
(the energy loss, the decrease of the flame a-gle, the increase in the
active section) exert a one-sided effect on the atomization efficiency,
as a result of which a rapid increase in drop size is observed when
the second stage is a-one operating (see Fig. 93).

ORJo - -

'2

41SOS

I lIE 11

""10 20 J. 4 f "M

Fig. 93. Average (meaian) drop diimeter as a function of pressure
during the atomization of fuel in a double-circuit atomizer with
single output nozzle: 1) during operation of the first stage only;
2) during operation of the second stage only; 3) during comblned
operation of both stages. A) dk, mm; B) p, kgf/cm2 .

The measurements of the atomization efficiency of the fuel for
double-circuit atomizers with single output nozzle at different ratios
of the pressure and fuel throughput in the two stages are given in
Table 15.

The data represented in Fig. 93 (Curves 1 and 3) and in Table 15,

can be described by a gencral relation (Fig. 91) of the form

d,_ 33.12 5.:6. 04't

where dk is the average drop diameter; 6 the thickness of the co:ni-ial

film, determined by means of (5.51); and e the specific energy of the
fuel

Q,' ± Q1141
e 2Q Q) (5j.+ A
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(V
where QI, QII are the mass of fuel arriving via the first and second

stage; wl, w2 the velocities of the fuel in the first and second stage.

TABLE 15
Results of the Measurement of the Atomization
Efficiency of the Fuel

i 1ý Asaeuve ?on.. o5. "6 7

58: 2 8PC 80, 3 - i 8.5 6
90em %6 311, L8 9 69 47
105t 80 13 115 5. 44

14 X0 3
Ox afepaO aol so OO

10 941 102,5 236 69 412 5.73

1,1 80 418, U2• • 2.U
59 6 3 55.6 300 77 5194 6.83
58 2 8 80.4 325 50 48,5 6.70

126 20 59.970 2.47

212 50 45.5 657.0 140 42 38.5 2.37

1) Total fuel throughput, kg/h; 2) Fuel
2pressure, kgf/cm ; 3) in the first stage; 4) in

the second stage; 5) Specific energy consump-
tion in fuel atomization, kgf-m/kg; 6) Median
drop diameter dk, P; 7) Flame angle, degrees;

8) Thickness 6 of the conical film, p; 9)
Relative drop diameter, dk/ 6 .

The exponent in Eq. (5.67) is close to the value obtained by other
researchers for single-stage atomizers. Consequently, the parameter
which includes the energy of the jet, is a more universal similarity
criterion.

Two-nozzle atomizers have also found widespread application,
(see Fig. 78,c). In the two-nozzle centrifugal atomizers each stage

* performs like an ordinary single-stage atomizer. If the outer diameter
DnI of the nozzle of the first stage is larger than the air vortex

of the second stage, the coefficient of the active cross section will
nct be determined by the size of the air vortex but by the outer

* -diameter of the nozzle

( Da. 2 (5.69)• = ! - \ 2----. IZ/

where DnI is the outer diameter of the nozzle of the first stage;

ýrl is the diameter of the nozzle of the second stage.
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Fig. 94. Relative drop size dk/S as a function cf' the specific fuel

energy. A) dk/ 6 ; B) e, kgf-m/kg.

In contrast to the coefficient € of the active cross section for
normal centrifugal atomizers, we shall designate the design coefPicient
of the active cross section by 0'. If 0* > €, the operating
parameters of the second stage of a centrifugal atomizer can be
calculated by means of the above derived equations for a simple
single-stage atomizer [211].

It follows from (5.13) that the larger the geomertical
characteristic, the smaller is * and the larger is the diameter of
the air vortex. in the atomizers used in practice, the geomertical
characteristic of the second stage is usually larger than 2.5-3.0
according to Eqs. (5.7) and (5.13), for these values 2 rv.ii =

= (0.75-0.77) 2rs.ii. Consequently, the first stage will not affect

the operation of the second if Dn.' < (0.75-077)2r s.I It is not

difficult to meet these conditions in practice but is very important
to obtain a reliable operation of the second atomizer stage.

n consequence of the fact that each stage has its independent
circuit, the fuel consumption during the simultaneous operation of
both stages of a two-stage atomizer is determined as the arithmetic
sum of the throughputs of the first and second stage at any pressure
in each stage [195]. The flame angle of a two-nozzle atomizer is
equal to the flame angle of the outer (second) stage when this is
larger than the flame angle of the first stage. If the flame angle
of the first stage is larger than the flame angle of the second stage,
the trajectories of motion of the fuel emerging from the two stages
will interesect and the flame angle will have a certain average value
determined by the equation

a w1Q1 Co5S 2 2c'A~J (5.70)
CO 2 ý_ WQJ+ WJIQU

where w',. w1 I, Q QII' a and a are the fuel velocity, the fuel

throughput, and the flame angle of the first and second stage,
respectively.
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Table 16 gives the results of the flame angle measurement for
one atomizer during the simultaneous operation of both stages of a
two-nozzle atomizer. The flame angles computed by means of (5.70),
are given in the same table for comparison.

It follows from the data of Table 16, that the theoretical and
experiment,- flame angles are very similar.

TABLE 16
Flame Angles o, a Two-Nozzle Atomizer

2 Amaeut ..e UAnnu a Repack C€•sKM. Xf/CA'

3 A-11e.ne iTc n I o - opal .-Ynam". xarlca

4 41st CI I sI S 1 1510160

4 Yrox Oxem nepwoi muye-
HR .a . . . . 81 M9 77 77 75 75 74.5 73

5 nit. rpa wycu ryne5s. rpaye . . . .. 38.5 58 58 74 8 75 73 73

6 3Vcnep--efrTbmoe smqe-
Hue of-ero yra•a 4uaxema,
rpaWc .............. 69 70 681 72 68 76,5 74 75

7 Teopemqeacoe suae.nie o6-
mue yrsa 4aKeas no ypaa-
meHS (5. 70). rpsycu 67 71 70 75 69.5 75 73.2 73

1) Indices; 2) Fuel pressure in the first

stage, kgf/cm ; 3) Fuel pressure in the

second stage, kgf/cm 2; 4) Flame angle of the
first stage, degrees; 5) Flame angle of the
second stage, degrees; 6) Experimental total
flame angle, degrees; 7) Theoretical total
flame angle according to Eq. (5.70), degree.

The atomization efficienoy for each stage of the atomizer
separately can be determined for each stage by means of the equations
for the single-circuit atomizers. When the two stages operate
simultaneously, the conditions for the disintegration of the Jet
of each stage are less favorable. When they operate separately,
the external air acts on the fuel cone from outside as well as inside.
When the fuel is supplied through both stages, the fuel cone of the
second stage is in contact on its inner side with the fuel cone of
the first stage. In this case, the effect of the air on the
atomization of the fuel from each stage decreases and the degree of
dispersion of the fuel flame is accordingly less.

When both stages are operating it can be assumed that the fuel
flow takes place with a greater thickness of the conical film than
in the separate stages.

It can be assumed approximately that in the range of values of V
from 0.1 to 0.7, the relative thickness of the conical film (6r s) is

proportional to the throughput coefficient. Taking tnis into account
and assuming equal flow speeds of the fuel in both stages, we can write
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whence

6• = QV•, •5( 7 2•

Under the assumption that during the operation of both Stages all
the fuel comes from the large nozzle (the nozzle of the second stage)
vie obtain in analogy to the expression (5.72) an equat-ion for- the
determination of the thickness of the nomi.nal conical film

,1 •. I "-l'-• -+5.711

or

6  rc . 11 (Q 4 Q11)
re.,. -Q!I (5.74)

A direct proportionality exists between tphe average median drop
diameter and the thickness of the conical film (see Fs, 88). Takinge)

this into acnlyount, we can derive an equation for determining the mean
droe diametor for the jointeri ofrthnf both stages l

dcp = dl ('. (Q- + ,) re. Q(

or

8,,drc . _ - (Qi + Q11)
C,•z~ 1 (5.76)

where dI and dp- arore the average drop miameters during the operation

of the firsth iecond stage, respectively.

The curve of the average drop diameters dusing Joint operation of
both stages, calculated by means of Eq. (5.76), is very similar

to the experimental curve (Fig. 95,5). Curve 4, calculated by mea.-
of Eq. (5,75) lies above the experlimental curve which is explained
by the press u r e los s in the first stage.

Wof nth te fuel feed pressure in the two s.ages 's "fre t
average drop diameter is determined by means of the equation

bio s cfpt. (

tote xermntlcrv Fi.955.Curv 5. cacltd7yre.



where d sil iz the average drop diameter, corr,!sponding to a pressure of
Psr in the two stages; Q s1 is the fuel throughput through the two

stages at a fuel pressu'e Psr in the two stages; Qd is the real fuel

t'Aroughput at a fuel supply pressure in the first stage o* p, and

n the second stage of pII.

In accor- 'uce with Eq. (5.60), the average pressure Psr is equal

to

pe Q 1. UYP1 (5-73)

where pI and pl1 are the fuel pressure " th- first and second stage,

respectively.

- INý
419

Fig. 95. Average (median) drop diameter as a function of the pressurp
during atomization of fuel in a two-nozzle atomizer: 1) when only the
first stage is working; 2) wh-n only the second stage is working; 3)
when both stages are working' 4) and 5) curves corresponding to
Eqs. (5.75) and (5.76). A) ame', mm; B) p, kg/cm2 .

Table 17 presents the results of measurements of the atomization
efficiency during supply of fuel to the two stages of a two-nozzle
atomizer at different pressures. The feed pressure of the fuel in
Pach stage corresponds approximately to the pressure during cpration
of the atomizer at small loads.
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TA51LE 17
Average Drop Diameter

2 Asks-use To-ausa a fttPool m~~ato. wt/s 8 '
1 M3Ufjk 2012

3 1Astsfteast ?janown 00 at@9 Cl do. 'r,".

I $ i A S j I s

4. NceneP~PWnelIT&-HOe 313%T21 CPeAerO
N•.•- b. .XJ ".. • ..... 20m.'2 0.1 0.180 0.1771 0.132 0.356

MeiizX o,' eetX ........ 0.3I7 0.166 I0.163I0.!2P 0,154

1) Indices; 2) Fuel pressure in the first

stage, kgf/cm 2; 3) Fuel pressure in the second

stage, kgf/cm ; 4) Experimental values of the
average drop diameter, mm; 5) Theoretical
value of the average drop diameter, mm.

It follows from the data of Table 17 that the experimental and
theoretical average drop diameters are very similar. Using Eq. (5.77)
and (5.78), the optimum pressure ratios in the first and second stage
at which the atomizat:on efficiency is an optimum for all operating
conditions of the atomizer can be easily determined.

Let us consider the performance of the rotating atomizers which
have much in common with the centrifugal type but belong to the
rotational atomizers because of the method of producing the torque.
In these atomizers, the fuel, arriving on the rotating cup,
participates in two motions, a rotational one together with the nozzle
and a translational one along the generatrix of the atomizer.

To simplify the calculation of the rotational atomiz;rs let us
assume that the spe-'- of rotation of the fuel is equal to tne speed
of the atomizer, i.e., that no slip takes place, and let us neglect
the force of gravity. At speeds of revolution corresponding to the
operating conditions of the atomizers, these assumptions practically
do not affect the accuracy of the relations thus obtained.

A centrifugal force F, perpendicular tu the atomizer axis, acts
on a li'uid element (see Fig. 82) in a cross section of the atomizer
with radius r. This force can be divided into two components which
are perpendicular and parallel to the atomizer; the motion of the fuel
takes place under the influence of the latter. The motion of the fuel
is impeded by the tangential forces T. and T2 due to the internal

friction of the liquid (viscosity). In accordance with the d'Alembert
principle, these forces are opposed and should add up to zero.

Fsirit- 'z + Ts--OG (5.79)

F = ordn = 2.prt'd1dr ( 5.80)

r, 2r-rdl ' T, -- 2. (v + A)rdl; (5.81)

' (5.82)

- d9r-
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where T is the tangential srress; U the coefficient of the kinemntic
viscosity; and w the angular velocity of the atomizer.

After substitution of the values of F, T1 , and T2 into Eq. (5.79),

its solution at the initial conditions r = rV, T - 0 has the form

where rv is the radius of the air cavity In the rotating nozzle.

After replacing r by its value from (5.82) and cond integration,
e obtain an expreasion for the translational velocity

v= s P (je- .RG +•-V (5.84)

where v = p/p is the ,oefficient of the kinematic viscosity.

The Integration constant of Eq. (5.84) is determined from the
condition that the velocity at the nozzle wall (r - R) is zero.

The unknown diameter of the air cavity in the atomizer can be
found from the throughput equation

A
Q,e-j2nwPrdr-n4W3-\R41R48 (5-85)

On the basis of Eq. (5.85) the average velocity over the cross
section is

*;= -.•p (NO - 10 +,R- e_•
*nP 30Yi--4) (5.86)

When the fuel emerges from the rotating nozzle (as ir the
centrifugal atomizers), the particle ;raJectories describe a hyperboloi,
of rotation. The angle of the asymptotic cone of this hyperboloid
can be determined from the velocity relations. The radial and
tangential components of the total velocity of the fuel particles lIle
in a plane, perpendicular to the atomizer axis, hence the flame angle
is calculated by means of the equation

a Y0 '0(R + + V.2
tc j-=- (RCr )+ oPS1' (5.87)

After substitution of vsý co0 0 (5.86) and transformation we

obtain

tg 2 - (.-20 +- -s-- 1,0" + t 0 (5.88)
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1n consequence of the sudden che'nge in the direction of the
movi.ng fuel film upon leaving the atomizer and the transformation
Of the speed of roltaltion 'into translaticnal (tangentiel.) velorilty,
the t,'¶ckness of the fuel fl-'- changes In accordance with the equatiot

____ (5.89)

~3 V0..2(ceR + +T (5.90)

An atomizer radius of 50_mm, an atomizer angle z~f 50 and a.
viscosity of the fuel of 6.10-6 m2/s are assumed in the calculations.

As follows from the calculation (Table 11; tne tangential and
total velooity exceed the axial velocity many time.- and the fuel,
upon leaving the nozzle, is atoiaized practically in zhe plane
of the nozzle (the deviation does not amount to more than 60). Our
observat~ions of the atomization of a rotational atomizer and also
the published data 11212] rhow that, depending on the operating
conditions, (primarily, M?~ throughput), three forms of disintegration
of the liquid can result- direct drop formation, filamentav~y
disintegration and film disintegration. These forms are due to the
effect of the force of surface tension on the fuel film. When the
fuel. throughput decreases, the thickness of the fuel film approaches
the critical value until the potential energy of the surface layer
exceeds a certain levell as a result of which the film is transformed
into several filaments .iith a thickn'iss which is greater than that of
the film. Further decrease in the throughput leads to a decrease in
the diameter of thko filaments, when the potential energy again exceeds
a certain level, and the number of these filaments decreases with
decrease In the throughput. The decrease of the filament diameter
has a limit beginning with which the fuel flies off the edges of the
nozzle in the form. of individual drops. As a result of the very
small thinness of the film, the drops size distribution is fairly

consequently, the ratio of maximum to minimum drop size is 2.6'ý, and,

in the centrifugal atomizers, 7-46.3. An increase in throughput

increases the nonuniformity of the atomization of the fuel slightly.

The rotation-1 atomizers have much larger control ranges than
the other- forms of centrifugal atomizers. The atomization efficiency
incr-eases when tf-e fuel throughput decreases. The throughput and
drop size can be controlled indepen-dently, if necessary, by lowering
the'number of revolu-tions of the atomizer.

With rare exceptions (gas turbine atomizers), the rotational
atomizers in industry are used in combination with pneumatic atomiza-
tion. However, the role of the airstream consistAi not merely in an
improvement of the atomization efficiency as ifl a variation of the
direct~ion of motior of the drops.
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TABLE 18
Results of the Calculation of the Basic
Performance Parameters of Rotational Atomizers

4pap.o onllz afa .... m7B 5W M M

2341 . *

S.M ........... 1. 1.7 2,3 2.4 2.5 3.7
7Cy nw a UhA cicpocn. xlctx . . l 15.12 15.20 30.22 4,24 30,3

N== ........ 85 87$ , 86I

9 r-=fT0aWI aNB 3O4 a WenK. NIC 16.3 32.5 43,5 8,13 5,ý 24.3

1) Indices; 2) At 2800 r/min; 3) At 5760 r/min;
4) Fuel thrcughput, kg/h; 5) Radius of the air
cavity, mm; 6) Average velocity along Lie axis,
m/s; 7) Total velocity, m/s; 8) Flame -gle;
9) Thickness of the fuel film, p.

20. BASIC DESIGNS OF PNEUMATIC ATOMIZERS

All pneumatic and steam atomizers are conventionally divided in
the technical literature into two groups, depending on the pressure
of the atomizing agent: into low-pressure atomizers using air from a
blower aith a pressure of 300-700 mm water column and high-pressure
atomizers with a pressure of 1-6 kg/cm2 , With regard to the design
these atomizers diff&r in the ratio of the diameters of the passage
cross sections but with regard to the design principles they can
be discussed together. The atomizers are divided with respect to
the relative motions of the fuel and air (steam) flow into straight-jet
atomizers with parallel flow, counter flow and vortex flow. Depending
on the atomization method, one distinguishes single-stage, two-stage
and multistage atomizers. To the single-stage atomizers with parallel
flow belongs the shukhov atomizer which was widely used in its time
(Fig. 96,a). To the same group belongs the low-pressure Rockwell
atomizer (see Fig. 96,b) in which the dimensions of the a}r passages
are greatly enlarg.d in order to achieve a much greater air throughput.
In the atomizers of Danilin and Lapinykh [213] and in some others the
air (or stream) is supplied through the inner channel and the fuel
through the outer (annular) channel (Fig. 97). The variants of the
atomizers of this type differ in the shape of the fuel channel and the
system of air supply, i.e., a compact jet or via separate orifices, as
in the atomizer of Lapinykh (see Fig. 97,b).

The atomizers with parallel flow can have mixing chambers where
the collision between the atomizing agent and fuel takes place and
the mixture thuz formed reaches the furnace through a common nozzle.
To increase the velocity of the mixture, the output nozzle is made
in the form of a Laval nozzle and if the flame angle must be increased,
the output nozzle has several orifices with different angles. In some
atomizers, the site of interaction between the two flows is located at
a considerable distance from the output nozzle and the process of fuel
supply is divided into two stages: the formation of an emulsion
and the transport of this emulsion to the combustion zone. A
pneumatic Shukhov atomizer is used to form the emulsion by
atomization of the fuel in a .losed volume in the form of a cylinder.
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The combustion process Is intensified by supplying a ready
fuel-air mixture and is completed earlier than in the case of
atomization of the fuel in a straighL-Jet pneumatic atown~zer [2141
The emulsion burners h&ve larger conduit cross sections and are not
clogged by coke formation. If the emulsion is supplied in a single
Jet, the furnace volume is not completely filled, hence multinozzle
burners have been2 proposed in which the emulsion Is supplied through
an annular nozzle (Fig. 98). As tests of such burners have shown,
the steam or air ..oi..umption is much higher .han in the conventional
steam or meehanic&l atomizers and amounts per 1 kg of fuel to 0,76 to
1.3 kg of steam or 0.63-1.63 kg of air.

2Pacna.imon Ja

a)

b)
Fig. 96. Atomizer with parallel flow in which the fuel is supplied
through a central duct: a) high-pressure (Shukhov); b) low-pressure
(Rockwell). 1) Fuel; 2) Atomizer.

Double-stage atomizers have been proposed in order to improve
the process of disintegration of the fuel jet, in which the air ts
supplied twice during the motion of the fuel (Fig. 99'. The air
first breaks down the compact fuel jet and the primary mixture arrives
in an intermediate nozzle and when it emerges from this, another
airstream acts on it, producing an additional disintegration of the
fuel, an increase in the total velocity oT the mixture and improved
mixing. In some cases, the primary and secondary air have different
parameters. The primary atomization is usually achieved with high-
pressure air and the secondary atomization, with air under low
pressure. Steam is used instead of primary air in the steam-
pneumatic atomizers. Atomizers with multistage air supply have also
been developed (three-stage and more). However, with this system of
air supply, a marked improvement in atomization may not be attained
because as a result of the incr'eased path of the mixture part of the
energy is lost in the intermediate nozzles. Furthermore, the
probability of collision and coalescence of fuel drops during the
motion of the fuel particles through relatively small nozzle cross
secticns is increased. With respect to the energy required for
atomization, the multistage atomizers are less economical thati the
single-staze design.
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a L

Fi!. 97. Atomizers rith parallel flow and air supply through a

central duct: a) atcizer of Danilin; b) atomizer cf Lapinykh.
1) Steam; 2) Air; 3) Petroleum residue; 4) Atomizing agent; 5) Fuel.

-a)+

Fig. 98. Emulsion burners: a) single-nozzle; b) with annular nozzle.
1) Supply of emulsion.

En order to improve the conditions of interaction between the fuel
and airflow, some designs cf pneumatic atomizers provide a mutually
perpendicular or even opposed flow. In the simplest case, the fuel is
supplied through bores along the periphery of an inner tube with a
blind end (Fig. 100). High pressure and low pressure atomizers are
built in accordance with this design principle [215]. In the FIDM,
FDB [216], and some others atoarizers, the variation of the impact
angle of the air and fuel is achieved by letting the air impinge on
t;he fuel which flows in a central channel along the burner axis from
the opposite direction or at right angles.
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Fig. 99. PDM atomizer with two-stage air supply, deve7oped by the
authors.

In order to improve the interaction oetween the airflow and the
fuel jet, vortex flows can be produced, for example, by means of a
paddle wheel, worm guides, tangential impact, etc. fitong the vortex-
type, or, as they are sometimes termed, turbulence atomizers, the
atomizers of A. I. Karabin (Fig. 101) are widely used. In these
designs, the fuel is supplied via a straight central duct, and a
paddle wheel is installed in the path of motion of the air in front
of the atomizer outlet. Imparting thus a tangential velo,-ity to the
air promotes the atomization of the fuel since the air then not only
has a velocity difference along the axis of the Jet but also acts
tangentially to the jet which gives a more efficient energy transfer.

r j

Fig. 900. Atomizer with supply of the fuel at a right angle to the
air flow. 1) Fuel; 2) Air.
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Fig. 101. Atomizer of A. I. Karabin. 1) Fuel; 2) Air.

A further design development o' pneumatic atomization were the
atomizers with two-way air supply in which the air is supplied to the
fuel jet from within and without. This provides a maximum surface
contact between the fuel and the atomizizg agent. The atomizer
installed in the gas turbine locomotive engine of the firm "General
Electric" [187J operates in accordance with this principle. The output
nozzle of this atomizer (Fig. 102,b) has the form of an annular slit,
formed by the body and the rod with disc located in the center. The
air is introduced along the rod and the periphery and the fuel arrives
in the vortex chamber via six tangential orifices. Based on an
analogous principle is tie atomizer of Deissler, which consists of
three cylinders (See Fig. 1.02,a) and a cone located at the output end.
By this way three ann::ar outlets are formed. The air entering the
atomizer is divided into two flows: one passes along a central
channel and discharges through the ring formed by the cone and the
inner cylinder, the second one passes between the two cylinders
(outer and middle). The fuel enters through tangential channels into
the cavity between tLe inner and middle cylinder.

The atomizer of Katin consists of four cylinders (Fig. 103). The
atomizing agent is steam which enters on either side of the fuel jet.
Moreover, air is supplied through the central (fourth) channel.

As the most perfect atomizer design, which provides the optimum
conditions for the energy transfer from the atomizing agent to the
fuel, must be considered the atomizer in which two-way supply of
atomizing agent and vortex formation in all three fluids is provided.
Depending on the degree of vortex formation, such an atomizer can
furnish the fuel at any flame angle. The two-way air supply promotes
the mixing the increases the atomization efficiency. This atomizer
can be designed for high- and low-pressure air.
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b)
Fig. 102. Atomizer with two-way atomization: a) ;f De!i.ler, b) of
the firm "General Electric." 1) Air; 2) Fuel.

Fig. 103. Atomi•.er of Katin. 1) Fuel; 2) Steam; 3) Air.

The pneumatic atomizers provide better control possibilities
than the mechanical atomizers because the parameters of both f.ows
(fuel and air) affect the shape and dispersion condition of the flame.
The air throughput is also usually varied by throttling, by installing
a valve or choke in the air duct. Such a control system reduces the
air throughput by variation of the output velocity which affects the
fineness of dispersion and the flame distance.

In order to produce supercrltical flow velocities of the fuel-
air mixture, atomizers are equipped with a Laval nozzle. 'However, this
nozzle Js suitable only for a certain range of throughputs. An
atomizer design has recently been proposed with a variable-crosb
section nozzle [.171 which has a rectangular profile in one projection
and in the other, the shape of a Laval nozzle with movab'e walls,
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which can be moved by means of levers to vary the cross section of
the duct within wide limits (Fig. 104). The installation of rotary
blades in the Karabin atomizevs enables the flame angle to be varied.
However, such universal atomizers are complex to make. As a rule,
there is no need to regulate the flame with respect to all parameters
(throughput, angle, degree of dispersion, range). For the operating
conditions of an atomizer in furnaces it is normally sufficient to
be able to regulate the fuel consumption at unchanged air throughput
and velocicy, corresponding to the optimum fineness of atom'.zation of
the fuel. Reducing the fuel consumption at unchanged parameters ana
throughput of the atomizing air (or other atomizing agent) improves the
atomization efficiency.

Fig. 104. Atomizer with variable cross section nozzle.
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In some designs of pneumatic atomizers the air is n•ecessary not
so much for improving the lktomization efficiency as for better
preparation of the mixtLure and the creation of a suitable flame shape
as is done in many rotating atomizers in which an annular air jet is
provided along the periphery of the fuel cone.

Fig. 105. Rotaticnal atomizer with fuel introduced at right angles
to the airstream.

A combination of all possibl,- variants is used in pneumatic
atomizer designs, hence it is difficult to classify them on the basis
of single characteristics. For example, an atomizer design has been
developed [218] in which the centrifugal effect is used by means
of rotation of the atomizing cone to achieve a transverse delivery
of the fuel and air and, moreover, where guiding vanes Impart a
vortex motion to the airstream (Fig. 105).

21. THEORY OF THE CALCULATION OF PNEUMATIC ATOMIZERS "*

The pneumatic atomizers were used for the atomization of fuel
even before the mechanical atomizers but the mode of operation of these
atomizers has been much less investigated. Whereas there is a rich
experimental material available for centrifugal atomizers, various

• calculation methods exists and different theories have been proposed,
only experimental data have been collected for the pneumatic atomizers
and some general criterion relations have been proposed. The cause
for the lag in the research on pneumatic atomizers is in the more
complex physical pattern of the operation of these atomizers where one
has to take into account the flow of two fluids with different
properties and the interaction of these two flows with each other and
the ambient medium.

The calculation of the fuel duct is normally limited to the
determination of the output cross section for the maximum throughput.
The flow rate of the fuel is determined by the system of fuel supply.
If the fuel arrives in the atomizer from the fuel tank by gravity flow,
the velocity will be

w = V2g(H -&A. (5.91)

where H is the difference between the level of tne fuel tank and the
atomizer; 6H is the pressure loss in the fuel system.
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When a fuel pump is used, the velocity is determined as a

function of the pressure in the fuel duct

-- (5.92)

The velocity of the fuel in pneumatic atomizers normally does
not exceed 4 m/s.

The flow speed of the air fo? cylindrical and converging nozzles,
considering the process as adiabatic when the pressure ratio is
greater than critical

Ps > -T1+i)[f (5.93)

caa be determined by means of the equation

,/ k •(5.94)
2g= ý - \-- Pivi

where p1 is the absolute pressure before the discharge; P 2 is the

absolute pressure in the medium into which the discharge takes place;
V. Is the specific volume of the gas before the discharge; k is the

adiabatic index for air (k = 1.4).

In discharge of air, the critical ratio is 0.528, consequently,
for high-pressure atomizers the ratio of pressures is u~ually less
than critical, and, for low-pressure atomizers, greater than critical
and in the last case

2g A (5-95)

The theoretical air throughput for each of the flow conditions,
respectively, Is

Q / A (5.96)

* and

1 ", [" 2 X•• ,(5-971

-205-



In the equations (5.96) and (5.97), the area of the cross section
of the air duct is unknown. The ratio of the geometrical dimensions
of the air and fuel section, and, consequently, also the area of the
air ducts, is determined by the condition of interaction between the
air and fuel flow.

Let us examine the working principle of the pneumatic atomizer
(see Fig. 97,a) in which the atomizing air is supplied within the
fuel jet. Let us assume that up to the moment of interaction both
flows have a uniform velocity distribution along the radius. When
the air and fuel flow come into contact, the inner layer of the latter
is subjected to a dynamic effect of the air flow in consequence of
the velocity difference. As , .. ult of this, the boundary layer of
the fuel jet acquires additioný energy frcm the air layer and is
disintegrated. The fuel-air mixture thus formed exerts an analogous
effect on the next layer (see Chapter 3, § 12).

According to the theory of turbtulent flow [1491, a boundary zone
is formed during the interaction between the fuel and air flows,
consisting of a fuel-air mixture. This zone is bcunded on the outside
by a fuel layer and on the inside. by an air layer which has the initial
velocity. During their axial movement, the two boundaries form straight
divergent lines (Fig. 106,a). We assume that the disintegration of
the jet is terminated at the moment of disintegration of the last
fuel layer, i.e., when the outer boundaries of the fuel jet and the
fuel-air zone intersect. If the diameter of the air jet is very
small, then the axial velocity begins to decrease rapidly after the
disappearance of the core of the flow with the initial velocity. This
reduces considerably the velocity of the layers remote from the axis
arid, consequently, reduces the interaction between the fuel and air
flows. In the case of a very large diameter of the air flow, a core
with the initial velocity will remain in its center after the
disintegration of the fuel jet. The energy of this core is used only
to increase the flight distance of the drops since the disintegration
of the jet is already terminated. Hence this energy is superfluous
with respect to atomization. nle optimum ratio between the diameters
of the fuel and air flows is t:.z ratio at which the lines of the
boundaries of the fuel-air zone intersect at equal distances from the
atomizer nozzle from the outer boundary of the fuel jet and the axis
of the flow.

The slope of the outer line of the boundary layer (Fig. 106,a,
line 1) can be determined by using the corresponding equations for a
gas jet propagating in a liquid [149]. The radius of the outer
boundary in the transition section is equal to

S= .4,. (5.98)

where r 0 is the initial radius of the air jet.
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Fig. 106. Schematic representation of the interaction between the
fuel and air streams: a) with external delivery of the fuel; b) with
internal delivery of the fuel; c) with two-way delivery of the fuel;

I) inadeauate diameter of the air nozzle; II) optimum; III) too large;
1) outer and 2) inner boundary of fuel-air zone; 3 and 4) outer and
inner boundary of the air zone.

The total length of the initial and transition section amounts to

I X2=r. (5.99)

hence the slope of the outer line is determined as the ratio

I-- 0.4& (5.100)

The pole distance x0 can be found by equating r - r0

.re(5.101)

The length of the initial section of the air jet, propagating
within the fluid, is equal to

-207 (5-102)
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In atomization of petroleum residue with air, we have

x. = 2,29r,. (5.103)

From (5.103) we find the slope of the line of' equal velocity
(Fig. 100,a, line 2)

"-= 0.4366. (5.10A4)

Using the equations (5.100) and (5.104), we can find the ratio
of the radii of the fuel and air section

, 1ra. (5.105)

Knowing the fuel throughput and the area of the fuel duct cross
section, we can readily determine the two radii

F = s (4'--'), (5.106)

then

t h e= 0.196 1/7 ; (5 . 1 0 7 )
= 0.093 VrJ. (5.107,a)

The proposed equations can be used for an approximate determina-
tion of the atomizer dimensions because the distance at which the
atomization process is assumed to be terminated has been somewhat
arbitrarily assumed in the calculations.

During the atomization of the fuel in the atomizers of Shukhov,
Rockwell and others (see Fig. 96), the airstream acts on the fuel.
jet from the surface, on the other side the airstream is in contactwith the ambient air (see Fig. !06,b) and imparts to it part of its

energy which can be considered as loss (because it does not
contribute to the atomization of the jet).

The boundary region of the fuel-air and the homogeneous air jet
is limited by the zero velocity lines and the core of the stream. We
assume that the disintegration of the fuel is terminated in the
initial section when the core of the flow disappears, i.e., when the
whole fuel jet has been diffused by the air.

The line which limits the core of the flow for a two-phase jet
during the atomization of liquid [1491, can be found from the relation
for flat jets
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0.3i g- ---7 •" (5.108)

In atomization of petroieum residue with air, this relation is

0.88. (5.109)

For the outer boundary we take the same slope as for the case of
introduction of the air within the fuel (5.104). The boundary zone
on the side of the ambient air lies between the straight lines
(Fig. 106,b, line 3 and 4) of the internal boundary

R -- _1,49a (5.110)

and the outer one

R 3,a. (5.111)

where a is a coefficient which characterizes the structure of the
airflow.

I I

U - Ile0

V42 * 4_4_,_Ue~BV 1N/ka I
Fig. 107. Fineness of dispersion as a function of the specific air
consumption. dk drop diameter corresponding to optimum air consump-
tion: a) according to [18]; b) according to [141]. A) G v/g; B) kg/kg.

With increase in the ratio of the airstream diameter to the
diameter of the fuel Jet and, consequently, increase in the specific
air consumption, the condition for energy transfer and fineness of
dispersion improve. This is due to the fact that the deceleration
of the Jet as a result of the energy exchange with the ambient air
has less effect on the transfer of energy to the fuel. However, once
a complete disintegration of the fuel Jet is attained, further
increase in the mass of air has practically no effect on the atomiza-
tion, merely increasing the flight distance of the drops. This
assumption is confirmed by experiment (Fig. 107). The improvement of
the atomization with increase in air throughput takes place up to a
certain ratio and further increase in the *air throughput does not
affect the atomization efficiency.
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By means of this diagram (see Fig. 106,b) it is possible to find
the optimum ratio of the air and fuel jets. In this case the point
of intersection of the litre of th-' lower limit of the air boundary
layer and the upper limit of the fuel-air layer should lie in an
intermediate section (at the end of the initial section). Using
Eqs. (5.104), (5.109) and (5.110), it is easy to bhow that this
condition is met by a ratio of the radius of the air and fuel jet,
determined by the equation

R. = (1,5 + ,7 a r. (5.112)

According to experimental data obtained in studies of air Jets,
the coefficient a varies from 0.066 to 0.076. Using the average 0.07,
we find Rv = 1.61rt' in practice, the ratio R v/rt varies within

the range of 1.5 to 15 [181, increasing with decreasing pressure
(velocity). In order to improve the interaction between the air and
fuel flows, the air output sections are made in such a way that the
airstream hits the fuel under a certain angle instead of being
parallel to it. Furthermore, to reduce the air throughput and the
unavoidable losses, due to the interaction with the ambient air, the
fuel nozzle is slightly recessed so that it is inside the atomizer
(see Fig. 106,b, lines 3 and 4).

Tf one examines the diagrams of the interaction between the
air and the fuel jet (see ?ig. 106) it can be seen that only part of
the energy of the air is imparted to the fuel. In the simplest case,
with delivery of the fuel and air in parallel directions, the
equations derived on the basis of the theory of turbulent flow can
be used to calculate the energy lost in atomization. Let us divide
the fuel-air flow into several elementary rings. For each annular
cross section with radius r and thickness dr, the kinetic energy of
the flow can be calculated by means of the equation

d E 2' (5.113)

where w is the velocity of the flow at a given point; dm the mass
element of the moving flow passing through the chosen cross section

dm = 2apwt dr. (5.114)

Several relations have been proposed for characterizing the

velocity variation in the boundary layer, of which the following gives
the best agreement with the experimental data

F- ='P). (5.115)
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where w0 is the initial flow veluocity; 0 a dimensionless radius

ax- (5.116)

where a is a coefficient to characterize the structure of the flow; r
the distance from the axis of the flow; x the distance along the axis.

The function F'(O) does not have a simple analytical expression
and for this reason, tables have been compiled [149] for solving
problems in which Eq. (5.115) is used. For a first approximation, we
can use the simpler analytical relation of the form

(- IA)(5.117)

- r ,(5.118)

where r is the distance from the jet axis; rx, the radius of the jet

in the cross section under consideration.

Having solved Eqs. (5.113), (5.114), (5.117) and (5.118), we
obtain an analytical expression for the variation of the energy of the
air boundary layer as a function of F

E. . (,i"-,U),d,. (5. 119)

The limits of integration of this equation, according to the
condition of interaction of the flows at optimum ratio of the
dimensions, will be: r! = l.9r 0 , and r 2 = l.5r0 . -,

After solving Eq. (5.119), taking into account that rk = rI, we

find

B. - 8.08. 10-5,Q•,-• ( 5.119, a)

The equation for determining the velocity profile in the zone of
the fuel-air boundary layer will have the form

-t- I --(1 -(5.120)We

The variation of the concentration of air and fuel in the fuel-
air jet can be expressed by the equations

q . . (5.121)

q= (5.122)
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The variation of the density of the mixture over the Jet cross
section as a function of the concentration is characterized by the
relation

Q.Q?

= rq, + es(V - is-q) (5.123)

Having solved Eqs. (5.113), (5.114), (5.120), and (5.123), we
find the variation of the energy along the radius of the fuel-air
zone

EP = S Q.W3 r•dr. k5.124)

The ratio P/Pt for the conditions of air atomization of fuels is

of the order of 0.0014, and (1 - r-5 ) < 1, hence the second term in
the denominator can be neglected and Eq. (5.124) written in the form

E,(24, -rlA)r 4dr. (5.125)
r$

Integrating Eq. (5.125) within the limits of variation of the
radius of the fuel-air zone (from r1 = 0 to r 2 = 1.5r 0 ), we cbtain

the total energy of the fuel-air mixture

E ,44,%Qw1 (5.126)

In order to determine the energy transferred to the fuel, the
right part of Eq. (5.125) must be multiplied with qt (5.122), and then

the integral taken in the limits r1 = 0 to r 2 = 1.5r . As a result,

we find the energy of the fuel, equal to

E, = 0,97neQ.w•, (5.127)

and the energy of the air

E,. t = 0.47rQ.wN0. (5.128)

From the energy calculations (5.126), (5.127) and (5.128) it is
possible Lo derive the utilization factor of the energy of the air for
atomization as the ratio of the expended energy to the energy
transferred to the fuel Jet:

E, (5.129)h= '. + F.. 2 -1 E'
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This value 8 is an optimum when the boundary line of the fuel-air
zone corresponds to the diagram (see Fig. 106,b,II). With greater
diameter of the air flow (see Fig. 106,b,III), the integration of
Eq. (5.119) must be carried out within the range of variation of r from
r = R + 0.27r to r. - Rv - 0.12r0, and the denominator of the

expression (5.129) must be increased by the energy of the core of the
flow

E,= z~~(R2.--2.59r,).(510

which in this case will characterize the energy not expended in
atomization and, in this sense, wasted. This air flow will affect
the flight distance of the drops and the ratio of the mixture
components, increasing the air nontent.

For nozzles with central air supply, the equation for the energy
of the fuel is written thus

E,= n. wk .'f (r. - r -).f r. (5.131)

for the air

• iqwor (di, (5.132)

hence

3M (5.133)

If the radius of the air flow is increased beyond the optimum,
the denominator of the expression (5.133) is increased by

E, =ng0,4(r-O,23r . (5.134)

The above-presented method of calculating the two systems of
pneumatic atomizers can be used for an approximate determination of
the dimensions of the fuel and air cross section. The coefficient
8 enables the estimation of the atomizer efficiency with regard to
the energy losses.

Examination of these two basic atomizer designs shows that the
atomization efficiency can be improved within limits by increasing
the specific air throughput. Hence, when the atomization must be
further improved, the velocity of the air must be increased hich can
be achieved by a suitable increase in the parameters of the -. omizing
air. Another method of improving the atomization efficiency without
altering the parameters of the air consists in increasing the surface
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of interaction between the fuel and air flow. This method is realized,

for example, in the atomizers with two-way air supply (within and
outside the fuel jet). To determine the optimum ratios of the three
cross sections (two for air and one for fuel), we assume that this
corresponds to the condition of intersection of the lines of the
boundary zones formed by the external and internal action of the air
in one cross section (see Fig. 106,c).

Using the equation for the determination of the size of the
output cross sections in the case of internal and external air supply
(see Fig. 102 and 10 6 ,c). we determine the ratio of the dimensions of
the three cross sections for the case of two-way air supply

r, = 4,11,,, (5.135)
As = 5,4i&,, (5.136)

where rv and Rv, respectively, are the radius of the cross section of

the Inner and outer airflow; rt is the outer radius of the fuel cross

section.

The energy of the air and fuel flows at the end of the initial
section has the following values:

E, == 7.3rt=w~. (5.137)

E. = 3,5=•L•WVO (5-138)
•=- ,7. (5.139)

When thp air is supplied under high pressurr , it is not necessary
in most cases to realize the maximum ratio of the throughput since
the atomization efficiency depends more on the velocity than on the
throughput. This is evident from the energy equation in which the
velocity is present in the second and the throughput in the first
power.

To estimate the fineness of dispersion of the fuel only as a
function of the relative velocity, as is frequently proposed in the
literature [18], is possible for atomizers in which the air throughput
is considerable. The low-pressure atomizers usually operate with
high throughput (above the optimum) and the throughput need not be
contained in the formulas for the determination of the atomization
efficiency. For all atomizers it is more correct to characterize
the atomization by the specific energy, making allowince Zor the
utilization factor.

The investigations carried out by the authors have shown that
the dependence of the fineness of dispersion on the air velocity at

different specific air throughputs is not uniform (Fig. 108). In
these studies, the fuel throughput varied in accordance with the
perating conditions of the furnace. if one plots a graph of the

variation of the average drop size as a function of the specilfIc
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energy of the atomizing agent, the atomization efficiency I1 defined
by a single curve for afl operating conditions (Fig. 109). Hence, it
is more correct to use in the equations for the calculation of the
atomization efficienay the energy and not the velocity, and the
equation then assumes the form

According to our experiments and those of .everal other
investigators, the power exponent varies within the limits of 1.1 to
0.4L

A -,-

S-t

Fig. 108. Average (median) drop diameter as a function of the
velocity of the air at the fuel throughput: 1) 74 kg/h; 2) 135 kg/h;
3) 205 kg/h. A) dk, rm; B) wv, M/s.

Ax

N--I

Fig. 109. Average (median) drop diameter as a function of the specific
energy of the atomizing agent: 1) for atomizers with parallel flow;
2) for atomizers with transverse air supply. A) dk, k2
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A comparison of the pneumatic atomizer designs leads to the
conclusion that the improvement of the atomization process is
achieved mainly by bringing about a closer interaction between th1e
atomizing air and ti-e fuel jet, i.e., by improving the process of

energy transfer. Obviously, the more energy of the atomizing air
or steam is transferred to the fuel jet, the better is the atomizer
design and the required atomization efficiency can be attained with
less expenditure of energy. Comparison of two atomizers with regard

to the specific energy consumption showed that the atomization
efficiency is considerably higher in the case of transverse supply of
the fuel and airstream (see Fig. 109,2).

Tests of low-pressure atomizers, carried out by the authors under
industrial conditions, enabled the following values of the utilization
factor of the energy of the air for the atomization to be obtained:
for straight-jet FOOM atomizers, 0.18-0.25; for opposed-flow FDM
atomizers 0.35-0.40, and FDB 0.40-0.43; and for the turbulent atomizers
of Karabin 0.55-0.66 [217].

A

Z5

740

Fig. 110. Variation of the ratio of the energies of ýhe atomizing air
and fuel as a function of the fuel pressure for double-circuit
atomizers with single output nozzle, operated in accordance with the
principle of pneumatic atomization. A) E v/Et; B) p, kgf/cm2 .

It is essential to establish the boundaries of these principles
of atomization in the atomizers operating at small throughputs like
the pneumatic, and large throughputs lIJke the mechanical atomizers.
This can be determined on the basis of the ratio of the energies of

the fuel and air flow. For example, to improve the atomization
efficiency at low throughputs in an atomizer (see Fig. 78,b)
investigated at the TsNII MPS, air was supplied to the second stage
under a constant pressure of 5 kgf/cm2 . With increasing fuel
throughput, the effect of the atomizing air decreases in consequence
of the increasing pressure and energy of the fuel jet as well as a
result of the decrease in the pressure drop of the air caused by the
increased counter pressure of the fuel. The variation of the ratio
of the energies of the air and fuel as a function of the throughput
(pressure) of the fuel is given in Fig. 110. As follows from this
relation, at fuel pressures above 20 kgf/cm2 the kinetic energy of the
air practically has no effect on the fineness of dispersion. The
experimental results (Fig. 111) showed that the difference in the
fineness of dispersion with and without stupply of. air it a fuel pressure

of 20 kgf/cm2 is within the limits of measurement error.
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Fig. Ill. Drop size distribution at the fuel pressures: 1) with air
supply; 2) without air.

In atomization with air one has also to allow for the cooling of
the air as a resu3t of the expansion which has a double effect. On
the one hand, the temperature of the petroleum- residue is lowered
and the viscosity increased which results in less efficienct
atomization. On the other hand, the density of the air is increased
which promotes the energy transfer to the fuel Jet. The lowering of
the fuel and air temperature increases the preheating time of the
chlops and their time of preparation for combustion.

-two
II

Fig. 112. Variation of the teperature'of the atomizing air at
critical 1, and supercritical 2 flow velocity. A) p, kgf/cm2 .

For adiabatic expansion of the air, the cooling can be calculated

by means of the equation

&-1 (5.1141)

In the case of critical pressure in outflow through a converging
nozzle, the ratio of the absolute temperatures is 0.86, whereas for
supercritical velocities the cooling is more intense (Fig. 112).

In order to reduce the negative effect of cooling, the air or
fuel should be preheated to compensate for the temperature drop during
expansion.
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22. NEW ATOMIZATION METHODS AND ATOMIZER VESIGNS

In most industrial atomizers, the potential pressure energy of
the fuel or the kinetic energy of air or steam are used for the
atomIzation. However, as has been shown in Chapter 3, only a very
small proportion of the pressure energy in the form of the energy of
turbulent pulsations, wave fluctuations, aerodynamic resistance and
cavitation is used for the disintegration of the fuel jet. One of
the first attempts to intensify the wave fluctuations was made in
diesel atomizers by means of so-called interrupted flow consisting
in dividing a fuel injection cycle into a system of separate briefer
squirts [219]. This idea was also used in continuous atomizers in
which the injection of the fuel in brief successive squirts gave a
better atomization. The improvement in the atomization by fractional
injection is due to the sudden (shock) velocity increase which causes
additional wave oscillations. This type-of flow can be.achieved by
installing two throttle cross sections one of which is varied ý,y means
of a spring-operated valve. This design causes auto-oscillations in
the hydromechanical system consisting of a pump, hydraulic
accumulator and atomizer. The oscillation frequency in such atomizers
attains 200-1000 Hz.

Experiments were made in the Soviet Union and elsewhere to
superpose artificial oscillations on the fuel jet by means of a
mechanical pulsator inserted into the fuel injection system, which
also improved the atomization of the fuel.

The effect of ultrasonic vibrations causes a more intense
disintegration of the liquid. This process has been described in a
work [220) carried out as far back as 1932.

a) b)
Fig. 113. U-trascnic atomizer with piezoelectric vibration generator:
a) for carburetor engines; b) schematic view of continuous atomizer
with single (1) and double (2) resonator. A) piezocrystal.

For the automization of fuel with ultrasound, ultrasonic
converters are used (piezoceramic and magnL -,striction) with electrical
generators and also hydro- and aerodynamic emitters. The fuel is
subjected to ultrasonic vibrations by letting It impiige directly on
the emitting surface of the converter [221] o:. -ia an intermediate
part [222]. A fuel atomizer for carburetor engines (Fig. 113,a) based
on the first pr'nciple has been proposed. The fuel impinging on the
emitting surface of the vibrator is instantly transformed into fine
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drops which mix with the airstream. An atomizer for any type of
installation can be built on the basis of this principle.

The fineness of dispersion depends on the fuel throughput
and the amplitude and frequency of the vibrations. The vibration
amplitude of the piezocrystal itself is yery small and is
intensified by means of the rezonating part with nozzle for
atomization. The length of the resonators should be a multiple of
1/4 of the wavelength at the resonance frequency of the vibrations
(see Fig. 113, b). Atomizers with piezoceramic converters have been
made with throughputs of up to 6 liters/h. If the energy is increased
to generate vibrations with higher energy, heating and disintegration
of the piezoceramic occurs. According to a report [222), a burner with
piezoelectric ultrasonic atomizer gave 5000 hours of continuous
service in a furnace.

2.

Fig. 114. Ultrasonic atomizer with magnetostriction vibration
generator. 1) Fuel; 2) Air.

The use of magnetostriction converters for the atomization oC
fuel [223] was realized in an atomizer design (Fig. 114) which had a
fuel pipe made of a ferromagnetic material giving a magnetostriction
effect. Two electromagnetic coils were mounted on the tube, and
supplied with an alternating voltage of high frequency. At certain
freqaencies, the magnetic flux in the ferromagnetic material causes
a magnetostriction effect and every magnetic excitation pulse
compresses or tensions the fuel tube. Since one end of the tube is
fixed, the other, in consequence of the repeated extensions and
compressions vibrates mechanically in the longitudinal direction.
The frequency of the magnetic flux should be equal to the resonance
frequency of the tube or its harmonic. A node forms at the point of
attachment; in order to obtain maximum vibration of the free end,
the length of the tube should be 1/4, 3 /4 or 5/4, etc.. of the
wavelength corresponding to the resonance frequency of the vibrations.
The vibration of the tube promotes the development of wave perturba-
tions in the fuel jet and leads to cavitation at certain frequencies.

The air flowing past outside the fuel tube is also subjected to
the vibration effect which promotes the mixture formation and combus-
tion. By varying the frequency and energy of the vibrations which can
be done by corresponding variation of the parameters of the electric
current supplied to the coils it is possible to control the fineness
of atomization in a burner of this type.
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The use of piezoceramic or magnetostrictlon converters in

atomizers requires special generators of electric oscillations.
Hydrodynamic sound emitters have recently been developed and have
been widely used. Vortex and rotational sound sources and also
emitters with plate or rod resonance vibration devices are used in
the Soviet Union in many branches of industry. The acoustic atomizer
[224] does not differ in principle from the centrifugal two-stage
atomizer with single output nozzle (Fig. 115,a). Suitable choice of
the geometrical dimensions ensured the production of vibrations with
a frequency of 4-7 kHz and fine dispersion of the fuel. The pressureof the air and fuel in this atomizer was 6 kgf/cm2. A study of an

acoustic atomizer with sound generator made in the form of a hollow
rod with a wedge slit (Fig. ll5,b) showed that the atomization
efficiency is better at low air throu~hputs (5% of the fuel through-
put). At an air pressure of 1 kgf/cm. the average drop diameter was
92 p, and at a pressure of 4 kgf/cm2 , 67 u [2253. The fuel enters
the atomizer and is delivered to the combustion zone in the form of
a film through an annular gap.

a)

b)

Fig. 115. Ultrasonic atomizer with acouf;tic emitter: a) of the
vortex type; b) with vibrating rod; c) with resonance plate. 1) Fuel;
2) Air.
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Another variant of acoustic atomizer (see Fig. 115,c) incorporates

a vibrating device in the form of a resonator which is connected with
a rod through which the fuel is injected. Air with a pressure of

2.8 kgf/cm2 which flows along the tube, forms vortices when it impinges
on the resonator, thus producing vibrations with a frequency of 6.5 kHz.
The intensity of the ultrasonic vibrations in the acoustic atomizers
depends on the flow velocity of the air and the cointer pressure of
the medium. Tests with an ultrasonic whistle, carried out at the
TsN-T MPS in collaboration with NIIkhimmash, showed that the dependence
of the intensity of the ultrasonic vibrations on the velocity of the
air has a maximum which is shifted in the direction of higher
velocities by increase in the counterpressure. The vibration
intensity corresponding to the maximum then increases markedly.Consequently, better atomization conditions can be achieved by the

use of ultrasonic atomizers with such emitters in furnaces operated
under pressure.

It was observed during atomization of fuels that "he drops acquire
an electric charge [228). A fuel drop with an electric :harge is
subjected to the action of forces opposed to the forces of surface
tension. If these forces exceed the surface tension forces, a
disintegration of the drop takes place.

SS

Fig. 116. Burner with electrical ttomization. A) kV.

Tests made with different liquids showed that the fineness of
dispersion at equal strength of the electric field [229] produced by
a ring electrode with a voltage of 1400 V, depends on the ratio of
the dipole moment to the surface tension coefficient. During
atomization of curde oil by the electrical method: drops with a
diameter of 50 to 200 U were produced. In a burner with electrostatic
atomization [230], the air and fuel are ionized by means of an
electric field and are accelerated to the required velocity. The
fuel throughput in such a burner (Fig. 116) amounted to 10 kg/h, and
the air consumption to 200 m3 /h. The fuel arriving through the central
tube I together with the air, the ionized molecules of which are
accelerated in the electric field, is directed through the annular
gap 2. The ring 3, together with the fuel nozzle, forms a pair of
zone electrodes. Secondary air enters through the two sections 3 and
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4, having first passed the spark electrodes 5 and 6. Owing tc the
high field density at the spark electrodes (107 V/cm), the air
molecules are set into motion and the air issues from the annular
channels 3 and 4 with a velocity of up to 20 m/s.

23. HYDRAULIC CALCULATION OF THE DEFLECTORS

Intense vortex formation in the air delivered to the heating
space is currently the main method of achieving a practical application
of the principle of vortex combustion of liquid fuel. Among the
numerous inlet devices to achieve vortex formation in the flow, the
blade deflectors have found the most widespread application
(cylindrical, conical, serniconical, with straight and profile blades,
with constant and varying cross section, etc.) The most widely used
blade deflectors are flat cylindrical deflectors with straight and
profile blades (Fig. 117). Upon emerging from the deflector, the
airstream has a rotational-translational motion and, forms a divergent
jet as it enters the strongly enlarged furnace volume. In the furnace
volume, a hollow hyperboloid of rotation is created, on the outer and
inner surfaces of which annular vortices are formed which give rise to
counter current zones. The internal circulation zone formed in the
region of the high temperature combustion products, transfers heat to
the root of the flame, thus achieving continuous ignition of the fuel
flame. The annular vortex arising on the outer surface of the
rotating jet can play a double part, depending on external conditions.
If the furnace volume accommodates several burners, the zones of the
counter currents at the outer surface of each jet arise in the region
of the hot combustion products of the adjacent jets, in consequence of
which an additional quantity of heat is supplied to the root of the
flame, which helps to ignite the fuel and to stabilize the combustion
zone. In a furnace with a single inlet device, the external circula-
tion zone may be the source of supply of large asses of renlatively
cold air to tm e root of the flame and thus may have a negative effect
on the dev:lopVnt of the ignition process. Furthermore, the external
countercu2.'ent Mne is very frequently the cause of the removal of
relatively small fuel drops from the flame and their deposition on
the inlet device.

The cylindrical blade deflector is characterized by two basic
design quantities which determine its aerodynamic properties: the
blade angle and the sleeve ratio. The sleeve ratio determines in
first approximation the air throughput through the deflector (at a
given pressure) and the blade angle the degree of vorticity of the
airflow and the size of the reverse currents.

The air throughput through the blade deflector is calculated by
means cf the equation

G, = F.,P O -p. (5.142)

where F3 is the area of the aperture cross section of the deflector;

13 is the throughput coefficient; Ap is the pressure drop in the
deflector.
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Fig. 117. Cylindi-Ical blade deflector: a) with straight blades; b)
with profile blades.

For a deflector with straight blades, the quantity F3 is calculated

as

x cp j~ _'ýD d 64. 2-' (5.142a)

where D and d are, respectively, the outer and inner diameter of the
deflector; n, 6, respectively, the number and thickness of the blades;
*, the blade angle.

The internal diameter d of the deflector is normally determIned
by the diameter of the atomizer. The number of bladegand their
thickness, as a rule, are fairly constant for the most diverse
deflector designs. The second term of Eq. (5.142,a) can generally be
neglected since it is considerably smaller than the first term.

The dependence of the throughput coefficient on the resistance
coefficient [231] can be used for approximate calculations:

PS .I+- y--" (5.143)

The resistance coefficient c is connected with the pressure drop
Ap in the deflector by a relation of the form

Ap= (I+ )¥-!L (5.144)

where y and w, respectively, are the specific gravity and velocity of
the airflow in front of the deflector.
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Substituting (5.143) and (5.144) into the initial throughput
equation, we obtain after some simple transformations

G. = F3W 71f! (D2 - d1
)y0,- Fyw ~ ~ Y~"(5.1145)

In most cases, the diameter of the air supply duct is equal to
the outer diameter of the deflector so that the velocity of the
inflowing airstream can be determined by means of the equation

40,

W= •(5.146)

After substitution of (5.146) into (5.145), we find

-I-=.COS( d ) (5.147)

The reststance coefficient c is not an independent variable but
is determined by the combination of the blade angles and the sleeve
ratio. To find e, let us consider the energy losses in the deflector
which can be divided into the following:

1) the shock losses at the entry in consequence of the sudden
decrease of the cross section in the channel between the blades;

2) thc friction losses at the side surfaces of the blades;

3) the energy losses due to the change in the direcpion of flow
and the appearance of vortex zones in the channels between the blades;

4) the shock losses due to the sudden increase in cross section
at the outlet from the deflector.

Assuming that the energy losses during the entry of the flow
into the deflector and during its exit are the same, we can write
the resistance coefficient in the form

9 = E, + cý + 2ez.. 518-- • (5.1148)

For a deflector with straight blades, the resistance coefficient
Ct, based on the geometrical relations, is determined as

n 4[ncos'T(D. d)--26n+()- d)(n)

~cot4 t(D *sCC P-D- 6' (5.1149)

The friction coefficient A during the motion of a fluid in
channels with square cross section in its turn is a function of the
parnaeter Re and for turbulent flow within the range of Reynold numbers
from 3000 to 100,000 is determined by means of the equation
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6.3164o. . (5. 149 ,a ),

According to the recommendations [232], A for pure sheet metal
can be assumed to be constant and equal to X = 0.008 for approximate
calculations. The resistance coefficient during rapid variation of
the passage cross section of a channel is a function of the ratio of
the maximum cross sectional area to the area in the narrowest part of
the deflector and is calculated by means of the formula

I l(0707I/i- F +I--L" (5.150)

where Fl, F 2 are the areas of the passage cross sections in front
of land behind the deflector, respectively; F is the minimum cross
section of the deflector.

The resistance coefficient for flow reversal is usually given in
the manuals [235] as a function of the curvature of the channel.

e2- - ---- -- --ItI

1/ (2

V i If JV #0 SU 710 9X7

Fig. 118. Total resistance coefficient c of a blade deflector with
straight 1 and profile 2 blades as a function of the blade angle 4.

To simplify the calculations, one normally uses the experimental
values of the total resistance coefficient s, obtained for some
deflector designs and published, for example, in [232]. In particular,
the authors did some work to determine the characteristics of
"cylindrical deflectors with strai ht and profile blades, the results
of which are presented in Fig. 119. It can be inferred from Fig. 118
that the total resistance coefficient of a blade deflector increases
markedly with increase in the blade angle. The installation of profile
(curved) blades greatly improves the entry conditions into the
deflector for the airstream, in consequence of which the hydraulic
losses are greatly reduced (see Fig, 118,2). The variation of the
sleeve ratio within the range of 0.2-0.55, as experiments have shown,

has relatively little effect on c and on the entry velocity. Variation
of the velocity of the inflowlng air within the range of 20-100 m/s
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left the total resistance coefficient practically constant for a
deflector with straight blades as well as one with profile blades.

oo :,0 ... 4 5_ 5 .

4/___ _ 1,0-

Fig. 119. Total surface of the ignition zone 1 and the quantity ofj
combustion products 2 returning to the root; of the flame, as a
function of the resistance coefficient of a cylindrical deflector
with profiel blades, A) Gob tok, kg/s.

Thus, the main independent variable for approximate calculations
is the blade angle. By assigning a value to * and determining the
value of c for it inl accordance with Fig. 218, the ratio of theI
geometrical dimensions of the deflector can be determi~ned from
Eq. (5.1147). The choice of the blade angle is a very difficult task
since this requires an allowance to be made, not only for the
peculiarities of the aerodynamhic structure of the rotating flow but
also for a large number of additional factors, for example, the
correspondence between the angle of the fuel cone emerging from the
atomizer and the dimensions of the zone of reverse flow. The main
•ondition governing the choice cf the blade angle is the achievement
&' a stable ign~ition of the fuel arri~ving in the furnace volume. It
can be inferred from Fig. 119 [2314] that the dimensions of the
ignition zone and the quantity of combustion products which are
returned to the root of the fla~me, increase sharply with increase in
the resistance coefficient of the deflector. However, from values of

S• 0.14 upwards, the rate of growth of' these values drops greatly
which makes i.t economic~ally feasible to use deflectors with very high
resistance coefficients. By comaparing Flgs. 118 and 119.• i_. c- ,an .
concluded that the most rational blade angles In. cyl_..d. cal deflect"l'_••uos
are angles in the range of 140-7Go. At these angles; acceptable
resistance coeffIcients are ol'tained (c 2-14.0) for blade def-cor
with profile blades. In practice, t•,e range of variation o¢' the blade
angles is slightly more narrow and amounts to 1l5-60°.

For statlonary power installations in which the combus•tion orocss
develops in fairly large volumes, smaller angles are normwally useci

(€=45-.55O). Higher values (€ 60-'c 0°) are norni,±lly chosen f•. te
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deflectors of highly boosted combustion chambers in which the high
flow velocity makes the requirements with regard to the stability of
the combustion process very stringent.

As indicated in the foregoing, external zones of reverse flows
arise during the breakaway of the flow which reduce the diameter of
the central zone. The main method currently used to prevent breakaway
of the flow is the installation of a transition cone between the blade
deflector and the combustion chamber proper. In this cade, the condi-
tion for breakwasy-free flow is written in the form of the following
empirical formula

tgpA2 < a + bsin' q, (5.151)

where 0 is the aperture angle of the transition cone; * is the blade
angle; a and b are empirical coefficients, the average values of which
can be assumed to be a = 0.05 and b = 1.

When the vortex Jet leaves the deflector without breakaway, the
size of the zone of reverse flow in the direction of the flow axis is
approximately

L = C01 (5.152)

where Dt s Is the diameter of the inner ci:?culation zone; ., the

distance from the deflector to the vertical axis of the annular vortex;
c, an empirical coefficient, equal to %3.73; *, the blaae angle.

The geometrical parameters of the circulation zone (Dts and 9)

in turn are determined by the following empirical formulas:

D, = D, I/,5- -135- sin t1( 5.15 3)

and

1 = 0,45D, (5.154)

where Dt is the typical transverse dimension of the furnace (for GTU

combustion chazabers, the diameter of the fire tube).

In the choice of the number of blades, allowance must be made
fer the fact that a certain overlapping of the blades must be ensured
to give each air Jet emerging from the channel between the blades the
optimum direction of motion. According to the recommendations of [243],
the overlapping coefficient of the blades for a cylindrical de lector
can be assumed as
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T•e -- ,I1--1.3,
t= 7 -13(5.155)

where dsr Is the average diameter of the deflector; t the pitch of the

blades with regard to the mean diameter; h, the number of blades.

The overlapping of the blades increases with increase in the
blade angle.

Thus, the initial data for the calculation of a blade deflector
are the throughput of air and its parameters and the diameter of the
inner sleeve and the blade angle. Following the determination of
the total resistance coefficient according to (5.149)-(5.150) or by
means of the curves of Fig. 118, the diameter of the outer sleeve of
the deflector is determined by mears of Eq. (5.147). The hydraulic
losses thus determined are then taken into account (after determination
of all other losses) in the choice of the fan requirements.

Manu-
script Transliterated Symbols
Page
NJo.

i63 T = t = ýangentsial'nyy = tangential

163 T = t = toplivo - fuel.i

163 c = s = soplo = nozzle

163 a = e - ekvlvalentnyy = equivalent

164 a = v = vozdukh = air

167 T = t = treniye = friction

168 1.HVA Mnc - TsNII MPS = Tsentralnyy nauchno-issledovatel'skiy
institut ministerstva putey soubshchenlya I
= Central Scientific Research Institute
of the Ministry of Railways

169 r = g = gidravliduskiy - hydraulic

170 QKHB = TsKKV Tsentral t noye kotel'no-konstruktorskoye byurc
Central Boiler Design Office

172 0 = f = fakel = flame

177 3KCT = ekst = ekstrem = extreme

181 c = s = summarnyy = total

183 n = p = privedennyyu = reduced
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185 np= pr = protivodsvleniye = counterpressure

185 T t = teoreticheskiy - theoretical

185 a o - opytnyy = experimental

188 K= k - kaplya drop

189 H = n - naruzhnyy = external

192 cp -sr = srednly = average

192 A - d = deystviltel'nyy = real

205 Ap = kr = friticheskoye = critical

212 cm = sm = smes' = mixture

212 p = r - radius = radius

213 R = ya = yadra =core

221 HIM*xm#mw = MIkIhimmash = Nauchno-issledovatel'skiy i
konstruictorskiy institut khimlcheskogo
mashinostroeniya = Design, Planning
and Scientific Research Institute of
Chemical Machlnery

224 ex = vkh = vkhod = entry

225 n = p = prokhod = passage

226 06.TOK = ob.tok = obratnykhtok = reverse flow

227 4 = ts = tsirkulyatpiya = circulation

227 T - t = topka = furnace

227 rTY GTU - gazoturbinnaya ustanovka = g&s-turbine power plant

i
I

I
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Chapter 6

METHOID OL* CONTROL OF THE ATOMIZATION AND COMBUSTION PROCESSES

24. CONTROL OF THE EXTERNAL PARAMETERS OF THE FUEL FLAME DURING
AUTOMIZATION

The external control parameters of the fuel flame include the
fuel throughput, the aperture angle of the flame and the fuel
distribution over the jet section. Furthermore, it is expedient in
some cases to measure the maximum flight distance and velocity of
the drops.

A simple and accurate method of determining the fuel throughput
is the gravimetric method in which the throughput is determined as
the ratio of fuel weight to the interval of time during which it has
been consumed. Under industrial conditions, the determination of the
weight of fuel consumed within a certain period is replaced by the
measurement of the volume of the fuel. The volume meters, samplers
with stopwatch or counter, operate on this principle. tor heavy
(black) oils, however, the use of these devices involves difficulties
because the fuel stickr to the walls and it is not possible to
determine exactly the beginning and end of the time mark for the
outflow from the calibrated volume. In the simplest case, the fuel
conoumption within a large time interval can be determined by
measuring the fuel level in the fuel tank. The fuel supplied to the
tank can be measured by means of a simple device [235] with dumping
tanks (Figf20), With a low fuel level in the tank, a cock is
opened by a float and the fuel flows into a small tank which is
mounted on an axis. The smiall tank is divided into two halves by a
partition. The position of the axis and the form of the small tank
are such that the center of gravity of the system is shifted, the
system turns over the fuel flows into the fuel tank.

The disc crude oil meters (Fig. 121) work on the same principle.
The liquid fills repeatedly a chamber with a certain volume which
then dumps the contents. This causes the disc to carry out an
oscillating motion; each oscillation of the disc is recorded by a
counter. The volume flow meters make it possible to determine the
average fuel consumption over large periods and can be used only as
coptrol devices.

In modern furnaces with automatic control of the process,
continuous throughout measurement is essential. For this purpose,
as follows from the throughput equation (5,10), the velocity of the
fue- durirn its passage through a calibrated orifice can be measured.
The velocity is determined on the basis of the revolutions of a fan
wheel installed in the pathway of the liquid. Mechanical, magnetic,
radioactive, optical and electrical methods can be used to measure
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the rate of rotation of the fan wheel (Fig. 122). Several types of
flow meters are now known which do not contain moving elements in
the measuring channel. They make use of the electrical properties
of the fuel (in the induction flow meters), the thermal (in the
calorimetric flow meters), ionization, ultrasonic, etc. properties
[236].

Fig. 120. Fig. 121.

Fig. 120. Schematic view of flow meter with dumping tanks.

Fig. 121. Schematic view of disc crude oil meter.

Float devices, rotameters and piston flow meters are also used
under industrial conditions. The principle of operation of all
these devices is based on the equilibrium between the force of
gravity of the float and the dynamic pressure of the flowing liquid.
The float which is enclosed in a conical tube is lifted in proportion
to the increasing throughput which causes an increase in the dynamic
pressure. The piston flow mpter PPE (Fig. 123) can be used for con-
tinuous measurement of the throughput of petroleum residue. As the
throughput increases, the piston 1, which is connected by the special
rod 2 with the iron plunger 3, is lifted. By moving within the
electromagnetic coil 4, this plunger modifies the inductance of the
latter, which is measured with another apparatus. The measurement
range of this flow meter can be regulated by inserting the
additional weight 5.

Diaphragm tevices are widely used in practice to measure fuel
throughput. The measurement of the throughput with these devices
consists in a measurement of the pressure drop on the diaphragm. The
pressure drop depends on the throughput. The same principle is used
in the installation of calibrated nozzles. Since the output nozzle
in atomizers has known dimensions, the fuel throughput can be calcu-
lated from the pressure in front of the nozzle. For Ihis, it is
necessary to calibrate first the atomizer and to determine the
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physical properties of the liquid, above all the viscosity. Several
viscosimeter designs with automatic maintenance of constant
viscosity by variation of' the fuel temperature have been proposed for
the direct measurement of the viscosity.

The flame angle can be most accurately measured by means of
photographs taken cf two cross sections which must be at right angles
to each other. Under industrial conditions devices are sometimes used
for the measurement of these angles (Fig. 124) consisting of an angle
scale and a movable lath, connected with an indicator.

a)

I 1~

b)

c)

d) A
Fig. 122. Methods of measuring the rate of rotation of the
fan wheel: a) magnetic; b) radioactive; c) optical: d) elec-
tricaa.
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Fig. 123. Piston
flow meter.

"1-

In pneumatic atomizers it is difficult to determine the
boundaries of the flame because the bulk of the fuel is surrounded
by a mist of fine drops. In this case, the flame angle can be
approximately determined on the basis of the fuel distribution in
a radial direction. The fuel is atomized into a tank which is
divided into annular sections and the diameter of the outermost
section into which fuel has been deposited, is measured. The ratio
of the radius of this section to the distance between the atomizer
and the tank is assumed to be equal to the tangent of half the flame
angle. Instead of a tank with annular sections one can install a
device containing test tubes or measuring cylinders.

Fig. 124. Device for the measure-
ment of the flame angle.

By means of measuring cylinders or annular sections it is
also possible to determine the radial distribution of the fuel. By
measuring the quantity of fuel falling into each measuring cylinder
or annular section, one can determdne the density of tha fuel flame
at any distance from the center by means of the following relation:
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where Qi is the weight of fuel in the measuring cylinder (or section)

at a distance r from the center.

Serious attention must also be given in the control of atomizer
performance to the uniform distribution of the fuel among the annular
sections. During the manufacture of the atomizers, the nonuniformity
in the distribution of the fuel is measured by atomizing into a tank,
divided into several sectors (Fig. 125). Each sector is connected with
a measuring cylinder. After weighing of the cylinders, the nonunilfor-
mity of atomization is estimated on the basis of the ratio of the
difference of the maximum weights to the average weight

Se .qax -- m u (6.2)

7,qa (6.3)

The throwing power of the fuel flame is most simply determined
as the maximum flight distance of the drops with horizontal position
of the atomizer.

The apparatus shown in Fig. 126a, can be used for determining
the kinetic energy of the Jet. A surface connected with a frame
mounted on flat springs which connect it with a second, immovable
frame, is placed in the path of motion of the fuel Jet. The surface
is displaced by the fuel and compresses the spring to a distance at
which the force of the Jet and the resistance of the spring are equal.
By measuring the linear displacement of the surface, it is possible
to determine the work, equal to the kinetic energy of the flying
drops, on the basis of the spring characteristics:

Vmwo' (6.4)

A = F(s) ds =it"2

By measuring the kinetic energy of the Jet at different distances
from the atomizer nozzle it is possible to determine the law
according to which this energy or the average drop size decreases
since the mass of drops in the section of the jet remains constant.
The above-described method can be used for measuring the energy of
the drops in different zones of the flame. In this case, the area
should be reduced to a few square millimeters. At the same time,
more sensitive measurement means must be used on account of the small
deformations of the system.
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Fig. 125. Device for the
measurement of the
uniformity of distribution
of the fuel over the flame
cross section.

The velocity of individual drops can also be determined by
means of highspeed microkinematography or by means of the tracks of
the drops on normal photomicrographs.

An apparatus working in accordance with the following principle,
is used to measure the velocity of the drops (see Fig. 126b). In
the path of motion of the fuel drops, two rotating discs are located,
with a gap of H between them. Each disc has a small orifice at the
distance R from the axis. The orifice in the disc which is further
away from the Jet, is shifted by the distance h against the direction
of rotation. Behind the discs, a collecting plate coated with soot
is placed. Only drops, the time of flight of which in the gap between
the discs is equal to the time of rotation of the disc by the amount
h hit the plate

h I!

(6.5)

hence
,R•t (6.6)

By varying the speed of rotation w of the discs or the displace-
ment of the orifice, drops with the velocity w can be collected.
By measuring txe size of the drops trapped on the plate, the
velocity of the drops of all sizes in any section of the flame can
be measured. In order to exclude the effect of air currents
produced by the rotation of the discs, the latter a-e shielded by
stationary walls.
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a) .
iFg. 126. Principles of

the measurement apparatus:
* •a) for the kinetic energy

of the Jet; b) for the
drop velocity.

b)

25. CONTROL OF ATOMIZATION EFFICIIENCY

Tens of different methods of determining the drop diameter of
i fuel flame have been proposed and utilized for studies of atomizer
erformance. The methods of collection, microphotography, modelling,
nd aerodynamic, optlcal and electrical methods are most widely

ased [2371.

T.e collection methods are used in four variants: 1) collection
on a plate which Is coated with a thin layer of a substance which
i0oe not mix or react with the atomized liquid; 2) collection in a
A1quId-filled vessel; 3) collection on a mesh of organic glass;
4,) collection on a plate coated with a layer of soot.

The plate, vessel with liquid or mesh are exposed to the Jet
ror a short interval of time (from 1/500 to several seconds) to
obtain a sample of the atomized fuel. Then the diameters of the
.:rops are measured under the microscope and their number calculated.

The collecting plates can be coated with castor oil, glycerol
4ith compressor oil (for water) and other compositions depending on
"-he atomized liquid. The drop measurements must be carried out
immediately a -ter sampling or the samples must be stored under
conditions which exclude the possibility of any substantial change In
,he drop size due to evaporation. The drops are collected on the
rlate at a considerable distance from the atomizer in order to avoid
,;narp Impacts :,d disintegration of the drops.

- 236 -

,,cc ,-':: Copy



Collection in a liquid reduces the impact effect on the drop
and preserves the drop size, If the liquid is correctly selected,
the drops collected in it car, be kept for long periods without
essential changes, without evaporating or changing shape which makes
it possible to measure them some time after sampling. However,
catching in a liquid does not eliminate the possibility of coalescence
of nearby drops and of change in their arrangement pattern when the
containers are moved.

When the drops are collected on a mesh made of thin fibers
(-I p) of organic glass [238-2393 they are retained on it by surface
tension forces. The range of applicability of thes, nets is limited
by the strength of the fibers which decreases consiuerably at
higher temperatures as well as by the possibility that drops can
pass through the mesh. Hence, this method of measurement is used
only for drops with a velocity of not more than 10 m/s and a
temperature not over 600C.

Collection on a smoked plate makes it possible to determine
the real size and relative positions of the drops.

However, the results of measurement of the imprints can beused for characterizing the fineness of dispersion only if an
unequivocal correlation has been established between the size of the
imprint and the drop diameter and if the numoer of imprints on the
section to be measured corresponds to the number of drops. Tests
carried out at the G. M. Krzhizhanovsky Power Engineering Institute
[240] have shown that when the thickness of the soot layer is less
than the drop diameter, the Stoker relation applies

0,77WeOA'

where d0 is the diameter of the imprint; dk the drop diameter; We

the Weber parameter.

If the thickness of the soot layer is greater than 1.5-2 times
the drop diameter, then, according to the studies of N. N. Strulevich
and Yu. F. Dityakin, the imprints in the soot coincided with the
drop size with an accuracy of 2-3%.

With high impact velocities of large drops, double imprints are
sometimes obtained and the quality of the imprints is insufficient
to allow determination of the drop size. The drop diameter can be
considered to be equal to the imprints if the imprints show up

k under the microscope as deep and with smooth edges.

The method of collection on soot cannot be used for large drops
M(500 P) since this would require a thick soot layer (0.65-0.75 -m)

which can flake off after impact of the drop [240], To obtain clearer
imprints, a thin fMim of magnesia is applied over the soot '0.01-
0.02 rn) The smoked plate is Inserted into the apparatus shown in
Fig. 127.
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Fig. 127, Apparatus for collecticn of drops: i) mobile tube
with notch; 2) rod with smoked platec.

The main deficiency of all variants of .be collection method is
the arbitrary choice of the place and time of measurement and the
relatively small number of measured drops compared with the tota±
number of drops ir the jet. in one test, 3 to 9 thousand drops are
usually collected, which amounts to 0.02-1.0 weight-% of thc fuel
throughput per second.

Automation of the counting and measurement of the -irops enables
the time for processing the measurement data to be considerably
shortened to subjective errors to be eliminated. One of the devices|
for the automatic processing of the test data [241] works in
accordance with the following principle. A bedm of light is directed

on to the plate with the drop imprints, is reflected from it and falls
on a photo element. The beam of light passes successively through
the entire area of the collection plate in the manner of photoelectric
telegraph transmitters. The sensor (photoelement), depending on the
brightness of the beam reflected from the plate, sends signals to
the converter which transforms them into pulses with amplitudes,
proportional to the length of the signal. The use of a more complex
setup [242] makes it possible to determine the crop distribution on
the basis of the sizes of the imprints and not the lines which are
accidentally selected by the scanning beam. For 'his purpose, there
are seven sensors and the system works only when the drop imprints
are in the focus of the apparatus. The devices for automatic drop
counting are very complex and are used only for experimental
research work in laboratories.

,'The main advantage of the microphotography method compared with
colection is the fact that photography gives a true ida of the
shiape, size and mutual arrangement of the drops in the jet. The
photographic apparatus has an objective with high reoolving power and
a large fc?'-t length. To give accurate pictures cf the fast-fyiyng Z
drops, the illumination source must provide a brief (about 1 0 -A s)
light pulse. The use of pnotography with a moving fIli, made it
possible to "a-rest" part of the drops relative to the photcographic
11i1m and t: increase the exposure t'ne to 10-6 to 10-5 a 2433].
Howeer, owing to .•he different sr-ed of Individual drops it w-is not

- DO -



possible to obtain a "standstill" and clear photographic pictures
of all the drops within the field of view of the apparatus.

The main deficiency of the microphotographic method Js that only
a very sm4 ll part of the jet comes into the field of view of the
microscope of the photographic apparatus and that a large number of
exposures is required for an objective estimate of the drop sizes
composing the Jet. Their processing is laborious and the automatic
measurement and counting of the drop images is difficult because of
the inaccurate reproduction.

The modelling method consists in using instead of the fuel a
substance which is solid at normal temperature (20 0 C) and is then
heated until the physical constants correspond to those of the fuel
to be investigated. As such a substance to reolace kerosene and
diesel fuel, paraffin can be used which has a viscosity and surface
tension at 910C which is close to that of kerosene and at 70 0 C, to
that of diesel oil.

Ceresin grade 57 with addition of an isobutylene polymer is
recommended as a model substance for the study of the atomization
of petroleum residues [244]. By varying the proportions of these
substances and the teL.perature of the mixture It is possible to
model different grades of petroleum residue. Figure 128 shows a
stand, used by the authors for the measurement of the fineness of
dispersion by the method of modelling with paraffin.

The atomized paraffin drops are collected during a certain period
of time (10-20 s) in a tank divided into sectors and filled with
alcohol, which rotates at uniform velocity during the collection of
the drops -'ound an axis which coincides with the atomizer axis.
The distance- between the atomizer and the tank should be such that
the drops are partly solidified during their flight (superficially)
to prevent them from sticking togethet.

The collection of the paraffin in ethanol or methanol ensures
rapid cooling and solidification of the drops. This is also necessary
for wet sieving since with dry sieving, the paraffin drops stick
to each other and clog the meshes of the sieve.

The solid drops collected in the tank are passed through a
series of sieves with gradually increasing fineness and through
filter paper. The oversize drops for each sieve are determined by
weighing the paraffin residue on each sieve.

The grading of the drops by means of sieves gives satisfactory
results and drops of approximrately equal diameter remain on the
sieves (Fig. 129).

The modelling method makes it possible to process (sieve) several
grams of paraffin which corresponds to some ten million drops. This
is an entirely sufficient sample. Based on its analysis it Is
possible to indicate the drop size distribution over the entire jet
with a high degree of reliability.
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Fig. 128. Photographic view of the
stand for the measurement of the drop t
sizes by the modelling method.

When the atomizer is in a horizontal position, the fuel drops
will have a different flight distance depending on their size. If
receiving tanks are located along the jet axis, only drops of a
certain size fall into each tank. Hence, the finer drops will fall
into the tanks which are closer to the atomizer and the larger drop--
into those which are more remote. By measuring all these drops it
is possible to plot a distribution curve.

Owing to the different angles at which the fuel leaves the
atomizer, it is not possible to carry out the measurement over the
whole jet at once. One has to isolate a narrow fuel cone with small
angle by means of special cut-offs and to carry out the measurement
on individual cross sections. Since the difference in the flight
distance of the drops is very slight in the case of fine atomization,
this method is used only for atomizers operating at low fuel pressures

(up to 16 kg/cm2). With vertical position of the atomizer, the
velocity of free fall of the drops in a viscous medium, according to
Stokes law, beginning at a certain moment of time, becomes constant
and equal to [2453

1811 (o, -- e.).(6 . )
I~ii (6.7)

where g is the gravitational acceleration; dk the drop diameter;

n the viscosity of the medium in which the drops are falling; pk' Pv
is the density difference between the drops and the medium.

When a mixed beam of drops falls into a tall vessel, each drop
size has its own velocity of motion which is hIgher for large than
for small particles. By measurinrg the dropping velocity of the
drops and the density of each layer, the sizes of the drops and their
group size distrlbution can be determinej.
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Fig. 129. Microphotograph of paraffin drops: a) before sieving;
b) oversize on a sieve with 400 p mesh; c) oversize on a sieve
with 160 U mesh; d) on a sieve with 40 U mesh.

The chief disadvantages of the method of\ measurement of the
drop velocity are the following. Firstly, the large number of drops
of different size in the jet makes it difficult to observe tne free
fall of individual drops. Secondly, to obtain objective data on the
drop sizes in the jet it is necessary to carrJ out a large number of
measurements, including fox' drops moving within the jet, which
requires the use of special cut-off devices. Thirdly, drops with a
size of 5-10 P can be observed only by means of a microscope and in
this case the velocity of the drops is determined only for the time
during which they move within the field of vision of the microscope
which is insufficiently accurate.

The height H where all drops begin to fall at constant velocity,
is the same, then it follows from equation (6.7) that

(6.8)
hence

Y; 7(6.9)

All the quantities entering into the numerator kI remain constant
during the measurement process, thus drops with the diameter
dk + Adk fall on the balance within the time T + AT. By measuring

their weight during ;ertain time intervals and determining by means
of (6.9) the diameters of the drops falling on the talance during this
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time, it is possible to obtain a weight curve of the drop size
distributions. An analogous method in dispersion analysis has beer.
termed sedimontometric method [245, 2.6, 247].

The main deficiency of this method is the difficulty of obta.ning
a uniform deposition velocity when the fuel is atomized under nigh
pressure. However, 1j combination of the sedimentometric method with
drop collection it is possible to measure the fineness of dispersion
at nonuniform deposition velocities. A schematic of such an apparatus,
used by the authors, is given in Fig. 130. The atomizer with shutter
which allowed atomization of the fuel for a brief period, was
installed on top of a high column. Microbalances and a device for
collecting the drops were located below the column.

The fuel, by means of a gate operated by an electromagnet, is
diverted into an overflow tank and only during the experiment, for
a period of 0.2-0.6 seconds, the gate allows the fuel access to the
column. The large drops arrive first on microbalance and the
c.ollecting device, then the smaller drops follow. Thus, the weight
of fuel falling on the microbalance will increase gradually which
makes it possible to plot a curve of drop weight versus time. By
measuring the diameters of the drops falling on the collection device
it is possible to plot the relation between the diameter of the
collected drops and the time. Knowing the weight and diameter of
the drops, corresponding to a certain period, it is easy to find
the weight curve.

Pig. 130. Princ~iple
of the sedimentometric
apparatus for the
measurement of arop

V sizes: I) mirror:
Is 2) silken thread; 3)

platform for the
1 depositilur of the drops;

Ibalance, 5) micro-I' balance; 6) sightingJ-4/ l tube; 7) smoked plate.I'/ -'•

a T
2 47
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The optical measurement methods are based on the utilization of
phenomena such as scattering, reflection, absorption of light,
interference and diffraction, observed during the passage of a light
beam through a fog of drops. As a result of the passage of a beam
of light through tVe Jet of atomized fuel, the brightness of these
beams is reduced [148-247]. The drops can be regarded as opaque
spheres since they have a short focal distance and parallel rays
falling on them are strongly scattered. Since the area of the
photometer screen is small compared with the surface on which the
light dispersed by the drop falls it can be assumed that the
decrease in the illumination of the photometer is proportional to
the total surface of the diametric drop cross sections

-T• -74.(6.10)

where AI is the quantity of light lost due to the opaque objects
(drops) in its path; I is the quantity of light emanating from the
source; Fk is the total area of the drops; Ff is the area of the
photosensitive leyer of the photoresistance or photocell.

This relation is correct only for a thin layer of Jet in which
the possibility is excluded that several particles are in line in
the direction of the light beams to the light-sensitive cell
(Fig. 131a), i.e., for a layer with the thickness Ax:

A F•Ax

where I is the distance from the Jet in the line of measurement; if
the jet is symmetrical, then I = Df; Df is the jet diameter at the
measurement point.

Going over to the limits and solving the equatior with the

limiting conditions x = 0, j = Jo, x 1 1, J = Jo - AJ, we find

F#---° (6.12)

This equation makes it possible to determine the total drop
surface on the basis of the decrease in illumination

i-fl
Fp3 . dN= ,N. (6.13)

To determine the average drop diameter, we must exclude N which
can be done if the volume of the drops in the measurement zcne is
known

V= "- -6 (6.14)
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If the drops are unifcrmly distributed in the jet, their

volume wili be proportional to the volu.e of the jet F fD and the

fuel throughput Q within the time T will be proportional to the

D 2wr. It follows from these relations that

-- = -T.-) (6.15)

where Q is the fuel throughput per second in kg/s; w is the drop
velocity in m/s; y is the specific gravity in kg/cm3 .

The average drop diameter is determined by means of the relation

d • ,dV= 6V (6.16)

a)

Fig. 131. Principle of the optical measureme,it methods:
a) photometric method; b) rainbow method. 1) counter.

Solving equations (6.12)-(6.16), we obtain

• yDzoIn i-L J. ( 6.17 )

-244



Thus, by measuring the decrease in iilumination with a
photometer, the fuel throughput, the velocity and jet diameter, we
can find the average drop size,

When a plane light wave falls on a drop, the rays, being subject
to diffraction and internal reflection, form a new wave surface
which, interacting with the incident wave, gives an interference
pattern. With monochromatic light this pattern Is a series of
concentric arcs. The angular distance A8 between these arcs is
determined by the wavelength A of the incident light, the diameter
dk, the diffraction coefficient n of' the drops and the difference of

the two values of herau!t's coefficient corresponding to the first
and second bands of the arc Az = z 1 - zt (the values of z are taken
"from Tables [248]). -

The equation which connects all these quantities, when solved
relative to dk , assumes the form

n -^ zk 4-n F/

The principle of drop size measurement by this method (the

rainbow method) is shown in Fig. 13lb.

The rainbow method gives good results when the drops at the
point of measurement (of incidence of the beam) are cf equal
diameter.

When there are large differences in drop size, the interference
bands obtained from the different diameters, overlap and do not give
individual bands which could be used for measurement of the angles.
This method cannot be used for excessively small drops either (less
than 5 P) because the wavelength of the light becomes comparable with
the drop diameter and an interference .pattern is not observed.

When the rays pass through a small orifice in an opaque screen,
diffraction rings are formed. The relation between the diameter dk

of the orifice, the wavelength of the light A, the angular distance
o of any ring with maximum illumination and the order of this ring m
from the center is expressed by the equation

d. --- (m + 0,22). ( .9
stne (6.19)

By con.A2..:"- be drops ,s randomly arranged opaque discs and
measuring the angular distance of the rings formed when light passes
through a layer of drops, we find the drop diameter by means of
formula (6.19).

This method has a great deficiency: the observation of the
diffraction rings, formed arou..d the light source when it is viewed
through a layer of fine drops, is very difficult because the light
source is much brighter than the rings and the eye, adapted to it,
has difficulty in distinguishing the darker system of rings.
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The above described optical methods enable the average drop

size to be determined and give good results when the scatter of drop
sizes is small, but are unsuitable for the measurement of the size of
individual drops. An important advantage of the optical methods is
the fact that they do not affect the jet and do not interfere with
the atomization process. The devices for the optical measurement of
drop size are extremely simple in design, incorporating mainly
standard apparatus (photometer, gonlomete2, projection apparatus,
etc.). The drops can be measured during the atomization of fuel
in atomizers operated at any pressure and with atomization in an
airstream.

Fig. 13j2. Sensor for
the measurement of drops
by the electronic method.

The electrical methods of measuring the drop size aie based on
the utilization of the property of the drops to act as capacitances,
capable of transporting electrical charges. The measurement consists
in the following. The drops, passing through an electric field,
receive a charge, the magnitude of which is equal to the capacitance
of all the drops in the jet. By measuring the quantity of electricity
transported by the atomized fuel it is possible to determine the
average drop diameter.

The electronic method is used for the determination of the

entire spectrum of drop sizes [249]. A special sensor (Fig. 132)
is inserted into the jet which is a probe of fine wire. The probe is
connected with the grid of an electronic tube in which a constant
electrical potential is maintained. When a drop comes Into contact
with the probe, a pulse appears in the circuit, the amplitude of
which is proportional to the capacitance and, consequently, to the
drop size. The pulses are amplified and are delivered to a counter
via a classifier (discriminator). When the classifier is tuned to
different voltages, the number of pulses is counted within a certain
range of drop sizes only. The results do not iequire complex pro-
cessing and a drop size distribution curve can be plotted by means of
them without additional calculations.

In addition to the above described methods, other methods for
the measuremey., -f the drop diameter [154] are known but trey have
not found practical application and will not be discussed here for
this reason. Combined methods are sometimes used in practlct fz°X the
measurement cf drops. A combination of two methods makes it -,ossLble
to eliminate certain deficiencies of each. For example, one cin use

a combination of collection and sedimentcmetrlc methods with wel.hJn.'
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of drops or collection and an electrical, sedimentometrical and
photometrical, etc.

The authors have determined the relative and maximum error of
the collection method by repeated measurement of the fineness of
dispersion of diesel fuel. For a fineness of dispersion, characterized
by a median diameter of 0.235 mm, they amount to 23.2 and 24.4%,
respectively, of the average value of the median diameter for all
tests. These values correspond [245-246] to the accuracy (20%) of
the microscopic method of dispersion analysis.

Most of the total error of the collection method is due to the
small sample of drops for measurement. The subjective errors, which
according to the result of processing of a single measurement by
10 operators amounts to 17-18%, also contributes greatly to the
error of the method. The errors resulting from the fact that the
diameters of the drop imprints are not identical with the diameters
of the drops, although they increase the measurement results, do not
greatly affect the accuracy of the method.

During repeated atomization of paraffin with the same atomizer
under conditions corresponding to a fineness of dispersion with a
median diameter of 0.171 mm, a relative error of 17.9% and a
maximum error of the average median dimensions of 17.5% for all tests
was found.

When a sample taken at one time in 10 different containers
arranged in the sectors of a circle and .rotating uniformly around
the atomizer axis was sieved, the relative deviation from the average
results was 16.9% and the maximum 15.9%. The measurement error in
the two cases differs only slightly, consequently, the main error of
the modelling method is the inaccurate sieving.

An analysis of the measurement results of the sedimentometric
method showed that the relative error is 14.9% and the maximum error
16.1% of the average of several measurements.

These errors include the errors in weighing of the drops due to
the dynamic impact of the drops on the weighing platform; the errors
due to insufficiently accurate separation since the fuel is atomized
during a certain time interval and the large drops, emerging from
the atomizer, also reach the balance simultaneously with the smaller
drops, which leave the nozzle during the open interval; the errors
in the determination of the drop diameters on the basis of imprints
on a soot-coated disc; the errors resulting from evaporation of the
drops during their deposition and weighing and other, less important
errors.

The relative error of the microphotographic method due to
innaccurate photographic recording, according to the data of the
French Petroleum Institute [250] amounts to ±6%, not taking Into
account the accuracy of counting and measuring of the drops.
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Thus, the testing of atomizers is preferably carried out with
optical or electrical methods which give the average drop size without
the need for a laborious processing of the measurement results. One
can also use the collection method with estimation of the fineness
of dispersion on the basis of the largest drops.

The microphotographic or electronic method is most suitable for
(tests of atomizer performance in furnaces. At the laboratories,
where a greater accuracy in the measurement of the entire spectrum i
of drop sizes is required, it is most expecient to use the modelling
or sedimentometric methods.

26. CONTROL OF THE COMPLETENESS OF THE COMBUSTION PROCESS

The process of combustion of a fuel, like any other process of
transformaticn cf one form of energy into another, involves
unavoidable losses, the total value of which is usually determined
by means of the following relation:

S i -op, (6.20)

where qtop are the total losses in the furnace process; ngor is the

completeness of combustion of the fuel in the furnace.

Equation (6.20) relates directly to the process of heat evolution
in the furnace and does not therefore include terms characterizing
the process of heac transfer from the combustion products to the
working fluid or the ambient medium. Sri.e the efficiency of the
process of heat evolution in the furnace is unequivocally defined
by the furnace losses, the control of the combustion efficiency
is reduced to the determination of the nature and magnitude of these
losses. According to the terminology of G. F. Knorre [156], these
losses are those from the chemical and mechanical incompleteness of
combustion.

By losses due to chemical incompleteness of combustion is meant
the quantity of hcat energy per unit weignt of consumed fuel which
has remained chemically bound in the unburned gases, mainly in the
form of CO; H2; CH4; Cm'n.

The total loss due to chemical incompleteness of the combustion
is defined by means of the relation

S•= ,_. ,IO0•, ( 6.21 )

where Qkh.n is the quantity of heat energy which is not liberated

within the furnace.

The quanimty Qk.n' in its turn, is determined by means of tne
equation

('P

Q,. 56.7 -- (CO -0 0.•5H, + 2,SC-14),  (6. 22)
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where cP; 00; H2 ; CH4 are, respectively, the percentage content of

carbon in the fuel, and that of carbon monoxide, hydrogen and methane
in the flue gases; COp°ln is the total percentage content of carbon

dioxide, carbon monoxide and methane in the combustion products

¢0;O." = C02 + CO A+ CH• ( 6.3)

Thus, the determination of the losses due to chemical incomplete-
ness of combustion is reduced to determination of the percentage
concentration of the individual combustion products.

The magnitude of the loss due to mechanically incomplete
combustion is determined as the specific chemically bound energy,
contained in the unburned fuel. The experimental data obtained inthe study of different thermal power installations, attest to the
fact that the products of the mechanical incompleteness of combustion
are present in the flue gases in the form of foglike fuel, soot and
resin-coke particles. The presence of these substances in the gas
stream even when the losses due to mechanically incomplete combustion
are small, causes serious interference with the performance of the
whole installation or its individuel parts. The total amount of
these losses, related to unit weight of introduced fuel, can be
written in the form

6?47.+8100 (6C + 6)

(6. 2 4 )

where q•me is the total relative loss due to mechanically incompletemk t
combustion; Q is the lower heat of combustion of the fuel aerosoln
(fuel vapor which has gone beyond the individual combustion zone of
the drop in the flame); 6; S; 6k, respectively, are the specific
weight concentrations (per unit weight of fuel) in the combustion
products of fuel aerosol, soot and coke.

Thus, the determination of the quantity q Is reduced toqmekh srdcdt

determination of the specific (per unit weight of fuel) concentrations
of these components.

The methods currently used for determining the gaseous components
of the combustion products are very diverse but the me'hod of absorp-
tion analysis of a gas sample with the gas analyzers GKhPZ (GOST
6329-52) and VTI-2 (GOST 70]3-5'4) has found the wiCdest appl••atlon
in field testing and research practice. The widespread use of the
chemical method of analysis of the combustion products is mainly due

* to the fact that it allows a simple isolation of the principal
components (-02, 02, CO), which is sometimes sufficient for gaging
the completeness of combustion.
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In most cases, this type of analysis of the comabust~on products
is insufficient because of the large error in the determination of

when components such as H2 , CH• m are contained in the

flue gases. Because of this, the improved gas analysis devices
(VTI-l; 2) were developed which allow the determination of these
components by combustion and subsequent absorption of the coZ'Ibustion
products. However, to obtain coimplete information on the composition
of the combustion products on the basis of their chemical analysis
involves a great loss of time. The duration of a complete gas
analysis with the VTI-2 is 3.5-4 hours. This naturally reduces the
practical value of chemical analysis considerably and preve~nt. ýt;
widespread use.

Table 19
Magnetic Susceptibility at
t = 201C and Relative Thermal
Conductivity at OC and 760
nm Hg of the Main Gaseous
Components of the Combustion
Products [251]

22

3 BoAopoA ......... 7,130 -0,164
4 BoARNUe napm nlu 100* C 0.973 -0,5g
5 avyoxua, cepi . -.... C...'34 -

6 ,Qyoxctb yr..epoAa . 0.84
7 ,eTH ............ 1,318 +1

SOKlICb yrY.Kpoa . . . . 0.964 -
9 A3m .............. 0.998 -0.58
I uc.iopoA.......... 1,015 -' 142

I) gas; 2) air; 3) hydrogen;
4) steam at lO 0 C; 5) sulfur
dioxide; 6) carbon dioxide;
7) methane; 8) carbon monoxide;
9) nitrogen; 10) oxygen.

Various schemes and designs of automatic gas analyzers have
been proposed to date, which make use of differences in the physical
or chemical properties of the combustion product components (tnermal
conductivity, magnetic susceptibility, infrared absorption, etc.),
of' which the data presented in Table 19 may give an idea.

"he creation of' a gas analyzer for the determination of' the
main gaseous components in the combustion products on the basis of
differences in the numerical values of the thermal conductivity or
magnetic susceptibility is practically impossible. Hence, different
kinds of devices using this principle are designed, as a rule, only
for the determination of a single component (usually H2, C02, Co).

Thus, for expmple, in the automatic gas analyzer GEUK-21 whlch is
intended for the determination of CO2 in furnace gases, the principle

of continuous comparison of the ther-mal conductivity of the gas mixtur
to be analyzed and the air by means of a measuring bridge is used
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Since the thermal conductivities of the other components of the
flue gases (with the exception of hydrogen) differ relatively little
from the thermal conductivity of air and their concentrations are low,
the variation of the CO2 concentration will be the main factor

responsible for any unbalance of the bridge. Fven a low hydrogen
concentration in the test mixture causes large errors in the CO2

measurement. In order to eliminate this source of error, the hydrogen
contained in the mixture is eliminated by combustion in an electrical
furnace. The same principle of comparing thermal conductivities is
used in the electrical gas analyzer TP-1110 which was designed for
continuous measurement of hydrogen concentration. The main difference
is the fact that here one compares the thermal conductivities of the
analysis and standard mixture in which the hydrogen concentration
corresponds to the upper limit of the reading of the gab analyzer.

As follows from the data of Table 19, the magnetic properties
of oxygen and other gaseous components of the combustion products
differ quite considerably. Different gas analyzer schemes for
determining the oxygen concentration in gas mnxtures are based on
the utilization of these peculiarities of oxygen,

7 A)

Fig. 133. Principle of the sensor of the magnetic gas
analyzer for oxygen determination MGK--348: 1) bodj; 2), 3)
heating elements; 4) magnet pole; 5) piantom pole; 6) control
lug; 7) partition. A) gas flow.

Figure 133 shows schematically the gas flo'.. in the measuring
ohamber of the gas analyzer MGK-348, in which the phenomenon if
thermomagnetic convection is utilized.

If oxygen is contained in the mixture, it interacts with the
magnetic field of the poles in consequence of which a flow of cool
%;as appears above the therroccupie.

The -xygen, in its turn, loses most of its magnetic properties
as it is heated and is displaced by a new "c:id" portion. Thus, i
continuous gas flow arises above the thermocouple, the intensity of
which is determined by the oxygen concentration in the mixture.
Accordingly, the degree of cooling of the thermocouple is also
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determined by the oxygen concentration. The different temperature and,consequently, different resistance of the arms of the measuring bridgecauses an unbalance. The unbalance voltage which is proportional tothe oxygen concentration in the test mixture, is delivered to asecondary recording device. The main permissible measurement errorof this gas analyzer is estimated to be 0.5% for the range of 0-21% 0The gas analyzer MN-5106 operates on an analogous principle.

Much more complex in principle are the gas analyzers based onthe different absorption of infrared by the different components ofa gas mixture. The principle of operation of this gas analyzer(optico-acoustical) is that a discontinuous flux of infrared whichpasses through the test mixture, loses part of its energy in it. Themagnitude of this loss is proporti(.ial to the concentration of theelement to be determined. The remainder of the energy arrives in theoptico-acoustic receiver which is filled with the test mixture. Inconsequence of the discontinuous energy supply to the gas in thereceiver, temperature fluctuations are produced acccmpanied by pressurefluctuations at audio-frequencies. These sound oscillations arereceived by means of a condenser microphone connected with the
corresponding measuring circuit. The gas analyzers of this type arealso used for the measurement of the concentration of a single one of
the components of the gas mixture (C02, CO or CH4).

Thus, a brief review of the basic methods of gas analysis allowsus to conclude that the practical efficiency of their application isgreatly reduced by the deficiencies inherent in all thesp methods:the extremely long duration of the analysis for the chemical gasanalyzers and the impossibility of determining all the components ofthe fl.e gases with automatic gas analyzers. Hence, the principlesused for the automatic continuous determination of any of the maincomponents of the combustion but also and mainly for designingdifferent schemes of automatic control and monitoring of the combustion
process. In these schemes, the concentration, for example. of CO, or0 is used as the main or correcting pulse [252-254] since the physical

methods of determination of these components make it possible to recordvery small variations in their concentration in two-component mixtures.The possibility of determining with great accuracy one of the twocomponents of a mixture by means of some physical method was theprerequisite fcr the development of the chromatographic method ofanalysis of combustion products.

In principle, this method is a combination of the chemical methodof separation of gaseous components by adsorption and the physicalmethod of determination of the conc.entration of the component in
question.

The adsorption separation of a gas mixture is based on thedifferent rate of adsorption and desorption of the components in thetest mixture. If a small quantity of the test mixture (a few cubiccentimeters) is quickly introduced into the carrier gas (nitrogen,atmospheric air, etc.) flowing through a column with a special adsorb-ent, a gas mixture consisting of the carrier gas and the flue gascomponents dl-solved in it (H2 CO, C) arv ir the ,eparating2 ' 4).... arr ve atn
Column. During their passage through thc column, trese componerts are

- 252 -



determined by the oxygen concentration. The different temperature and,

consequrntly, different resistance of the arms of the measuring bridge

causes an unbalance. The unbalance voltage which is proportional to

the oxygen concentration in the test mixture, is delivered to a

secondary recording device. The main permissible measurement error

of this gas analyzer is estimated to be 0.5% for the range of 0-21% 02.
The gas analyzer MN-5106 operates on an analogous principle.

Much more complex in principle are the gas analyzers based on

the different absorption of infrared by the different components of

a gas mixture. The principle of operation of this gas analyzer

(optico-acoustical) is that a discontinuous flux of infrared which
passes through the test mixture, loses part of its energy in it. The

magnitude of this loss is proporti .ial to the concentration of the
element to be determined. The remainder of the energy arrives in the
optico-acoustic receiver which is filled with the test mixture. In

conseqtience of the discontinuous energy supply to the gas in the
receiver, temperature fluctuations are produced accompanied by pressure
fluctuations at audio-frequencies. These sound oscillations are
received by means of a condenser microphone connected with the
corresponding measuring circuit. The gas analyzers of this type are
also used for the measurement of the concentration of a single one of
the components of the gas mixture (C02, CO or CH4).

Thus, a brief review of the basic methods of gas analysis allows
us to conclude that the practical efficiency of their application is
greatly reduced by the deficiencies inherent in all thesp methods:
the extremely long duration of the analysis for the chemical gas
ana.yzers and the impossibility of determining all the components of
the fl:E gases with automatic gas analyzers. Hence, the principles

used for the automatic continuous determination of any of the main
components of the combustion but also and mainly for designing
different schemes of automatic control and monitoring of the combustion
process. In these schemes, the concentration, for example. of CC, or

o2 is used as the main or correcting pulse [252-254] since the physical

methods of determination of these components make it possible to record
very small variations in their concentration in two-component mixtures.
The possibility of determining with great accuracy one of the two
components of a mixture by means of some physical method was the
prerequisite for the development of the chromatographic method of
analysis of combustion products.

In principle, this method is a combination of the chemical method
of separation of gaseous components by adsorption and the physical
:nethod of determination of the concentration of the component in
question.

The adsorption separation of a gas mixture is based on the
different rate of adsorption and desorption of the components in the
test mixture. If a small quantity of the test mixture (a few cubic
centimeters) is quickly introduced into the carrier gas (nitrogen,
atmospheric air, etc.) flowing through a column with a special adfzjrb-
ent, a gas mixture consisting of the carrier gas and the flue gas
components dl-soived in it (H 2 , CO, CH4) arrives in the separat;ng

column. During their passage through th: columin, thIesi, components are
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subjected to .,;itinuous processes of adsorption and descrption which
takes place at a ztrlctly determined velocity for each component. No
Irreversible adsorption of gases on the adsorbent takes place. As a
result the gas flowing out of the column is not longer the multi-
component mixture, but a two-component mixture which successively
changes in co, dosition because the components of the original mixture
pass through the column at different velocities. Thus, for example,
the rate of motion of hydrogen through the separation column, owing
to the low degree of adsorption, is practically the same as that of
the carrier gas. The accordingly increased adsorption of the carbon
monoxide and methane gives rise to a certain time lag in the appearance
of these components at the outflow end of the separation column. The
determination of the concentrations of the components In ýhe succes6-
ively formed binary mixtures can be carried out with very high accuracy
by one of the physical methods. For example, in the chromatographic
gas analyzer GSTL, this is done by measuring the resistance of a
platinum wire during the catalytic combustion of H CO or CH. on it.

The resistance variation of the platinum wire is recorded by a secondary
self-recording devise of the type of electronic potentiometer EPP-09
in the form of a trace with clearly visible peaks, the relative

fposition of which characterizes the content of a certain component and
the magnitude of the peak indicates its volume concentration on at certain scale.

The analysis of a gas sample requires very little time because
when the flow velocity of the carrier gas and the length of the
column are chosen correctly, the successive outflow of the components
can be completed within 10-20 seconds.

The short duration of the analysis, the absence of subjective
errors, the possibility of determining components present in low
concentration and the high accuracy are all advantages of the gas-
chromatographic method of analysis, responsible for its rapid adoption
not only in research but, which is the most important ddIrectly under
industrial conditions.

All the methods of determining the losses due to mechanically
incomplete combustion can be conventionally divided Into two main
groups: indirect methods, involving the measurement of some quantities
in some way connected with the mechanical incompleteness of combuFtion
Sand the direct methods, i.e., sampling of the combustion products and
subsequent analysis.

The optical meth-d , based on the measurements of the optical
density of the combustion products, the calorimetric method, based on

Sthe measurement of the thermal conductivity coefficient of a layer of
soot and coke, which has been deposited on the walls of the calorimeter,
etc., belong to the first group.

To the second group belong all mechanical or chemical methods of
analysis of the combustion products. By mechanical methods are meant
those in which the solid products of incomplete combustion are sep-
arated from the flue gases and then analyzed. The chemical analysis
methods presuppose the use of various chemical reagents.
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To the mechanical methods of determination of the losses due to
incomplete 'ombustion belongs the collection of soot and coke
particles on a cold surface with subsequent analysis under the micro-
scope and calculation of their concentration in the gas flow on the
basis of the known sedimentation law and also the sampling of combus-
tion products with subsequent filtration and direct weighing of the
collected unburnt fuel.

to Fig. 134. Sedimentation
coefficient 0 of the

70 ZLparticles as a function
.of the paramete-

J 1 2 J 4 5 S 71S

The collection method makes it possible to determine the quantity
and dimensions of the coke and soot particles in the gas flow through
the furnace. In this case, use is made of the dependence of the
sedimentation coefficient 4 of a particle with a certain diameter
on the external flow conditions which is described by the following
equation [255]:

S= (6.25)

where w is the flow velocity of the gas in m/s; 6 is the diameter of
the pirticle in m; pp is the density of the gas in kg/m 3 ; p is the

density of the particle in kg/mi; • is the kinematic viscosity of thes/2;
Fas in kg/s/n2; D is the diameter of the cylinder on which the
sedimentation takes place in m; g is the gravitational acceleration
in m/s 2 ; 0 is the sedimentation coefficient for a particle -1th a
given diameter.

The form of the relation $ = f(E) is given in Fig. 134 for the
condition of flow of a gas containIng anthracite and metal particles
(6 1 10 P) around a cylinder. The experimental data differed from
those calculated by means of equation (6.25) by ±4.0% [255].

The method of bubbling the combustion products through a liqui.
in a vessel (Fig. 135) can also be counted among the mechanical
methods.

Among the chemical methods of determining the losses due to
mechanically incomplete combustion are the method of gas analysis
and separate combustion.

By the gas analysis method, the losses are determined as the
difference between the weight of the supplied and turnt fuel. The
equation for calculating the loss due to mecnanically incom.plete
combustion has the form
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4, = Q( - ,(6.26)

where Q. is the caio.ific value of carbon in the original fuel in %;

cP is the percentage of carbon in the original fuel;
8Oopl is the characteristic of the original fuel; 8 gas is the char-

acteristic of the combustion products

=(1 --0.) 0120 P + o-- (6.27)

,21 - COs + 0,606CO + O0
• W-- .... V (6.28)

where 0- ie the volume proportion of oxygen in the oxidizer; HP, OP

P Sp are the contents of hydrogen, oxygen, nitrogen and sulfur,
respectively, in the original fuel in %; CO 2 , CO, 02 are the carbon

dioxide, carbon monoxide and hydrogen contents in the combustion
products; m is a correction factor; for organic sulfur, m 1.

Fig. 135. Principle of measurement of
the losses due to mechanically incomplete
combustion according to [256]: 1) sampling
tube; 2) container with kerosene; 3) con-
tainer with water; 4) measuring cylinder;
5) cock; 6) gas conduit; 7) direction of
flow of the combustion products.

For preliminary calculations, taking into account the low sulfur
and nitrogen content of the fuel

,o,6237HP--0.1 2 .29)
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Analysis of the errors in the determination of the combustion
product characteristic 0gas shows that

oo4o5*. (6.30)

This errolr increases considerably with increase in the excess air
and at a = 3-5, which is the case in power furnaces, it becomes equal
to the measured value and when the losses due to mechanical incomplete-
ness of combustion are small, it exceeds 0 gas For approximate cal-

culations in the absence of air aspiration and with adequate accuracy
of determination of the main components of the flue gases, the loss
due to mechanically incomplete combustion can be approximately
determined by means of the relation

qz ! •(6-31)

where a 0 is trne excess air, calculated from the ratio of air and fuel

throughput in the furnace; agas is the excess air, determined on the

basis of the composition of the combustion products.

67

Fig. 136. Schematic view of apparatus for determining
the losses due to mechanical incompleteness of com-
bustion by the method of successive combustion: 1)
gasometer with oxygen; 2) absorption vessels; 3) two-
bulb combustion pipet with platinum spirals; 4) three-
way cock; 5) Mars transformer furnace; 6) quartz
sampler; 7) i:.Ixer; 8) four-bulb combustion tube; 9)
absorption vessels with Ba(OH)2; 10) temperature con-
trol; 11) gasometer with nitrogen.
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The method of separate combustion (Fig. 136) is based on the
fact that part of the combustion products, containing an aerosol of
fuel and soot, is sucked through a quartz filter tube filled with
calcined asbestos. A condensation of the fuel vapor and precipitation
of the soot particles then take place. The filter tube is then placed
in an electric furnace with a temperature of 400-450 0 C where a stream
of nitrogen evaporates the fuel again and displaces it into a mixer to
which pure oxygen is supplied at the same time. The mixture thus
formed flows into a combustion hamber where it burns, forming CO2
and water. The CO2 in turn reacts with Ba(OH) 2 which is backtitrated
to give the quantity of carbon contained in the fuel aerosol.

To determine the soot content, the temperature of the furnace
is increased to lO00-12001C and pure oxygen is supplied to the filter
tube where the combustion of the soot takes place. The subsequent
quantitative determination of the carbon dioxide formed is analogous
to the above described method. Strictly speaking, this method does
not allow the entire heat loss of the furnace due to mechanical
incompleteness of combustion to be determined but only that due to
unburned carbon.

During the sampling of the combustion products, their volume
throughput, temperature and pressure must be measured, which enables
the specific weight concentration of the components to be determined
in accordance with the following relations:

= 06k, (6.32)

0.00-76-. , (6.33)
S=

where k is a correction factor for the 0.1 N solution of Ba(OH) 2 ;
I and 12 are the quantities of 0.1 N Ba(OH) 2 solution corresponding
to the absorbed carbon dioxide, formed during the combustion of the
fuel aerosol (I1 and soot (I2), respectively; I is the quantity
of combustion products, passed through the filter tube; CP is the
percentage of carbon in che original fuel; 0.06 and 0.0006

. respectively, are the titers of the Ba(OH) 2 solution for the carbon
calculation.

Recalculated per unit of fuel weight, the specific concentrations
of the fuel aerosol and soot respectively will be determined as

+ , 6 ( •), (6.34)

c= 6(1 + aLo).
(6.35)
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It must be pointed out, however, that the accuracy of determination
of the losses due to chemical as well as mechanical incompleteness of
combustion is determined not only by the perfection of the methods but
equally so by the methods of sampling. The great heterogeneity of
the temperature, velocity and concentration fields in the gas conduits
of a furnace makes the problem of obtaining a "representative" sample
of the combustion products a very difficult task, even for the deter-
mination of the gaseous components. This task is further complicated
in the determination of the losses due to mechanically incomplete
combustion since the liquid and vapor products of incomplete combustion
are condensed and precipitated on the walls of the sampling device
which assumes special significance when heavy fuels are used. it must
be stated that sampling devices which fully satisfy all requirements
for the accurate determination of the losses due to mechanically
incomplete combustion have not yet been designed; the method of
selecting an average sample in furnaces of different types itself
has not yet been developed. This makes it sometimes necessary to
collect a large number of local samples at different points of the
furnace volume or flame which in turn makes the determination of the
total efficiency of the combustion process hik. inconvenient. It
is to be hoped that the further development of the existing methods
of controlling combustion efficiency, above all the chromatographic
method, in addition to the development of entirely new methods ofanalysis of combustion products, will make it possible not only to

greatly simplify and accelerate the determination of the composition
of furnace gases but also to obtain new data on the nature of the
development of the combustion process of atomized fuel in a turbulent
airstream.

Manu- Transliterated Symbols
script

Page
No.

234 cp = sr = srednyy = average

237 K = k - kaplya = drop

243 0 = f - fotoelement = photocell

243 0 = f = fake = Jet

248 Ton - top = toplivo - fuel

248 rop - gor = goreniye = combustion

248 x.H - kh.n = khimicheskaya nedozhoga = chemically incomplete
combustion

249 noAH = poln = polnyy = total

249 mex = mekh = mekhanicheskyy mechanical
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249 FOCT GOST - gosudarstvennyy obshchesoyuznyy standart -
All-Union State Standard

249 8TH - VTI - Vsesoyuznyy ordena trudovogo krasnogo znameni
teplotekhnicheskiy institut imeni F. E. Dzer-
zhinskogo = All-Union Red Banner of Labor
F. E. Dzerzhinskiy Institute of Heat Engineering

250 XMm - khim - khimicheski = chemical

254 n - p - potok - flow

255 ras = gas - gas

257 n.r - p.g. = produkty goreniya = combustion products
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