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NOTE

This book examines the basic relationships for the processes
of 1liquild fuel atomization and c¢ombustion, on the basis of whica
analysis and selection of optimum combustion conditions are car-
ried cut.

Combustion characteristics of single drops as functions of
external conditions and fuel properties are examined, as are the
combustinn prccesses of dreps in a flame and the relation hetween
{lame length and atomization e¢fficlency; regquirements for atoml-
zation efficiency are formulated and the spary nozzle designs and
arrangements analiyzed on this basis. Methocds of caliculating centri-
fugal and pneumatic spray nozzles are presented and 2lso methods
of controlling the degree of atomivatisn and combustion efficlency.

The book 1s intended for engineers engaged in organization of

the processes of liquid fuel ccibustion and alsc for studenfts of
advanced courses in the corresponding special field.
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INTRODULTION

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

Scientific research werk on the combustion of liquid fuels is
mestly limited to the study of the Laws of combustion of light 1i-
qulids which evaporate <ompletely. Under these conditions, the crea-
tion of new or the modernizaticn 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 precisely the one satisfying in the highest degree the re-
quirements of each specifie case. On the other hand, the theoreti-
cal solution of even individual partial problems of liguid-fuel
flame combustion, on the basis of which this selection could be
wpade, involves the laws of combustion of fuels with properties
which 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
for the specilic 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 prcducts of combustion and their parameters,

without indicatirg, however, how to achieve this. As G.F. Knorre
remarked "...frcm the point of view of building up a rational tech-
nology and distribution of the limits of stable or economic furnace
operating conditlions, excessive use of these indices — averaged for
the whole furrace — s futile at the least. Frequently, this only
obscures the true pattern of the process and the degree of effect-
iveress 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 obviovusly pos-
sivle only by azcertaining the basic physical laws cf the combustion
process, taking into account the physicochemical properties of the
fuel used in any particular case. Cnly then is 1t possible to design
a furnace which permits efficient combustion of all heavy liguid
boliier cr furnac: fuels, including the high-sulfur petroleum

-2 -
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residues [mazuvs].

In all cases the efficiency of the combustion process is de-
fined by the combustion time for eazh fuel particle which must burn
completely during its stay time in the furnace space. Accordingly,
the practical measures of organizirig the combusticn process should
be directed toward achleving optimum conbustion conditions for each
separate fuel particle. Consequently, it 1s essential above all to
ascertaln the features of the progress in the somhbustion 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 wvisualize this process
in the form of separate elementary stages sucressively changing
from one to the other.

Since intense evaporation from the drop surface begins snly at
a certain minimum temperature which is typical for each grade of
fuel (equilibrium evaporation temperature), each fuel particle
shouid first be heated to this temperature. Obviously, the higher
this temperature, the more time (all other conditions egual) 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 glven fuel.

The nature of the development and the characteristies of the
combustion process for the fuel drop depend greatly on external
conditions {temperature and relative speed) and on the physicochemi~
cal properties ol the fuel. High content of asphalt-tar substances
and high distillation temperatures are responsible for the develop-
ment of tar and asphaltene polymerization prccesses taking place
s“multaneocusly with the evaporation process within th€ drcp, leading
to the formation of a coke residue whose cowbustion takes place at
a considerably slower rate than the combustion of the vapors.

Initial data znd format us2d 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 2° the physicochemical fuel properties on
the elementary process characteristics and those of the total com-
hustion effect.

Chapters 1 and 2, Sectinns 1% and 16 of Chapter U4, Section 23
of Chapter 5 and Section 26 of Chapter 6 were written by S.S. Okhot-
nikov; Chapter 3, Section 15 of Chapter U, Sections 17, 18, 19, 20,
21 and 22 of Chapter 5 and Sections 24 and 25 of Chapter 6 were
aritten by L.V. Rulagin.

The authors deem it their duty to express their profound grati-
tude to the honored scientist and engineer Doctcr 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 Zngineering of the TsNII MPS [Central Scientific
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Kesearch Institute of the Ministry of Railroads], of Candidate of
Technical Sciences L.K. Kist'yants, Candidate of Technlcal Scien-
ces Ye.h. Yudayeva, Senior Engineers B.M. Morosov, E.R. Tozha, N.D.
Rybchenkov, A.P. Keroleva, Z2.A. Pravdina and others fcir their

great assistance in the preparation and writing of the boock. The
authors declare themselves lndebted tc Loctor of Technical Sciesnces
Professcor Z2.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. v

ST e AR g r—————y ST T

4 e e e c—




PR

3

L h o
R

sf‘&\:jr(:i .

2

o
{i;

%

£

Chapter 1

COMBUSTION OF SINGLE DROPS
1. PROCESS OF COMBUSTION FOR A SINGLE DROP

In diseussing the basic laws of combustion for a single fuel
drop we shall start with the fact that under real conditions this
process i1s 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 immoblle fuel drop has the form of a spliere
and is homogeneous in composition. At the initial instant of time
the entire drop mass has the same temperature t¢. The drop enters
a medium with temperature ts and 1s subjected to surface heating.
The tempperature of the mediuﬁ remains constant. Under these condi-
tions, the temperature distribution in the sphere at any instant of
time can be described by the differentisl equation for the non-
steady thermal regime of a sphere [1, 2] \

® _ r#6, 28 .
where 8 is the temperature difference between the medium and the

subjJect point on the sphere; 1t is time; » is the instantaneous
drop radius; a is the thermal aiffusivity 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

{m=pn

31 —
Op.c =0y 3 2 SRM_MRN M ey (—alFa (1.2)
(m}

where SF T . the sought temperature difference at the instant of

>
time 1 2t a pcint on the sphere a distance » from the center; 8o
28 the initial temperature difference between the medium and this
point on the sphere; n; 1s the ith root of the transcebdental equa-
tion

nctgn =1 — Bj, (1.3)
where Bi 1s the Biot number,

Bi = k.

At (3.7

tee
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¢ is the coefficient of heat transfer from the medium to the drop
surface; ry 1s the external radius of the drop; At i3 the thermal

conductivity of the drop substance; and Fo in the Fourier criterion

F0=‘%' (105)

vhere 1 is the time on expiration of which temperature éistribu-
tion is considered.

Expressing the quantities GF - 2nd 8¢ in terms of the medium

2

temperature tgp and the surface temperature t, with the appropriate

subscripts and carrying out the necessary transformations, we obtain
an expression which enables us to determrine the surface temperature

of the drop at any instant of time:

ip,:=1cg—‘4(fcp‘-fr,n)- (1.6)
where
lean
1S omucnemn wu e @D
[}

The magnitude cof 4 is determined only from the Bi and Fo par-
ameters vhich in turn depend on heat transfer conditions, time, di-
mensions and physical properties of the drop substance.

In the general case, this sclution is valid orly when heat
transfer from the outer drop surface tc 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 evalurated by com-
paring the imaginary and real thermal conductivity coefficients

z____’%. (1.8)

This ratio should be determined [3] from the expression

a=%=o,1aa["’“":‘“’_"i}!°"‘ (1.9}

.3

whepre tp and tts’ respectively, are the drop surface temperature

and the drop center temperature; B8 is the thermal exzpanslion ratio
of the drop substance; Pr is the Prandtl number for- the drop sub-
stance; v 1s the iiquid viscosity; & is the thictniess of the layer
across which we have the temperature drop tp -~ %,
As calculeticns according to Eq. (1.9) show, zonveetive mixz-
ing must be allowed fox in kerovsene when the droy diametei is equal
to or greater than 2000 gm. For drops with a diameter cicse tu o
less thin 200 pm at = temperature difference of G0°C gceross a 2
50 pm thick, natural convection docs not cerur . 3
for wnlch Fr and v are knc¥n £o be larger tnan fo

J
3.
T K
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Yake pls¢e in any case under anaicgous condi-
tlons. If one %tekes intc account,; however, that the viscosity of tho
! heavy fusls iz considerably greater than that of kercsene and its

i effect on the magnitude of e 13 mueh greater, for example, than
: ‘ on the Pr parameter,; it can be stated that for a2 fuel drop not ex-
ceeding 1000 um, the effect of natural convection ¢an be aeglected.

[T

| Por heating of a sphere stationary relative to the medium, the
heat transfer coofficient a in Bypression (1.4) csn be detsrmlned

¢ from the limit value ©of the Nusselt number Nu, equal to ~Z2.
ady
Nu=-gEal (1.19)
Bence,
=3k 1.10
% —Er ( R a)

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

Substituting the valiue of a inte the expression for Bi {1.4),
we obtain

-l 1}
Bi i (1.11}

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

i AR P i

P Using data on thermal conductivities for varlous liquid fuels
{4] and also the numerical values of Ag” 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 cf the fuel lncreses,
and for cracking residues it falls within limits of 0.30 &nd 0.79.

Under the actual conditions of heating an immobile drop, 2
certain fraction of the heat can be acquired by the drop through
radiation from heated surfaces and the flame. The effect of tne
radistive component in the heat transfer between the drop ard the
medium can be evaluated apprcoximately in the following way.

As 3s vell known [41, the total heat transfer coefficient in
complex heat transfer can be cepresentea the form of the sum

8 = 8y & U (1.12)

wherse o is the ccefficlent of heat conducetion; ay i3 the coeffi-
cient of radlative heat transfer,

-7 -
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Values of the Bi Number as a Function of Fuel
Grade, Fuel Temperature gnd fmbient Tempera-

ture 2 Teumapstyps vpaxi, 6
1 -
Sammme 1 2w L e | sl oao | o aco | oo o
3 TENIOOLOANOCTE TOTXM . AL4 /X4 °C
0369 | 2 3 045 | 2500 | 0575 | 055 | €3 | opdo
"?e'xocm = 100°C 0465]0’“! 0580!062!:‘07?0 0813105101 1,90
msym M40, M60
=2C ... .10315]9357| 0397 0,42 869‘ 0,560 | 6,62 | (1,688 -
. :=mc=c - .o ljoa3s| 0370 0,221 | 0.455] 0,523 | 6505 | 0,661 | 0,728
ERHI-OCTATON }
K‘ﬁ- °C¢ ... .1026¢7 0,8} 03311 0338 | ¢,410]0,455 5 0,520,573
f=100°C ... .{9307 (Iv.348i 0,386 0,417 10,430 10,545 } 0,206 { 0,658
1 i

1) Fuel; 2) temperature of medium, °C; 3) thermal conductivity of
the medium, kcal/meh °C; %) kerosene; 5) petroleum residues [ma-
zuts]; 6) cracking resiuce.

The guantity al in turn is defined as

o, = 22700, (1.13)
where g - 10—:?‘:_"_‘73; €, 1s the emissivity of the radiating bndy;

is the us the emissivity of the drop surface: P is the emit-

tance to the drop from the radiating medium; o = 4.22 xcal/m?+h-deg
is the universal constant for black~body radistion; T is the tem-

perature of the emitting medium in ?¥; 9k ¥s the 3urface temperature
of the drop in °K.

Uncder fiame conditions in boilers in which the drop is irre-
dilated mainly by the burning fliame, the average emissivities of the
emitting body can te assumed to be €p = 0.4,

The drop surface emissivity 1is still very uncertain. Thus in
Reference [5] it is estimated as € = G.05. However, taking into

account the sp2cific properties of heavy fuels, we estimate this -
5 £ - -
value as k ® 0.3. The value of T) ¥We¢ aszume equal to univy.

Ir this casz the expression for a, assumes the form

o, = 0,530, (1.14)
With Egs. {1.30a) sné¢ (1.134), the matio of ay and @, can be
written in the form
3z SO%% (1.15)
G 2%

it follows {rom Eg. (1.15) that the role c¢f radiative heat ex-

- Ta =

e e AR




change increases as the parameter 8 and the drop size increase. The
numerical values of the fraction of the heat transfer coefficient
at different ambient temporatures, of the drop radii and of the

dror surface temperature, calculated with Eq. (1.15), are given in
Table 2.

TABLE 2

Radiation and Conduction Heat Transfer Coeffi-
cient Ratio ul/ak (in $) for Drop Surface Tem~

peratures of t, = 100°C and t, = 300°C

Teuneparyps cpeam, *C

e *| 00 100 b 140 190
s‘-xw{ 300 100 x5 100f 20(100] 0] 100] Xo | 109 [t=0
S0 0,“5!0,189 0,1721 6,259 0,240i 0.33410,3224 21,4231 0,42 | 0,521 | 053] 0,645
100 | 0,230 0,576 0.344} 20,5191 0,4801 9,660] 0,647} 0,845 0,84 ; 1,040 1,06} 1,290
200 | 0,469 0,756} 0,690] £,030; 0.960§i.3m 1,204 1,590 1,681 2,080 2,12} 2,580
300 | 0,590 1,130 1,0307 1,550] 1,440 2,000] 1,940 25401 252 § 3,030] 3,i8} 3,570
500 | 1,150 1,890; 1,720 2,500| 2,400] 3,340} 3,201 4,230| 420 | 52101 5301 6,456
1000 | 2,30 | 3,780 3,440 5,190} 4,@; 6,594 6,470} 8,4:0] 8,40 10,400 {10,501 12,900

1) Temperature of the medium, °C; 2) micrometerz [microns].

It follows directly frcm the datz of Table 2 that the fraction
of radiative heat exchange in the to%tal procesz of heating = sta-
tionary drop is generally negligibly small. Oniy fcr very large
drops (dk > 31000 um) can a marked increase in the fraction of radi-

ation. be observed at tempsratures above 1003°C (~5% and over).

The range of variaticn for the Fo criterion, which alsc deliver
the drop surface temperature, is bounded on the one hand at Fo = 0,
since at the initial instant of time (T = 0) the drop surface tem-

perature is equal to the initizl temperature of the fuel (tF t *
&
= tps o). 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-
oprment of a flammable fuel-air mixture around the drop.

This temperature is generally the eguilibrium 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 ccnventionally
known as the equilibrium evaporation temperature. Special investi-
gaticns have snown that this temperature is not a uniquely defined
sharacteristic of the fuel but depends in turn on the fusl proper-
ties and the pressure and temperature of the ambient medium. Taus,
for example, at ¢ = 190°C and a pressure of 1 kg/cm’, the equil-
ibrium evaporatioﬁ temperature of gascline is =zH0°C, tut at 4G0°C
it increases to =70°C, coming close to the gasoline boiling point
of ~75-80°C. With heavier fuels and higher ambient temperatures,

-8 -
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the equilibrium evaperation temperature increases more rapidly,
also tending toward its ma.«ximum -~ zie temperature of cnset of
boiling. Thus, for kerosere at a 500°C temperature for the medium,
the equilibrium evaporation temrerature is approximately 140*C [3],
whereas the temperature of onvet of boiling (distillation), accord-
ing to GOST 10227-62, does not ¢xcced 150°C. An analogous pattern
is observed with diesel fuel. If one takes these data into account
and also the ~1most complete lack of inforiuaticn on the equilibrium
evaporation t .perature for heavy liquid rueis »f the petroleum
residue and cracking residue type, it sez2us 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 2 medium +»ith fairly high tempera-
ture (~€€0-1000°C).

Anothexr gquantity which defines the 1limits of variation for the
Fo critericn andwhi¢h 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. Evaluation of the
real drop size formed in atomization of a .'uel by various types of
spray nozzles shows that the range of drop size wvariation falls
within limits of ~10-500 um.

The use of all these extreme values and also consideration of
the actual drep heating conditlons make possible the conclusion
that the 1imit 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 4 for different values of the
?i a?d Fo criteria (Fig. 1) obtained as s result of solving Eq.

1.7).

Of greatest significance for practical purposes 1is the/grob-
lem of determining the time required to heat the drop surface to a
glven temperature under specific conditions. The problem 1s reduced
hére to determination of the Fo eriterion on the hasis of given
values of 4 and Bi, after which the required time is determined
by means of Eq. (1.6).

As an example, let us consider the problem cof heating drops
of warious 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 glso follows directly that a combination of preheating the
fuel and a considerable increase in the temperature of the medium
is a very effective method ¢f shkcertening the heating time and in-
creasing the time of complete combustion of the drop.

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 -




drop whicn is =2mitted from the spray nozzle. In rsality, the fuel
drops which issue from the spray nozzle retain their veloclty
relative tc the medium for some time. During this period, or mos?
of 1t, the drops successively pass through regions with varlous
temperatures and densities. A1l this determines the continuous
variation of the conditions of heat transfer from the medium to
the drop.
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Fig. 1. Coefficient 4 in Eq. (1.6) as a function of the parameters
Bi and Fo.

Nonetheless, these features permlt the assumption that the na-
ture of the temperature distribution within the drop itself corres-
ponds as before to the conditicns of nonsteady heat transfer. Since
the above-indicated differences mainly concern the conditions of
heat transfer from the medium to the drop and are characterized by
the Bi parameter, let us examlne the variation of this parameter as
a function of the external conditions of heat transfer.

For the Re range of variations, between Re = 20 and Re = 156,000,
the following relationship is most widely used [1]
Nu == 0,37Re? P08, (1.16)
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For normal combustion conditions where atmospheric air is
used as the oxldizer, the Pr number is fairly stable and within
the tewmperature range of 50-1200°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 Eg. (1.10), the coeffi-
cirnt of heat transfer from the medium to the drop con be defined
as

0,33
a=—8‘—ArRé". (1018)

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 oy time 1f
Expression (1.18) 3is substituted into (1.3), the original equation
for Bi. Thus the characteristic of the extermal heat transfer in
the presence of a realtive drop velocity can be written in the form

o _ 84 033 Re —_ (1.19)
Bi = B =, = 0,165 Bi Re™,

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 B1i#* parameter differs from that for the sta-
tlonary 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 = 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 R parameter

which limits the range of 1ts variation is Re = 1G00.

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
velaclity begins to show up at Re =~ U0 when the heat tranzfer from
the .xedium 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 eontinuous velccity
decrease owing to the force of zerodynamic drag the problem of the
variation of the parameter Re with time 1s of interest.

The parameter Re 1s deflned by the following expression:

Rez"gﬁdl' (1'20)

v

where vy is the relative velocity ¢f the drop; v is the kinematic
viscosity of the medium.
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Pig. 2. Ratio Bi®*/Bi as a function of the
parameter Re,

In Expression (1.20), the drop veloci.y is the determining
quantity beczuse the drcp diameter 4, can be regarded as constant
and the visccsity characteristics of the medium vary only slightly.
The relative velocity at any given instant of time is determined
from the condition of equilibrium for the forces acting on the
moving drop. In this case

m;“:}:_.k, (1.21)

>

where m is the mass of the drop; w the instantqpeous value of the
relative drop veiocity; 1 1s 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

R =955 ViFa (1.22)

where ? is the aerodynamic resistance of the drop; g is the accel-
eration of gravity; Ty 1s the specific weight of the medium; Fk is

the cross sectional area of the drop.
Considering that

Voo (1.23)
(1.2%)

=

=4
ad®

Fo=X

and substituting (1.22) and (1.23) into the original Eq. (1.21),
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after transformation we onbtain

dw _ 3 9y
";,-=T .d‘a (1-25)

The coefficient 9 of the aerodynamic resistance in turn is a
function of velocity and, within the variation range of Re = 50-
31000, it is determined in accordance with the expression

where a 1s some constant factor characterizing the sinape of a body.
For a sphere, we assume ag = 14.

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

%y,

T (420

] w

.
=5

We denote bycpi the complex of quantitlies which characterize
the physical properties of the medium and of the drop substance

“";’Y-, (1.28)

Q; ::%—-

Equation (1.27) can be written in the form

dw .
5 =g (1.29)

We integrate Eq. (1.29) under the condition that at the ini-
tial instant of time (1t = 0) the drop velocity 1is equal to v = wg

ALdw,

U= ey (1.30)

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

4d:w‘,

= e (30

Figure 3 shows curves chsracterizing the variation of the par-
ameter Re in time for drops with diameters of 2060, 100 and 50 um,
moving at an initial velocity wo = 180 m/s in air, the temperature
and pressure of which are 1000°C and 1 kgf/cm?, respectively. It
follows from Re = f(t) that the magnitude of Re decreases rapidly
with time. This decrease 1is particularly marked for drops with
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small dlameter. Thusz, for example, for a drop with a dlameter of
5¢ uym Re becomes ~10 within 1 ms after it has left the spray noz-
zle, whille the corresponding figure for a drop with a diameter of
100 um is attained after approximately 7.% ms. For lighter fuels,
the process of deceleration is somewhat more rapid since higher
values of ¢i currespond to these fuels.

Re

%
140 =g .
{1,

00 &

1] \\
\ ?— N

2 3 i \
Ssmv i SNy e A
! 2 3 4567010 20 22 W 80 0%rew

Fig. 3. Variation of Re with time for drops of verious diameters
(we = 180 -, D, = 1000°C): 1) dk = 200 um; 2) dk = 100 um;

3) d, = 50 um. A3 t/ms.

Acezerding 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 ot drop motion. However, during
this time interval under real conditions the drops move in the
field of lcowest 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 considerably with tem-
perature. Accordingly, the intensity of heat transfer to %hp surface
of the drop decreases. For drops with small diameters (20-100 um)
thies process is most prnnounced.

The effect of the radliation component on fﬁe 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 case of a stationary drop because
the coefficient of convective heat transfer during relative motion

of the drop generally increases while ay is independent of the rate
of metion.

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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difrferent grades of heavy fuel are used 1s made possible above all
by improving the fineness cf ztomizacion and by increasing the tem-
perature of the medium. Preheating the fuel also shortens the heat-
ing time of the drop somecwhat. These measures, &s a resulit 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 exarined the conditions of moticn for the fuel drop and
its heating conditions, we can conclude that the process of haatling
small moving drops occurs in the range of small values of Re, i.e.,
under conditions which differ only slightly from the heaving condi-
tions for statlcnary drops. Large drops with diameters of 200 um
and more retain their relative veloclty for a longer time, so that
the intensity of thelr heating increases 2-4 times, compared with a
stationary drop of the same diameter.

2. IGNITION OF THE DROP

A vapor cloud is formed around the drcp 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-alr mixture increase because of the continued heating
of the fuel vapors. Thus, at scome 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
"{nduction period"™ — which depends on the fuel concentration in the
mixture and 1ts physical characteristiecs, as well as on the tempera-
ture of the mixture. Avcordingly, the ignition time of the fuel drop
can be defined approximateiy 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 1s usually analyzed in the assump-
tion that tha fuel vaporizing from the drop surface during preheat-
irg is negligible. This corresponds fairly well to the real pre-
heating and vaporizing conditions for heavy fuel grades (Fig. i).

Initial data for calcudation cf drop vaporization is given by
dG = B,F« {5 — Pao) 4%, (1.22)

vwhere 4G is the quantity of vaporized fuel; 8, is the vaporization
coefficient referred to the partial vapor pressure difference be-
twesn the drop surface (pp) and the ambient medium (pp o) Fy 1s

the 4rop surface; v the vaporization time.
With rapid drop deceleration and the main part of the vapori-

zation process occurring without relative velccity, the vaporization

coefficient Bp is determined from the condition NuD = 2,
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Fig, 4. Vaporization properties cf fuels as a function of tewpera~
. ture: 1) Kerosene; 2) zas oil; 3) heavy diesel oil; U4) slcw-coking
distillate; 5) naval petroieum restidue il. &) Boil-off, 2.
In this case
. dxBp
Nuo= D' '.:'2, (1‘33)
whence

where Nuy 1s the Nusselt number for the vaporizatiocn process; 2

is the diffusion coefficient referred to the difference tetween tne
fuel vapor concentration on the drop surface and in the apbieni med-
ium; dk is the drop Giameter.

On the other hand, the quantity of vaporized fue%—pan be ex~
pressed as

4G = F 3, dd, = adly, dd,, (1.35)
where Yy is the specific gravity of the fuel.

Substituting the values of 8, and d¢ intc the criglnal egua-
tion (1.32), integrating and defihing

8Dp {2~ Pas)

k= -

. (1.36}

we obtain an expressi~-n which aefines the change in drop diameter
with time

& =k, {1.37)

where do and dT, respectively, are the initial drop diameter and
the drop diameter after the time T.

On the a-su—: ..on that in the ambient medium (at a rather
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great distance irom the drop surface) the partial vspor prassure is
zero, wWe can write

Fu = Pao = P {1.38)
The pressure of the saturared vapors neay the drep 1s usually
described by an equation of the faorm L8]
B 1,720
pnz-.Aexp(—--i;::). (1-).1)
where A and B are constants charzcterizing the properties of the
fuel; Tk is the absolute temperature of the drop surface.
Under these conditions, the vaporization characteristic k is

usually known as the vaporization conatant and is descrived in the
form of the following relation:

(Yo () .10
_ 8Dy (1.41)
Povr

where po 1s the pressure of the medium; T the absolute temperatue
of the medium; Dp o the diffusion coefficient referred tc the dif-

ference between the partial pressures at 0°C and atmospheric pres-
sure.

'Yhe numerical values of the exponent ¢ normally fall within
the range 0.5-1.0.

An analysis of the expression for the vaporization character-
istie k shows that under otherwise ecual conditions it should de-
crease with deterioration in fuel quality. For heavy fuels, the dif-
fusion coefficlient Dp o has lower values than for light fuels and

the values of the constants 4 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 flam-

mable fueli-air mixture around the drop vaporizes from the drop sur-
face. The quantity of vaporized fuel is equal to

ady 4}
L\G:Go G =Yy 5 6 l_-d‘g * (1."2\[

where Go is the drop welight at the initial instant of tine; G is
the drop welght after time T.

Havi; ¢ determined from Eg. (1.37) the value of dT and having
substituted this intc Eq. {1.42), after transfermation we obtain
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Referring 4G to the 1nitial weight «r the drop and with 4 de-~
rnoting the vaporization of the drop, we have

w
-
te}

AQG s xt \'s
::—a—o—w:3—{l—-z-) . (1.4’4)

Hence the tiwne required for the development cf a flammable
fuzi-air mixture around a drop with a known vaporization characler-
| istic &k is defined by

3
d%(!-—}fu-—nv) {1.55}
A )

Tacn =

In this equation, the degree of the initial vaporization § is
undesermined. In the ideal case, in the absence of convection cur-
rents ang with spherically-symmetric distributicn of the fuel vapor
relative to the drop surface and wiso 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,=Cpi >, (1.46)
T=Tcp—(Tcp"’TF)i:—3 (1'1'7)
; where ¢, and 7, respectively, are the fuel concentration and tem-~

peraturg of the mixture at a polnt » distant from the center; ct‘k.
‘ *T, is the concentration and temperature of the vapors at tgg sur-

F
face of a drop with radius » r is the temperature of the medium.

K3 Ts

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

Cv.l'—‘?m (1.1“8}
?n=‘§%§%v (1-49)

where Yp is vhe specific gravity of the fuel vapors; pp is the vapor
pressure at the saturation temperature, assumed equal to the drop
surface temperature; ap is the molecular weight of the fue] 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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Hence the degrese of initisl! vaporlzation is

0. AL 3 ek gy {(1.3%)

i Al J 3 !
where Yo iz She specific gravity of the drop substance.

The fuel vapor weight concentration in a layer of thickness
dr can be defined as

= Yenlar {1.55}

where Yo is the spgcific gravity of the mixture; gp 1s the weight
fraction of the fuesl wvapors.

The specific gravity of the mixture is determined by the egua-
) ticen

Ya¥n
Yeu = gnYn:'Rn‘}:' (1.56)

where g3 and Yv are the welight fraction and specific weight of the

- 20 -
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vapor enclosed in thls spherical envelope will be 5
: dG = 4nr*C, dr. (1.50)
I The guantity of Tuel vaper contained in 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 Py -
» AG =Id6=4:tC,, \r.:S rdr = 20C;_ ure (P —12)- (1.51) %
.“ -
For praetical calculations, the vaiues of § are entirely suf-
ficient to 1imit » to the wvalue r, at whichk the vapor concentration
corregponds to the lower concentraticn limit of ignitien, i.e., the
leanest mixture, characterlized by an air 2xcess a, an¢ the tempera- >
ture Tv of the vapor-air mixture will be equal tc the ignition tem-
perature.
From Eg. (1.47) we obtain
!* = r“.}, (1-52)
b e_-T¢-Tr {1.522}
et
Substituting {1.52) into the expression fer AG', we find
BG = 230, 2 (8 — 1} £1.53)
o o EXaPe 3 fed
¥ G = B S ed ).
¥ XTe K
Str {1.53a)}
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air in the mixture, respectively.

Cconsidering that

|
g.=l-:{:.l..' gﬂ= I+G.L" (1‘57)
we can write Eq. (1.56) in the form
Y“'_:y_.(i-i-a.&). (1.58)

Al
%h4-w

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 negliginply small compared with the quantity
quo, 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

Ys __ BnPn Ix 3
—= (1.59)

After having substituted into Eg. (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 »r

v’
the magnitude of radius r, can be defined as
fs'—'f;ajLi ::: %;;' (1'60)
~

where T  1s 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

AG'z%r-?i:s%{"!‘ %%%d’)z—"f]"_' (1.61)
and = onr} s’;;’;-‘;. [( %:%:"77:7:)2“i] (1.62)
i s S OR]

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

- T, -
r9=-:—:-=u‘L'%—1i-'—::—. (l.b3)

Considering this, the expression for the degree of the initiai
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vaporization can be written in the form

_ Bopn (2 _ “1.64)
Q—‘z‘ s4s7‘n, 1.

For the instant of ignition which 1s possible only when two
conditions are realized simultaneously at the ignition peint, and
namely, the necessary fuel vapor concentration and a temperature
equal to the spontaneous ignition temperature, the two values of
the degree of initial vaporization (1.54) and (i.54) are numeri-
cally equal. In this case, the ignition condition can he written
in the form

8 =r, (1.65)

or in expanded form

TF(T:Q—TF) Ya Pn 1.66
T, (T:p —Ta) P- ) Q.L' ( )

I, is readily seen from Eg. (1.64) that 2, the degree of ini-
tial vaporization, 1s independent of the drop size but is entirely
determined by the physical properties of the drop substance. Light
fuels with high vapor pressure hive relatively large values of Q;
ignition of theilr vapors occurs at considerable distances from the
drop surface. With l1ncreasing fuel-vapor molecular weight, the de-
gree of initial vaporization is reduced and the igniticn 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 -7, is large.

TABLE 4
Relative Radius ?5 and Degree of Initial Va-
proization Q@ for Some Liquid Fuels

Tloxasarear ) Kepocan 2 Ca::g:om' Masyr
S Cpeannid wosexynapunf pec . . . . 160 200 340
; Teuncpatypa RoBepxHOCTH han:-n. °K 33 473 573
Vzeashuit sec Tonausa, x2fsd . . . . 800 850 920
$ nipeneabnoe smavenne HIGNTXS aonyxa iy 1.75 1.9
Teuneparypa cavosocniawexerns, °K 673 653 653
30ynpyrocts napoe, x2fad . o . . . .. 370 166 80

JOCHTETBNBI PAIHYC 30HH BOCRA3-

MEHEHHE - « ¢ « o o o = o + « « =« 6,31 3,80 2,48

3 2Creners NpeABIDHTEALHOTG HCMADEUHS 0,0238 0,0019 . 0,00C415

1) Indices; 2) kercsene; 3) solar oil; U4) petroleum residue; 5) av-
erage molecular weight 6} drop surface temperature, °K; 7) specific
gravity of fuel, kg/m?; 8) maximum excess of air; 9) spontaneous
ignition temperature, °K 10) vapor pressure, kg/m s 11) relative
radius o f the ignition zone; 12) degree of initial vaporization.
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Table-4 gives tentative values for f and ;}, calculated by

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

ignition, taken from Reference [10].

Thus, having determired ﬂ, it.1s poasib e to calculate the
time required for the initial vaporizaticn.

If the term "igniticn lag" is applied to a single drop of 1i-~
quid fuel, meaning the time interval between the instant of its
introduction into the heated medium and the instant o the appear-

ance of a visisle flame, the ignition lag can be represented ap-
proximately in the form

fr=fnp+‘.-en+f_nx- (1.67)

where Tpr is the heating time of the drop; Tisp is the time of ini-
tiel vaporization; T4ng is the period of "chemical induction.”

All other conditlons equal, the quahtities Tor and Tisp are de-

fined by the square of the initial drop diameter. The chemical in-
duction period Ting 1s determined only by the cnemical 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 expresslon of the
form

f,u=Aexp(-§TA—-). (1.68)

where A 1s a factor typical for each fuel; E is the activation en-

ergy; R 1s 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 moust general

form, the total 1gn1tion lag of the fuel drop can he expressed in
the form of the binomial function

t.n'tu"*'%! (1'69;

where kv 1s a coefflclent, conventionally called the ignition char-
acteristic

knpku hY
R s et (1.79}

This characterisiic is dctermined by the properties of the
fuel as well as the heating conditions of the drop.

This form of notation for the ignition lag 1s also convenient
because direct determination of ignition time compcnents under real
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conditions presents great technical and methodological difficulties.

The total ignition lag is much more easily and accurately cetermin-
ed.

According to Eq. {1.69), the squsic of the drop diameter and
the total ignition iaz are relziia by a linear function, in which
the graph of this function never passes through the origin of the
coordinates, even for drops with vanishingly smail diameters. The
curvae slcpe T, = f(d$) is determined by the properties of 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.

Fig. 5. Diagram of apparatus for investigating processes of igni-
tion and coumbustion of a single drop in a stationary medium:

1} Electrid muffle furnace; 2) thermocouple; 3) galvanometer; 4)
drop; 5) lever for introduction of the drop; 6) lens; 7) photo-
resistance; 8) photocurrent amplifier; 9) lcop uscillograph; 10)
marker of instant of drop introduction.

Figure 5 shows a diagram of an apparatus for the study of the
ignition and combustion_processes of éingle drops of iiguid fuel,
which is used at the All-Union Research Institute of Rallway Trans-
port.} A fuel drop with a diameter of 150 to 706 ym at the erd of
a fire wire (0.03 mm) was introduced through a small crifice into
the furnace 1n which the temperature was varied in the range from
700 to 950°C and monitored with 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 recorded 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 the oscillogram.

The experimental data showed that a linear relation really
exiscs vetween the ignition time and the square of the initial drop
dlameter and, moreover, that this relation applies to a wide range

of liquid fuels, from kerosene to heavy petroleum residues of the
M60 type.
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The data in Fig. € 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 correspondling line and, conse~
quently, the smaller the value of kv. Accordingly, the time re-

quired for the ignition of the drop is increased.

Ly,mncex
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Fig. 6. Ignition time of a single drop of various fuel grades as a
function of the square of the initial dro, diameter (tsr = 859°C):

1) Kerosene; 2) diesel oil; 3) naval petroleum residue 12; k) fuel
nil 20; 5) fuel oill 60. A) T, MS.

The general trend of the relation T, = f (d3), 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
l1imited by the "chemical induction" time. All the straight lines at
d$ = 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 Tind differ only slightly

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

difference in these values for various grades of petroleum 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 kv (ignition characteristic) from
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{1.69) can be defined as

e,

k, = i

Ts— Tuax

Table 5 shows the ignition characteristies of various fuels,

determined by means of Eq. (1.71).
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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) te, = 700°C; 2) top = 85¢°C;

TABLE 5

= e
3) tg, = 950°C.

Averaze Ignition Charsacter-
istics of Some Liquid Fuels

(¢, = 850°C)

Tonazso 1

“ Kepoch® . « o . . . .

S Musensnos tonauso . . -

6 Masyr 012 . .. ...
Masyr M20 . .. ...
Muyr MO . .. ...

7 Kpexunr-ocratox . .

8 Huauuaposoe Macko

1) Fuei; 2) Ty S5 3) ks cm?/s; U) kerosene; 5) diesel oil; 6) pe-
troleum residue F-1i2; 7) cracking residue; 8) cylinder oil.

Compariscn of the k., values in Table 5§ shows that this coef~
gigated temperatur~ range (70(~%
considerably as thez fuel gets heavier. The "chemical inductior®

time droups markedly with increase in temperature, as shown by the
curve 144 = f{t ) 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 (tsr = 7C0°C, w =

= 2,63 m/s): 1) Cracking residue; 2) petroleum residue M60; 3) dile~
sel oil. A) s.

Thus, examinatlion of ignition process features for a single
fuel drop, stationary relative to the air, and corresponding ex-~
perimental data, demonstrated that the duration of this process is
determined mainly by the heating time, the initial vaporization
time and the time of chemical induction. For the heavy fuels, the
main factors are the heating time of the drop and Tying? since the

initial vaporization 1s of relatively less importance. With decrecase
in drop size, the effeet of Tyina predomirztes. Hence, a radical

method of accelerating the process of drop preparation for combus-
tion 1is an increase in gas temperature, simultaneously with an 1m-
provement in atomization efficiency.

Conslderably more complex 1s the ignﬁtion’;;ocess of a meving
fuel drop. In this case, the fuel vapors will be removed to the
ambient medium, which interferes with the formation of a flammable
mixture at the drop surface. It can be assumed that the instant of
ignition for the moving drocp occurs somewhat later than for a sta-
tionary drop, since a much greater vaporization intensity is then
required. .

Direct observation of the ignition process of a fuel drop en-
trained in the stream made 1t possible to establish that at low air
spreads drop ignition takes place close to the surface, the flame
immediately enveloping the entire drop surface. With increase in the
air speed, the fuel vapors coming off the drop surface are ignited
at a certain distance frcm the drop in its wake. This distance in-
creases in proportion to the 1increase 1n the airstream speed and at
certain values of the relative drop velocity vapor ignition did not
take place. 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 analogous phenomenon
has been described in Reference [91, where some data are given on
the ignition and combustion of liquid fuel drcps {kerosene, isooc-
tane, ethyl alcohol).
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In ignition of drops moving 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 ctserved (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 whizh the tinme
required for drop ignition under these conditions increases.

The shape of the functien 1 = f(d§) 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
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Fig. 9. Ignition time of a fuel drop in a stream as a function of
the drop size and the relative velocity (tsP = 850°C): 1) w =
= 6.5m/s; 2) w=3.9m/s; 3) w=2.63m/sTA) s.

as for other fuels) 1s cf -the same order as in the case of a sta-
tionary drop. The average value of the ignition characteristic for
given conditionsi determined in accordance with Fig. 9, amounted
to kv = 0.038 cm‘/s for diesel oil, 0.020 cm2?/s for petroleum

residue M80 and to 0,031 em?/s for cracking residue. At airstream
speeds over 0.263 m/s, fuel drop ignition occurred oniy at a
streoam temperature of not less than 850°C. With increasing air-
stream speed, the average value of the ignition characteristic
decreased (see Fig. 9) andé, accordingly, the time required for the
ignition of the fuel drop increased. At the same time, the chemi-
cal induction periéd remained virtually constant. The increase in
the ignition time, determined from the reduction in the ignition
characteristic kv’ is apparently explained by the presence cof =z

relative velocity, as indicated earlier.

Examinaticn of ignlition conditions for a fuel drop, station-
ary as well as moving at relative velocity, enables us to conclude
taat 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) 1is 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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+1cal characteristics of the drop substance an

fuel, the role of the initial - ~ipt
in imporiance. Simultaneously, e r
zone 1is reduced.

¢". :5 considerably reduced
~tiv= radfus of the ignition

The presence of a relative drop veloci.v does not introduce any
significant changes into the general natu»c 2f the ignitior pro-

cess. However, the toval duration cf the . 1.e2ss increases becauss
of the more intense removal of vapor frer .2 44iu» surface. Al-
though the presence of a rcelative velor., ~2orewsat Increases the
vaporization rate owing to t ‘ntensif{i.cocion «f *he pirreheating
process and the lowering of artial vapor pires.re near the drop
surface, the maximum concentr. :on of the fusi warqy 1s attalned
somewhat later. An increase in the relative v3i. :icy cun: have the

consequence that lgnition of the drop Secormes iiuy s-.tl: even if
the stream t‘emperature exceeds he spontaneous igprition temperature.
Depending on drcp size and the properties of the (uv:1 (molecular
welght, activatinn energy, etc.), in real flames, where ércops of
different size are gresent, small drops (io ~50-100 uym) are ignited
much earlier than larger ones. The ignition of the "atter, however,
should take place only under ccndit.cns of an already formed flame.
This 111 be most clearliy manifest in a flame of heavy fuel.

5. COMBUSTION OF THE DROP

The analysis of the combustion process of a fuel drop should

be based on consideration of the mutual influence of the factors
which determine the chemical kinetlcs, heat and mass transfer, va-
porization and cther phenomena azcompanyire combustion and caused

by it. Evidently, the building up of a complete thecretical schem

of the combustion process involves extremely great &ifficulties.
Hence, the theoretical works discuss idez2llzed schemes, usipg ner~
vous simplifying assumptions. Removed from “he real conditions of
drop combustion, the process is consider=d as guasi-stationary under
assumption of spherical symmetry of the temperature and concentvra-
tion flelds relative to the drop surface and also of a credomlna~
ting Influence ct the diffusion, compared with the ’zinetic proceases.

Based on thece simplifying assumptions [11], the precess of
combustion of a spherical 4rop can be described by a system of dif-
ferential equations in accordance with the following ¢ heme (Fig.
10). The diffuse fuel vapors from the drop surface toc the combus-
tion zone and oxygen diffuses from the ambient med.uvwe. A chemical
reacticn of the combination of the fuel with oxygen takes place in
the combustior zone, in consequence ¢f which heat 13 ovolved and
combustion pr. cuets are formec, which are carried away into the sur-
rounding medium by diffusicn. The heat cvolved duriag the reaction
is partly tre-sferred to the drom by heat conduct! s and i3 partly
given off tc the surrouncing medium.

The diffusion thecry of combusticn of singls drops in absence
of convecticn makes it possibie to caiculate the mass rate of com-
bustion of a fuel drop, the drop temperature and the tempcrature
of the combustion zZone and 2lso the reiative distanze of the com~
bustion zone from the drop surfsce when the wariation of the phys-

d its vapor as a fung-
ticn of temperature is known. The combustion tt ¥ a stelionary
drop of fuel, according tc d4iffusicn theory, i
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n=2, (1.72)

By —— (1.73)

where rq is the initial radius of the fuel drop; rg is the radius
of the combustion 2zone: Ye is the specific gravity of the fuel;
Ty, Ty respectively, are the dimensionless temperature (7/7.),
the dimensionless temperature of the drop (Tk/To), and ¢(z) is a

functiou, defining the dependence cf the heat transfer coefficient
on temperature; ffzi, xk) is a function, defining the dependence

of the variatiocn of the heat content of the fuel vapors on z and
x .
k

2 3
1 3 &

Jome LI 8

S flotepzrscmo neni

Fig. 10. Scheme of the combustion of a single drop. 1) Combustion

g?ne; 2) oxygen; 3) combustion products; 4) vapor; 5) drop surfeace;
heat.

Thus, acecrding to diffusion theory, the combustion time of
the fuel drop is proportional to the square oif the initial drop
radius cn condition that the quantity kg, often referred to as tne

"combustion constant," does not vary during the combusticn of the
fuel drop.

The later works [12, 13, 14] on the study of the laws of com-
busticn of single drop on the whole, are analogous to Reference
{11] with regard to the :alculation scheme and method. However, in
some detalls they use simpler assumptions; for example, the inde-
pendence of the heat transfer coefficlient from temperature and also
the equality of the drop t2mperature and the volling point. Although
these assumptions do not introduce great errors into the calculation
results, they nevertheless make the whole calculation system less
exact. Common to all these theoretical works is the fact that

they
lead in principle to the same conclusions concerning the laws of

O1

- 30 -

R

LI G

e

| A ¥




.

P e

combustion «f a single-component fuel dre ticnary me

+Clhialy meddium:
1) the mass rate of combustion of the drop is proportional t¢
the first power of the 4drop radius;

2) the relative radius of the combustion zone (ratio of the
combustion zone radius tc 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-comper
ent fuel 1s proportional to the sguare of its initial dlameter.
The e¢xperimental studies of the combustion of a single drop [15,
16, 17, 18] basically confirm tne 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 relstive veloecity f¢
the drop. The data obtained 1n these works, mainly carried out on
light or generally single-conponent fuels, madz it possible to fo:
ulate the baslic 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 1nitial diameter in accordance with diffusion
theory. The drop dlameters during intermediste lnstants of time ar
determined fairliy accurately from the zxpressicn

@ = do— ke (1.74}

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

beginning of combustion; d¢ 1s the drcp diameter 2t the initial
instant: kg is the proportionality factor.
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Fig. 11. Variation of the square of the Instantanecus drop diamets
dT as a function of time in the combusiion of a single drop in sta

tionary air (y = 0.8€4; to. = 800°C). 1) =s.
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The validicy of this relation {Sresznevskiy low) is confirmed,
for examplc, by the experimental curves of the varlation in the
square of the drop diameter of n-heptane, isooctane and kerosene,
burning in a medium with a temperature of 860°C [19]. However,
when real and particularly multifraction fuels were used, a certain
deviaticn cf the ecmbustion relationships for single drops from
the law deserived by Eq. (1.74) was observed. We note that even in
the combustion of a single dron of benzene, the relation between
the ini4izl drep diameter and the time cof its complete cewmbuztion
in 2 stationary medium is described by a broken line conslsting of
segmenis of two straight lines, the intersection of which corres-
ponds to the instant of drop ignition. An analogous pattern is ob-
served in the combusticn of single drops of solar oil.

Conssquently, Eg. {1.7L) applies only during the period of the
actuzl combustioan of the fuel dreop, with exclusion of the period of
preparation of the drop for combustion. In this case, the value of
kg will be the true value in contrast to the "apparent" value of

X!, defined as ths ratio of the square of the drsp dlameter to the
total dombustion time, aiso including the preparation period

"I *
v

Lezordingly. ké
of kX_.

g

The need to transform Eq. {1.7%) into Eq. {1.75) becomes aven
more obvicus from the data on the time dependence of the square of
the instantanzous drop diameter of liguid fuel with a specific
gravity of 860 kg/m® (Fig. i1} {2G]j. Thus, the concept of a com-
busticn constgnt whiceh is usually related to the proportionality
factor kg and ké in Egs. {1.74) and {1.75), and is fairly frequent-
1y encountered in the literature, 1is nct guite accurate if one has
in mind the real industrial fuels. Prom our point of view, the most
sultable term 18 combustion characterietic, becausa the quantity
ké chiaractespizes oqly the total duration of the combustica of a

fuel Srop without providing any possibillity of determining the drop
s5ize during intermedlate instants of time. In one of the first
works on the verification of the appiicablliity of diffusion theory
to the case of combustion of a single drop of heavy multicomponent
fuels 1t was found that In drops of petroleum residue, entering 2
stream of 3lir heated tec 960-113G°C, two stages can pe {airly clear-
1y distinguished. During the first stage the rate of vaporization
is gquite low, in consequence cf which a certain increzsse in the
grop diameter is observed due to the thermal expansicn of the pe-
vroigum residue. After the ignitien of the vapor thus fermed, the
vaperization intensity Increases rapldly, resulting in a decrease
in the drop diameter in proportion to its combusion. In some ex-
periments, spari formaiicn was observed toward the end of the com-
bustion process, cerresponding to 2 certain increase in the sige

n decreazsed until 1tz complete
was not cobserved in the combus-~
~ark formation toward the end of

will be soaomewhat sma2ller than the true value
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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 thelr 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 chis it is
concluded [17] that the drop of heavy fuel may explode, in conse-
qgquence of which the combustlon time can be considerably shortened.

N
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Pig. 12. Typical oscillograms of the combustion of a single drop in
quiescent "cold” air on ignition by a spark discharge: a) For diesel
0il; b) for petroleum residue M8C. 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 cf 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 1is
much lower than the normally observed temperatures orf a drop of
"dry" petroleum residue. The water in the drop is overheated and
vaporizes, forming steam which ruptures the dropn, 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 determine¢ by other causes, namely: the con-
tinuous coke formation on the drop surface. To some degree thls
contradicts the hypothesis that all fractions vaporize simuitaneous-
ly from 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 1ndicates selectlve vapyrl zation
in which the light components are preferentially vaporicze The
heavy components are heated ana form a coke layer on the surface,
which then ruptures at different points. In this case, a nlghly
porous residue should form at the end of the combustion period,
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censisting of particularly heavy fractlons 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.
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Fig. 13. Relative weight of the ccke 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 pericd
(preheating and ignition) in studles 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 of 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 propertles 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 o0il. This period corresponds to a nonzteady 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 2zone.

For diesel o0il 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 emissicn of a diesel oil flame is terminated consid-
erat ly sooner than that of a petroleum residue flame. Simultaneocus-
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 combustlon of the petroleum residue is terminated
and a coke residue remeins on the quartz suspension in the form of
a porous bndy, the dimensions and relaztive weight of which are dif-
ferent for different grades of vetroleum residue and drop sicscs
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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 fcermation 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 coke residue
for most heavy fuels is relatlively small, and the relacion between

the drop combustion time and its initial size can be written in
the form

. N (1.76)

where do 1s the initial drop diameter; doqt is the calculated drop
diameter at the end of the combusticn;

3 / 6Y+CroncOxons 1.
dm.;‘/_y__s‘q_‘g_"i_ (1.77)

where y, 1s 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 1s 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 1li shows a graph plotted from ex-
perimental data for the M50 and MB0 petroleum residues and Tatle 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, di?fer only slightly, whereas the rela-
tive welghts of the coke residue have a certain tendency to Increase
as the original fuel gets heavier. The slight difference in the
value of kg for different grades of petroleum residue can be account-

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 gacification which are not strongly
dependent on the difference in properties or group composition. The
total combustion time, taking into account the combustiorn time of
the coke residue, differs with the grade of fuel.

Of greatest interest from a practical point of view 1s the
case. of fuel drop combustion in presence of a relative valoelty
(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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die — s = by, (1.78)

kr=4§££ﬁLi$¥ﬁfI¢cﬂdg (1.78a)
L'q.YT‘v ’ X
"m
P z, -1
- @ (x) dx (1.78b)
@ == qOL K4 i (x§5%) [xi P (X) d‘] ’ 7

where w 1s the relative velocity of the drop; v is the kinematic
viscosity of the medium; Zun is the dimensionless temperature at

the outer surface of the combustion zone (Tvn/i“g)a

T.cen
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# 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) Petraleum residue M60; 2) petroleum
residue M8BU. A) s.

TABLE 6

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

Fuels
. X3paxrepacenxy TonAXas 2
Fonamee 8 XN EURIECRN [y A L
3 b *
S JIN3eablior . . . - . . . Y DS [ — — { 0.71-0.72
EMayyr ¢C5 . . . ... ... N7 40 103 51 |065] —
Masyr @22 . . . . ... 952 | 83 124 66 | 062} 65
Moyt M2 ... ... .. %13 | 4.0 - 55 | 0651 55
Masyr M0 . . . ... ... — 55.0 180 — 10681 63
Mazyr M30 . . .... ... ~ | 770 152 — | 062 65
7 KPpFMIHP-OCTATOK - » o o « « . — 11100 _— 18,7 | 6,64 ; 11,5
) 8lyapot - . . - .. . 0. - — — 193 105651 —
9 Hnannaposoe maco . . . . . -~ - Bi.l%xe 300 057] 0

1) Fuel; 2) fuel characteristies; 3) VU; 4) coking capacity; 3)
diesel; €6) petroleum residue; 7) cracking residue; 8) petrcleum as-
phalt; 9) cylinder oil; 10) over.
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The experimental data obtained by filming a drop during com-
bustion ¢f virtually single-component fuels (isooctane, alcohovl
and kerosene) in a stream of preheated air in the form of the curves
of the function d%/3 = f(1) 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 scme delay. The primary ignition focus appears in the
wake of the drop at a certain distance from its surface anc then
the flame the flame envelops tne entire drop. The liguid drop 1is
then within the combustion zone until its complete disappearance.
This pattern is observed only when the veloclty or tne impinging
seream is less than a certain critical value which depends on the
temperature of the stream. With increase in the airscream 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.

a5 b W';';A

Fig. 315. Instantaneous drop diameter as a function or time for
various flow conditions: a) w = 5.7 m/s; tgp = 700-T10°C {with
flame breazkaway); b) w = 1.5 m/s; L 700-710°C (the drop burns).

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

As in the combusticn of a stationary drop of heavy fuel, the
calculaticns of the dror combustion time In a strem < f neated air

o v

cc
are usually based cn the relaticon between initizl 2rop :zize and
v >
the time of its complete <combustion in the strear:
dn = kT r1.79)
Usually, n = 2, ahich y'~23dz a 32ight difference ~elative to
n = 5/3. The experimental dns*a - plctted in csordinates of df, T —




obtainea during combustion of cracking recidue in a stream of hot
air which has a relative speed of w = 1.8-2.6 m/s [22] show that
in this case there is &again a linear relaticn between the square
of the drop diameter and the combustion time.
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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; 2) time
mark.

Fig. 17. Dlagram of the testing device for the stiudy of the fuel
drop combustion piocess in a stream of hot air: 1) Heating furnace;
2) fan with el<ztric motor; 3) control transformer; U) watercooled
screen; %) thermocouple with potentiometer; €) contact group ts
actuate transformer; T7) contact group for initial time mark; 8)
fuel drop; 9) thermocouple block and ionf:zaticn sensors; 10) photo-
meter sensor; 11) photometer; 12) loop oscillograph. A) V.
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The experimental investigations carried cut at the TsNII MPS
{22] 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 alr. A distirctive feature of this method of investigation
is the separate determinaticn 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 rairly smoothly. Compared with petroleum residue, the
rate of increase in flame luminosity for diesel oil 1s 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 tdotal combustion time for a drop of diesel fuel
(~50%), and to 30% for petroleum residue. The practically abrupt
cessation of flame .uminoslity observed with these fuels attests to
the cessation of the combustlon process for the maln liquld phase
of tne drop. which corresponds to the complete combustion of dlesel
0il. With petroleum residue, thls instant 1s followed by luminosity
with considerably less intensity. This pericd of heavy-fuel drop
combustion corresponds to combustion of the coke residue which forms
during the comhbustion period of the liquid drop phase.

Further investigations of residue fuel singie drop combustion
featureg in petroleum residues were carried out by the authors un-
der slightly modified conditions., At the instant of drop suspension
the alrstream was covered by a large horizontal watercooled screen
to prevent heating of the drop during its introduction and measure-~
ment. Three low-lag thermoccupies were placed in succession at dirf-
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 fiame ilonization sersor. Flame lum-
inosity was recorded by a photoelectric ovhotometer (the diagram of
the test equipment 1s shown in Fig. 17).

Typlcal examples of oscillograms of the combustion process of
diesel cil and petroleum residue, obtained under identical condi-
tions, are presented in ig. 18. If one examines threse oscillograms,
we r'ind that the luminos’.ty curves for a drop of petroleum residue
and diesel oil differ cor.s;iderabliy in character. The luminosity
curve 5. petroleum resic¢ie has three clearly dlstinguished sections,
whereas the luminosity curve of diesel o1l 1s a smooth curve with a
marximum situated approximately in the middle. The shape of the lum-
inosity curve generally approximztes fairly closely the curve of
the flame ionizaton level which, for petroleum residue, also has an
inflecticn wanich coincides in time with the first inflection o, the
luminosity curve. The second section of the luminosity curve for
a drop of petrojeum 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 sectior 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 found for the combustion process of a single
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drop. Analysis of the oscillicgrame ma¥cs possible the concluslion
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 thelr combustion. While the combus-
tion of a drop of diesel oll proceeds in two stagec — preheating
and combustion proper — the combustion of a drop of petroleum resi-
due takes place in four stages - preheating, two combustion phases

i 1 T
\ ! : IA‘ Ny l
] ]mWMu& AN Nt 2
;Z\ 7 il \
wr"r;r? ~¥\S\“ 4 '\ 'd
= “'4[., L4 bra h i
N ) 2 N
\¢
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L/ .
1 Ralin sl bl%.

Fig. 18. Typical oscillograms for the combustion of a fuel drop in
a stream of hot air: a) Petroleum residue M20; b) dlesel oil.

1) Flame lumirosity; 2) flame ionization in zone of 1lst thermo-~
couple; 3, 4, 5) thermoelectromotiv force curves for £hermocouples
i, 2, 3. A) ms.

and the combustion of the-coke residue. The second stage of the
combustion of a drop ¢f petroleum residue, ccrresponding te an in-
crease in flame luminosity and ionization, evidently also deter-~
mines the foermation of the coke residae, the combustion ¢f which
forms the concluding stuge. Examination of the curves for changes
in the thevmoelectromotliv force of the thermoccouples 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 sectlons most clearly evident for the thermncouple
located near the drop, obwviously in the zone of the highest temper-
atures., The first section represents the preheating period of the
rop during which the thermocouplz junctions are in contact only
with the hot alr whose temperatur : corresponds to the slope of the
trace. The inflection point which is the boundary bet¢tween the first
and second section correspends to the instant of drop ignition
when the thermocouple Junctions are subjJected to the action of
high-temperature combustion products. The third characteristic
point of the thermoelectromotiv force curve corresponds to the
termination of t! : combustion process in the licuid phase of the
drep, shown by the change in the nature of the curve. Proc2ssing
these 2urves and taking into zccount the statistlical and dynamic
characteristics of the thermocouples empioved, we were able to
build in first spproximation the variaticn pattlern for local tem-
perature. with time (Fig. 1G}. As follows from Fig. 19 which also
shows the luminosity and ionization curves, the highest tempera-
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Flg. 19. Time v~ .ations in flarme temperaturs for a single drop in
& stream of ailr (f_ = 8359C): a) Dlesel oil; b) petroleum residue.
1, 2, 3} Flame températures in the zones of the first, second and
third thermccouples, respectively; &} flame luminosity; 5) flame
icnization in the zZone of the first thermocouple. A) ms.

tures de-elep during the initizl combust.on period in a drop of
petraieum residue, In the immediate vicinity of tne drop, which
apparently correspends to the pesition of the ignition front. The
subsequent development of the combusticn process 1is characteirized
by continuous lowering cf the temperaturs of this zone, to the in-
stant 2t which the second combustion stage begins. From this in-
stant on, simultaneous with the increzse in flane luminesity and
ionization, the temperature also begins to rise, witruut, hcwever,
attaining its previcus maximum. This is followed by a sharp drop in
temperature to values approximately corresponding to the airstream
temperature. The two other thermocouples, located higher, show an
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analogous variation, but with smller absolute vaiuss.

The curves of flame temperabure variation in a drop of diesel
0il are gualitatively of a different rature (see Fig. 1%, b). In~
stead of the dip in the temperature curve, in this casze we have a
general tendency to decrease afier passing the mazimum. The flans
temperature maximum differs for dleszeil oll and petrcleum rssidue
by 500-600°C and also by positicn. The maximum flame tamgerature
during the combustion of a2 drop of sclar 2il is attained slightly
earlier than for petroleum residue. The numerical values of the
maximum flame temperatures coincide falely we2ll with the zalcuiz-
ted combustion zone tempsraturss giver in 23, 242} #nd amcunt, re-
spectively, for benzene, to 3L0Q°K, for n-heptans, to 3238°K, for
ethyl alcohol, to 3100°K, for tolueme, to 3370°X, and for sthyli-
benzene, to 3476°K. The average msximum temperature which we found
is ~2900°K for diesel cll and ~2550°K for petroleum residue.

_L ~- e et s "ol -
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Fig. 20. Uscillogram of the combusticn of z singie drop in a streanm
of air: 1) Marks for the insta.ts of vecording; 2) time wziks;
3) drop temperature; 4) temperature of the darop; {lame.

~ At the same time, the general iaw time variation in flame
temperature and the numerical values of the maximus temperatures
are in definite contradiction to the dsta published in [171 whave
it is stated that "the drcp (flame) temperature in the combustion
zone remains constant and ia the same for petrcleum residue and
solar oil, amounting to 180G°K.™ As =zn iilusiration of this, an
cscillogram is presented (Fig. 29) showing a trace of the flanme
temperature measured by means of a spezially dszligned photoelec-
tric pyrometer. Reference [25] presents data o2 the flame tempera-
ture variation for a single drop from which follows that the {lame
temperature toward the end of the combustion proscess of a drop of
kerosene increases vlightly, in the same marnsy as the decrease of
the initial drop diameter. £from cur standpoint, the difference
between the data obtainzd by us @nd those given in [17. 25] iz ex-
rlained mainly by the difference in the method of mesasuvrsment.

The fact that the flame of a single drop containg a large nuom-
ber of incandescent carbon particies, 1.e., particies vwhose tzm-
perature is, strictly sreazking, measured hy opftical and paoigcelec~
tric pyrometers, does not signify by any means that treilr n wber
remains constant during the entire combustior prozess. It is nhighly
prcbablie that the number of such incandescent zoot particlies varies
with time, for example, increasing toward the znd of the pvoiess,
as indicated by the luminosity and ionization curves. It is alsc
quite probshle that the quantity of hydrogen formed zs 2 result of
the acecompositicn of the fuel vapor in the pr--flame zone wii: reacn
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a maximum during the initial combustion periocd and will decreage
toward the end of the process. These circumscances can have the re-
sult ¢hat at the initial instant of combustion, despite “he high
temperatwi e, flame luminosity and, consequently, color and bright-
ness temperatures of the drop flame will be comparatively low,
whereas toward the end of the procesc the reverse pattern will be
found; 1.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.

Certalin errors are naturally involved in the measurement of
flame temperature with low-lag thermocoiples. However, these errors
mainly concern the absolute temperatures and much less the nature

of 1ts time variation, as confirmed by the entire set of oscillo-
gram curves.

Compariscn 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 ¢f a drop of dlesel oil, averaged over the entire flame
and th= whole _ombustion period, is about 1900°K and for a drop of
petroleum residiue ~1850°K, whereas according to the data of [17]
this temperature is about 1800°K. Thus, the research results per-
mit the combustion process for a single drop to be described in
first aporoximetion 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 ar a very high rate. Under the influence of the high combus-
tion-zone temperature, the fractional vaporization of the fuel from
the 2rop surface continues and is apparently accompanied by pro-
cesges of fuel decomposition on the drop surface. As a result, fuel
vapors greatly enriched with hydrogen arrive in the combustion zone.
Hence, Higﬂ temperatures develop in the combustion zone and the

cumbus ion zone 1tself is now located at a rather great distance
from the cérop surfzace.

N
-

The flame temperature then decreases in propcrtion to the con-
sumption of the light fractions and the combustion zone moves nearer
t¢ the drop. wWhen the flame front is failrly close, the surface
temperature of the drop beings to increase rapidly, apparently lead-
ing to an intenglfication of the fuel decomposition process, chang-
ing into & pyrolysis process with formation of aromatic gaseous
hydrocarbons and coke. The combustion of these hydrocarbons in the
flame zone obvisusly entalls a temporary temperature increase and
high lumincsity for the combustion products because of the higher
concerntration of incandescent soot particles.

Coke and polyassrization products of tars and asphaltenes graa-
ually accumulate within the drop. Hence, drop surface coking will
et in and ejection of flammable components from the internal re-

gionb of the drop way occur. The development of these processes
causzes the guantity of gaseous hydrocarbons given off at the drop
surfage toe tecome -nsuific*ent to maintain combustion in the gas
chase. From tnis instant on, coke residue combustion stage begins
if the parameters (temperature and cxygenr content) of the ambilent
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medium correspord to the combustion conditions.

The foregsins scheme of <
applicable to rhe combuzticn preees

He coticiuded from Fig. 1%t yhaws here toc ¢
relaviveiy light Fructions wléeh ralatively carvun content takes
place during the initigl pevicd of the combusticn precess. Duripg
this peviod the Lighesy femperatures gevelop tat flawe luminocsity
and lanlzation zre relatively olight. Ip crovortican to the increase
in melocular welght oy tne fued vepor and its enslichment wlith car-
Len, flame luminosity and icnization inerease aud tempezrature de-~
creases menotontically. It can be aszumed thal n coke residue is
gain formed, but in such smill guantity cthat its combugiion vir-

tuaily ceincides with the . lnal p2aricd »f Jdrcep compustion,

rds 4D

stlon proucess develcpment is also
; es&l oil digp. It can

e combustion of the
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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 dismeter (w = 1.18 m/s; ¢ =

sr

700°C): a) Petroleum residue M80; b) cracking residue. Te) Total

combustion time of a drop {including ignition period); T_.) combus-
D

tion time of the liquid phase (without ignition pericd); Tk) com-

bustion time forthe coke residue; Tk/Tg) ratioc of cocke residue

combuztion time to the total combustion time of the drecp liquid
phase (including ignition periocd). &) 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 (v = 1.18 m/s):
a) top = 700°C; b) top = 850°C. 1) Combustion time of a drop of

diesel oil without taking intc 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 combustion of heavy liquid fuel drops,
although the fact of its existence itself can be considered as es-
tahlished. Also taking into account tanat the transition of the
basiec 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 ligquic phase com-
bustion stage. Accordingly, the total combustion time of such a
drop will be determined by the total duration cf th> preheating

and ignition processes, steady combustion and ccmbustion cof the

coke residue. _

According to the data of [22], the total combustion time Tys
including drep ignition time in an airstreamr (w = ¢.2-3 m/s; ton

700°C) as weil as the combustion time of the main liquid phase eof
the drop are described adequately by a linear relation of the
(1.75) type. The combustion time fer the coke residue in first ap-
proximation can also be represented in the form of a linear func-
tion cf the square of the initlal 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 igniticn period,
does not remain constant witn variation of drop sizz, since for
drops with small diameter the combustiocn time of tne ccke residue
is coemparable to TE and I'ro cracking residuec may even exceed it.

with Increase in the iritizl drep slze, the re it? e ~cmbusticn
time for the coke residue dacreacses, 2lthcuph v t-olate value
cf T inereases, ac 1s c¢learly evident fror Fip. <f. The curve

representing the combustion time of the liquia pracge (witnhout
taking into account the ignition period) as a functicn of the
square of the diameter for petroleum residue ana cracking resldue
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is virtually the same and differs only slightly from the ana’o-
gous relations for diesel oil (Fig. 22).
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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;b)w = 1.18 m/s; ¢) w = 1.58 m/s; d) w =

= 1.98 m/s. A) s.

For clesel oil, variation of the temperature conditions (air-
stream temperature) within the investigated range has virtually
no erfect on the total duration of the combustion process or on
the duration of the combustion precper. 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 tie duration of the freparation of the fuel and the com-
tustion . the coke residue. Variation of the flow conditions
arcund the Zrop, expressed in a variation of temperature and vel-
peity, did net mocdify the generazl sequence and nature of the de-
velopment of the comtustion preocess (Fig. 23). The airstream speed
was varied in the range of 3.3-6.5 m/s. In this case, compariccn
cf the ccrrespenéing tetzal combustion times for & single drop of
petroleum residue iTT) uncger different airstream conditions shows
that zhe value of Tz“is avproximately conatant., At the same time,

the corbtustien time o the liqulid phase increases with Increazs in
tre relative vesovity. Tils phenomenon is a recult ¢f bthe fact <hat
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with increase in airstream
to the drop and the pring

as

speed the flame 1s displaced relative
ipal comvustion 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 1s reduced. An increase in the rate of combustisn
of the coke residue compensates to a considerable degree for the

increased combustion time of the 1liquid phase.

TABLE 7

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

Grades of Heavy Fuel

b Yesaonun ropennn

X

. r
°M:'° tepe °C | & al;nt ,,7:,“.‘
5 b PPN 700 0.388 0.642

1381bHOE TON2UIBO . G 3§
mTo ME e e e e e 850 0,288 0.652
TMasyr MO . . . - .. ... 700 0,388 0,496
8 Unaunnposoe Maci0 .+ - - - - 700 0.388 0.415
Mazyr MBD . . .. ... .. 700 0,388 0,445
» MB) ... ... .. 850 0,330 0,505
> MBO ......... 850 0,388 0.514
» MO ........- &) 0.520 0.626
» Mm A e & e o e o « » 850 0.550 0.95
9 KpexuHr-ocratok « - .« o . . - 700 0,388 0.435

1) Fuel; 2) combustion conditions; 3) ms; 4) mm2?/s; 5) diesel oil;
§) the same; 7) petrcleum residue M20; 8) cylinder oil; 9) crack-
ing residue. \
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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;

¥) eracking residue w = 3.88 m/s, tep = 700°C.

The total duration of the combustion process of a sirgle drop
of heavy fuel remains virtually constant on variation of the tem-
perature and relative velceity of the stream within ceprtaln limits,
whereas the duration of the coke residue combustion is consider-
ably shortened, A study of the combustion of individual components
of naval petroleum residiae from the Novo-Ufa petroleum Refinery,
undertaken to ascertain their role in the process of coke residue
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formation, hac shown that only the tars and polycyclic aromatic
compounds burn with formation of such a residue.

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

Tz =T+ %+ T (1.80)

In analogy with the light, completely vaporizing fuels, the
sum of the ignition and combustion times of the liquid phase can
be represented as the time v 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
W =X% (1.81)

the total combustion time of a drop of heavy fuel 1s described
by
=1+ 2. (1.82)

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

{1+, (1.83)

Ty =

K AE.N

where kg is the reduced combustion characteristic, the numerical

values of which are given in Table 7; and x 1is 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:zo-—-:dg, (1.8%4)

where x¢ is the initial value of x at a drop diameter close to
zero; € is the proportionality factor.

The value of Xo for petroleum residue M8C 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 Xo
= §.75. For cracking residue, yo 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 € in turn is determined by the square of the drop diameter, the
relative veloclty 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 vaiue of the
combustion time for a fuel drop depends not only on the properties
of the drop substance but also on the external combustion condi-
tions. This indicates that the comhustion characteristic kg is

not constant for each llquid fuel grade, but varies with change in

ln Aawmhd Ak b amm A dsivas lan AL gy i-- Asn Ay e T A Y me Paabawn T4
L XAV AdbAS d \ bh U\-lllt/\..A . VRS . 3 Vst ua.r'u UL‘CU.ln Aap\- 3(A “nd (lu“e- - abt\/L S - e W2

should be poin‘.ea out, however, that practically all investigations
of the effect >f various factors on the combustion characteristic
were carried out either on pure individual hydrocarbcne or light
fuels of the kerosene type. Data cn the variation cf kg for heavy

liquid fuels are virtually unavallable so that the influence of
various factors on the value of kg for these fuels on the basls of

the data given in the techniczl literature can be estimated only
qualitatively.
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Fig. 25. Kerosene combustion characteristic as a function =

oxygen concentration in the ambient medium and the teape

1) ¢ = 840°C5 Ny + ©2: 2) ¢ = T90%¢, Hz + 023
sT 2 s

Ma ® 025 U3 ¢ = T0T°C, 0Zp * C2. A) K it?, cnlirsa

~oncentratinn ot 0s:, 3.

1)
@u
t

Yariatlon of the oxygen concentratiorn ir the smbient atmoy-
phere [26] did not disrupt the astabllishec re2lation bhetween the
combustion time of single drops and the sauare of the drep dlam~
ater. ¥With individual hydrocarbons, an increaze la the welght cone
tent of coxygen in the amblent medium led to @marsed inevreases in
site flame temperavure and combustisn rate znd salsc czused the com-
pustion zone Lo move neareér o the Arcp surface. F2r fuels sush as
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renzehe snd toluene, AR inersave in the oxygen concentration above
23% led wo ceswvavicn of arep combasiion owing vo the formation of a
depgosit wrieh burnsd indspandentliy 3t a wmuch iouwer rate. Under real
aenditlonz, o .Ygsn cong TAtion ica aonly in the direction
af deoreasz. The combus n chae stics arc waricdly recduced at
ccnst;nt temrerature o{ & magdium and lower Sxysén concéentration
{(Fig. 25). v
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Fig., 2£. Combustion characteristic as a functicn of the relative
velceity of the drop: a) Kerossne; 1) 610°C; 2) 700°C; 3} 800°C;
b) dsccetsne: 1) 605°C, combustion and vaporization in air; o)
700°C; 37 BOGSC; 4} 800°, vaporizaticn in nitrogen; ¢) ethyl al-
echol: 1) $00°C; 2} F08°C; 3) 868°C. A) am®/ /35 B) w/s.

The re;ative veloceity of the drop also exerts great influence
tical treatment ~f this problem [9]
stant (combustion characteristie)
is prspervionas: Lo the zube ruct of the relative velccity within
be range % < Re < SGC. The experimental data {9] for Kkarosene,
iscoct e and aicoh?l show that for thnese fucls the curves k =
; £

t.\
zhows vhpu the vamcri%acimn 1O 3

= Fffw) have three fairly ciearly recognizable sections (Fig. 26).
i, the first sesction where the ontire drzp is enveloped by tne
flame, the corsustion charﬁ»tcriutic increases jin praporiicn o
inereasing struan velocity andg is virtually independent of itz
tempeprature. When the ailrstream speed attains the ecriticzl value
and {leme breagaway sccurs, the combustion characteristic zlsce
decreases Juddenly, qﬁtd-“ihg i1ts minimum wnen re Tlame tocus is
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located in the wake of the drop. & further increase in the veloclty
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 1s so far
removed from 1ts surface that the heat evolved by the combustion
zZzone no longer 2xerts any great effect on the vaporization rate.
Thus, at an alrstream 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
naving the same temperatures and velocities d1d not lead to any
nroticeable change of the vaporization characteristic which is direct
confirmation of the degeneration of the combustion process into a
pure vaporization process at larce relative veloclties. 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 [27] also
showed that the breskaway velocity of the airstream for drops of
gasollne and kerosene is determined 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 eize, the critical value of the rela-
tive velocity increases, and thls iIndicates the more stable posi-
tion of the flame front around such dorps.
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Fig. 27. Critical flow velocity around the drop as a function of
stream temperature (dk = 1,5-1.7 mm): 1) Gasoline; 2} kerosene.
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Fig. 28. Critical streamlining velocity for drops of different di-
ameter as a func*ion of the oxygen concentration in the ambient air:
1) dgy = 13.2 mm; 2) dk = 9.52 mm; 3) dk = 6.37 mm; 4) dk = 3.15 mm.
A) Vs,
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Fig. 29. Combusiion characteristic of benzene in air as a function
of pressure. A) cm?/s; B) kgf/cm?.
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Fig. 30. Combustion characteristic of kerosene 1, diesel oil 2
and petroleum residue 3 as a function of temperature. A) mm?/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
propertional 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 coibustion characteristics because the combustion process
at constant pressure 1s most widespread whereas e temperature
conditions vary continuousliy in any case of combustior in propor-
tion to the combustion of the fuel in the flame.

Filgure 30 gives some data on the variation of k; for several

grades of liquid fuel as a function of the air tempe: uture. For a
drop o1 petroleum residue moving at a certain relative velocity,
the rate of increase in kg is s3lightly slower than for diesel oil,

which, at high temperatures, approximates the values of kg for
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Kerosene. On iLhe vasis of the very sparsc data il may be concluded

that the nature of the variation in k] for heavy ruels (of the
o

petroleum residue type) as a function of external conditions remains
approximately the same, although the numerical values are naturally
correspondingly lower than for iight fuels burned -nder 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 etfect
of the relative velocity will ke more pronounced, i.e., flame
vreakaway f£rom the drop surface will taxke place, cther conditiens
being equal, at much lower relative veloclties than wit! light fuels.
Consequently, to preserve a high rate of combustion ¢f heavy fuel
drops moving relative to the gas stream, the gas temperature must
be higher; otherwise flame breakaway from the surface of the drops
will cause a considerable increase in the combustion time.

5. COMPLETENESS OF VAPOR COMBUSTISON

Let us assume that the combusticon of the drop takes place in
a space bounded by heat-absorbing walls. The dimensions of this
space are such as to ensure the combustion of a fuel drop with a
virtually infinite excess cf air. The temperature of t®e 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 this case, the quantity of heat evolved from the unit surface
of the combustion zone per unit time (oissuming that the zombustion
process develops on the outer surface of the combusticn zone) can
be cxipressed as follows

gy = Qoun keat/m’s (1.85)

where qo¢ is the specific welght calcerific value of the fuel vapcrs
(kcal/kg), assumed to be equal %o the calorific value cf the orig-
inal fuel; u is the weight flcow rate of the fuel vapors (quanti-
ty of fuel vapers in kg, pazsing through the unit surface of the
combustion zone per unit time, kg/m?+s); 7 is the weigit fraction
of the fuel vapors participating directly in the combustion rea¥w
tion.

The weight flow rate ¢of the {fuel vapors is asisocliated with
the mass rate of combustion of the drop by a relation of the form

R == 4::3 k;/m2- (1 . 86)

r

where m is the mass rate c¢f drop combustion in kg/s; rs the —adius
of the combustion zone in m.

In turn, if the mass combustion rate is expresse
bustion characteristic k;, Eq. (1.86) assumes tne form
u = e (1.87)




where y_ is the spesific gravity of tne fuel in Kg/m?; kg 1s the
combustion chearacteristic in cm?/s; r, is the drou radius in m.

Substitutirg (1.37) into (1.85), we obtain an expression for
the specl. .. :arface density of the heat evolution on tiae surface
of the combustion zone

k t\'r’l.-;i

G1=% 4-\0‘:0;. (1.88)

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

increasing the temperaturc of the adjacent air layers (Leat trans-
fer by conductionj} and on radiation. Strictly speaking, the heat
evolved in the combustion zone 1is also spe.it on heating the drop,
vaporization, superheating and decomposition of the vapor anag also
the dissociation of the combustion products. Taking into account,
however, that a considerable fraction of the heat expended for

vaporization in some form
zone, and that the degres
ducts is slight, they can

The quantity of heat
ducts passing through the

or other is returned to the combustion
of dissociation of the ccmbustiom pro-
be neglected.

expended on heating the combustion pro-
unit surface per unit time, taking into

account that the combustion process takes place in stoizhiocmetric
ratio {a = 1), is determined by the expression

Qt":ucp-r("*'l'a)(Tr“’Ts)- (1.89)

where Ch.t is the average_weight heat capaclity of the combustion

products within the temperature range (?g - Tv); Lo is the theor-

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

To determine the specific heaﬁ’}lux per unit area, transmitced
by the heat conduction of the ambilent medium from the combustion
zone, we use the general equation of the theory of heat conduction
for a spherlcal heat source under steady ccnditions within a
spherical space [4]:

40Ty —T,
Q‘= l(r ‘:l)‘

rr  ra

{1.90)

where 2 1s the thermal conductivity coefficient of the ambient
medium, in kecal/me<h °C; Ty is the radius of the boundary wall in
m.

By definition,r,»f. SO that -~ which makes it possi-
T

ble to eliminate l/rS

unit surface of the combi.tion zone, we can write the expression
for the specific heat flux transmitted to the ambient medium in

£ from further analysis. Relating Qk to the
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the form

ga= 7T —T). {(1.91)

Analogously, by using the gene~~1 form of the equation for
radiative heat exchange between two bodiss of which the smalier
one (the burning drop)} is located within the larger one {combus-~

tion zone), we obtain
Q. = vaeFs f(—%)‘— =)

=

{(1.92)
e -.;"‘)

where ep is the referred emissivity; e, and €2 are the emissivities

of the combustion zone and the heat-abscorbing walls, respectively;

FS’ and Pst are the surface of the combustion zone and the boundary

walls, respectively; cs 13 the radiation ceefficient of an absolute
black body.

Since according to the condition P st 2> F_, the specifiz radi-
ative heat flux 18 Gefined as g

g =vst [ (15 Y] (1.93)

The equation for the heat balance of a surface element of the
combustion zone can be written in first approximation in the fora

G =4y +4:+¢h (1‘914)

Substitutin% the correspondins values of thne specific quanfi-
ties ir Eq. (1.94), taken from (1.88), {1.89) and (1.93), we find:

A= T e, L)+ 3 B 0+ o2apd)]s (1.95)
where [ To\S
o () - ()
f TC? ’

g = rs/rk is the relative radius of the combustion zone,

Equaiion (1.95) makes it possible to estimate the gqualitative
effect of various factors on the quantity of fuel vapcr which does
not take part in the combustion process around the ilquid drop.

Thus, if it is assumed in accordance with diffusion theory
that the™~relative radius of the combustion zone 1s constant for a
given fuel and the given combustion conditions, it follows direct-
iy from Eq. (1.95) that the fraction cf vapor participating in the
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the combustion reactlion decreascs with decreasing drep size. In
vther words, the smallexr the irop, the greater the cguantity of

fuel vapvor entrained beyond tae combustion zone. The temperature

of the combustion zoiie has the opposite effect: the higher the
combusticn zone temperature, tre greater the quantity of vapor
which will burn in the immediate wvicinity of the drop surface.
Based uon this and using the data on the tempzrature variation in
the combustion zone as a function of time, it can be assumed that
removal of vapor will be minimum during the initial period of érop
comtustion; &as the process develeps it is intensified, and this in
combination witnh other causes. resulits in a lowering of the temper-
ature in Zhe combustion zcne. The combustlon characteristic kg also

plays an imortant pait. Feor light fuels with high vaporizatiocn
characteristic values the entraimment of the vapor will be corres-
pondingly greater than for heavy fuels burning under the same con-
ditions. It is undapr:tandable that estimat.ng the combined effect
of all facters is at present impossible btecause only isolated data

exist on this problem, vertalrning only to light fuels of the gaso-
line type.
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FPig., 31. Welght fraction of unburneéd fuel vapors as a function of
the relative airstream velocity: 1) Flame breskaway. A) Fraction
of unburnt vapors, %; B) air velocity, m/s.

Thus, as a result of an analysis of the effect of the finite
chemical reaction rate on the characteristics of the combusticon
process for a fuel drop in [27, 29], the presence of considerable
entrainment of the fu2l vapors beyond the liimits 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 1n concentrated sulfuric acid. On the basis of the
color change in the reageni, which turned yellow when exposed to
hydrocarbon vapor, tne 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 gasollne, piaced
in a stream of air, showed that the €raction of unburned vapors
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increased considerably with increase in the relative velocity of
the air (Fig. 31). It 1s aiso poirted out that only parc of the
curve shown in Fig. 31 corresponds to combustion conditions under
which the drop 1s completely enveloped by the fiame. Even in this
case, marked entrainment of the vapor can be obsarved.

Thus, analysis of the heat balance structure of the combustion
zone around a single drop, burning in an infinite space, and also
of the resulits of the experimental study or drop combustion, alicow
the conclusion that when fine drop.s or a velatile fuel burn under
flame conditions, the combustion of single drops as well as that of
the vapor in the space between the drops should be observed. The
ratio of these two forms of combustion is iGetermined, in particular,
by the temperature conditlions of the process and the atomization
efficiency. The higher the temperature of the alir» which enters the
combustion zone, the greater the fraction of rfuel which burns in
the vapor phase, if this is understood to mean the independant 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 temperatuve and a
marked improvement in the atomlzation efficiency during the com-
bustlon of heavy fuels will create favorable conditions for in-
creasing the gquantity of fuel vapor which leaves the inidividual
combustion zones. In this case, not only the time required for the
complete combustion of the drops will he shortened but also the
transition to some extent of the reglme of heterogeneous combustion
to one closer to the combustion of gas mix*“ures, 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.
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Page Footnotes
Ne.
24 The work was carried out under the guldance of Candidace
of Physical and Mathematical Sciences, B.L. Zharkov.
Manu-
script - s
Page Transliterated Symbois
No.
5 CD = sr = sreda = medium
6 K = k = kanlya = drop
5 T =t = teploprovodnost' = thermal conductivity
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v = toplivo = fuel
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p = par = vapor
sm = smes' = mixture
v = vozdukh = air
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= ind = induktsiya = induction

pr = progrev = preheating
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raznost' temperatur = temperature 4ii-
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st = stenka = wall
p = privedennyy = referred
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Chapter 2

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

7

If one considers the drops present in & flame, the problem
2rises to what degree the sequence and the gquantitative relation-
snlps of the partial processes in the coamtustion of the drop in a
fizme are preserved. The supply of the fuel to the furnace in a
turbuient airstream and with various initial drop sizes at pre-
sent msakes extremely difficult ths probtlem of ascertaining the
features of the elementary processes in the flame. This complexity
is determined mainly by the fact that in a glven section of the
fiame at a certaln 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, velocitles anrd
compositions of the medium.

The problem is simpiified 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 t¢ ancther.

Despite the extreme complexity and superpostijen of the 1lrdividual
stages, some basic general processes can be 1sclated 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 <ombined under the term "mixture formation," while
the ignition of the drops 1s consldered 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 cf 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 ccmbusticn
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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The origin of these genersiized concepts is f~und in the fact
that in &« burning stationary fiame, as numeraus direct observations
have shown, at least t. ree regions =»an be distirgulshed: a ecld
region or the section o the prefiame rrocesses, the corc of the
flame and the atverburaing region. e flame front, i.e., the zZone
of sudden parameter variation in *He fuel-air mixture, is usuall
taken as the bouniary Letween the cone of the preflame nrocesses
and the flame core.

There Is no clearly recognizable beorderline between the flame
core and the afterburning secticn and this borderline is usually
established on the baslis of indirect characteristics such as the
beginning of smocth temperature decrease or decrease in the rate
of the chemical reaction. The flame front also i: nct a strictly
physical bordeirline between the zone of the preflame processes and
the flame core since an intense increase in the temperature of the
airstream is ovserved directly behind the flame front, attesting
vo the successive Zgnition and combustion of ever new portiois of
fuel. However, the choice of this borderline 1s convenlient from s
methodological point of view.

The process of mixture formation [30] can he schematically
represented as follows: the strzam of fuel drops from the spray
nozzle moves relative to the ambient air. The initial velocity of
the motion of fuel drops of various diameters is normaily assumed
to be the same and equal to the discharge velocity of the fuel or
fuel-alr mixture (in the case of airblast atomization from the
spray nozzle. The trajectory and velocity of the subsequent motion
of the drops will vary 1n 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 azcount that for
hydrecarbon fuels of relatively light composition (gasclines, ker-
osene, diesel 0il), the iower limit of stable combustion is deter-
mined by an excess air fTactor of ~3, the combustion concentration
of fuel in the mixture is attaincd when approximately 30% of the
injected fuel has vaporized. Tnis indicates that cniy partial va-
porization of the fuel can 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 *o 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.

A somewhat different point of view concarning the process of
flame front formation (flame propagation process) is obtained if
one considers the critical conditions for the ignition of a fuel
érop, under the assumption that the ignitior of adjacent, not yet
burning drcops and, consequently, alsc 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 norburning drop is achieved by the pro-
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pagation of a sphericul temperature wave {rom an :dlacent burning
érop. In this case, the space separating these drops may bte fililed
vith fuel vapor whose conecentratirn is not sufficient for the for-
~ation of a ccmbustible mixture. With this mechanism of {iame pro-
“agation, the position cof the {lame front will be stabilized at a
tower Jdegree of fuel jet vaporization.

The study of the most genewral case of comtustion, 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 authore
{32, 33] are inclined tc¢ consider a burning flame as a continuous
physical body wr.ose characteristics vary continuously with time &s
a result of the prcocesses of heat evolution and .oleculsar interac-
tion taking place within it{. A model of the combustdion process of
atomized fuel is also prcposed, analogous to the combustion process
of a homogeneous gas-air mizture {32]. A grour 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
poinis : and B, these drops are distributed -ver th: entire air-
stream and are ignited at point B. Th= process of mixture combus-
tion taking place between points B and €, ard th=z distributions of
temperature and oxygen concentration »orrespond %o the curves in
Fig. 32.
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Fig. 32. Theoretical flame diagram aftex 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 scurce. It is assumed that the rate or time of vaporization
iz determined by a constant ccrresponding to the vaporization con-~
aitlons of single drops. On the other hznd, the combustion of the
fue: vapor, 1.e., the chemical interaction between the fuel mole-
cules and oxygen, takes place under condtiicns of a quasi-homogen-
eous mixture at rates which depend on local concentratons, the
reactants and temperature.

Arother, basically opposite pcint of view on the development
of the combustlon 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 deterumining
size [34, 35, 36]. By comparing these points of view it is easy
to see that they procezd from twoc extreme cases: the process of
combustion of & flame of atomized fuel 1s either reduced to the
combusticn of a Lomogeneous gas-alr mixture and the combustion
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i the individual fuel particles is neglected, or the flame 1s re-
garded as a simple accumulatl on ¢f drops, none ~f which exerts any
erfect on the development of the comtustion process of adjacent
dreps, and the roscsibility of the combustion of fuel vapor in the
spaze between the drops is completely neglected. Tre problem as tc
which of these viewpolnts is more applicable to the case of the
flame ccmbustion of heavy fuels can obviously be resclved by an-
alyslis of data on the structure of burning flames.

Investigations ~f flame structures in two-~phase frel-air mix-
tures have bezun only very-recently and the basic laws of the com-
bustion process of atomized fuel have been insufficlently 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 rcan be applied under the conditions of their combustion
in flames. The necessity for resoliving this problem arises from the
fact that th=2 basic premises used in the analytical description of
the prccess of the corbustlion of a single drop are correct either
for very small or for large drops. Thus, for example, the assump-
;ion of spherical symmetry in the combustion zone is Justified only
for small drops where the convection currents arising acound the
burning drop do not play any sisnificint part. On the other hand,
the hypcthesis of the staticnary nature »f the combustion process
for the drop applies only to drops wita larger diameter. Morecver,
the ascertained dependence of the combustion constant on external
coniitions, such as the air vemperafure znd 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 strucfture of a flame of fuel
atomized in tarbulent air [37] showed first cor all that such a flame
is not homogenecus. Photography of a frec flame revealed that with
relatively long exposures (0.5 s), the entire combustvion zone of
atcmized kerosene 1s uniformly lumincus. As the exposure time lis
reduced, the general luminous background of the flame disappears
and ciearly distingulshable traces of burning drops in the form of
bright bands appear against the continuous background of the flame.

Lowering the initlal 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 filame. With
further decrease in the temperature of the mixture and, consequent-
ly, also the initial concentration of the vapor phase, the back-
ground disappeared completely. Based on these data .t is concluded
that there is no coatinuocus flame front at low iaitlal temperatures
of the mixture and at low fuel vapor concentration but that combus-
tion of single drops as well as of thelr aggregates tokes place
[37]. Wkhen the temperature of the mixture and the initial concentra-
tion of the fuel vapor is increased, a continuous flame front can
pe formed. However, the individual foci of burning drops are pre-
served ir this case as well.

Photographic exposures with great enlargement (19x) and uczing
the principle of optical compensation made it possible to meke in-
dividual fuel drops and te distances between them visible. It was
found that the picture of the combustion zones is far iore blurred
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tion zones are moce easily entrained by the turbulent pulsations of
the airstrerwm than the drops so that they can occupy the most di-
vesrse posit.ons relative to the latter. Althougnh individual combus-
tion zones are formed around drops as well as arown] groups of drops,
they do not all burn simuitanccusly. In Reference [39] it is pointed
out that during thne combustion cf fuel under flame conditions, va-
porization of the drops into the ot medium takes place in some

cases with subsequeat combusilon of ile fuel vuapor al a cverivaiu Gis~
tance from the drop. It should be remembered in zny anslysis of
these data that they were obtained during studies on flames of com-
paratively light fuels (k2rosenc and gasoline) which have high vapor-
ization characteristics.

The authors used the phenomencn of flame ionization for the
study of flame =ztructure in atomized diesel oil.

If two elzctredes f£c¢ which a certain veltage is applied are
introduced into the burning flame, %the conductivity of the inter-
electrede space 1s conalderably Increased by the ions formed in
the flame. The ion conceatration, in turn, will be determined by
the properties of the fuel and the temperature and compositicn of
the mixture (40, 41, 42, 43, 447,

As investligation results have shown, the lonization curront,
at the ‘emperatures of the combustion products of ¥Xercsine, i.e.,
spproximutely 500°C, 4is an intermittent cmrve with individual pro-
nounced peaks, the frequency and amplitude of which characterize
the quantity and temperature of individual volumes of combustlon
products passing through the intereliectrode space. The oscillo-
graphic trace of the ionization current (Fig. 33) attests to the
existence of a certain constant componient of the ionization cur-
rent corresponding to the general iocnization level of the combus-
tion products and thelr temperature. The ionization current curve
obtained for combustion products with a temperature of abcut 1900°C
(see Fig. 33, A) does not have any separate and pronounced ionizsz-
tion current peaks such as were observed at lower temperatures. A
study of the lonization current of a pulsating cold flame (~250°C)
shows (see Fig. 33, C) that this flame consists of separate burning
volumes of vapor, the number of which 1s not ronstant in time for
any point of the flame. Oscillographic recording ¢f the lonization
current during ignition and combustion of stouized fuel in a tur-
bulent 2irstream uader various conditions generally gives the same
pattern (see FPig. 33, D) with three clearly distinguishable re-
glons typilcal for this process: 2 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 rressure (line 3) which rises strongly at that Instant. Duripg
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 current curve and the curve
of the dynamic airstream pressure,
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Fig. 33. Typical lonization current oscillograms: A) ¢t = 1600°C;
B) t = 500°C; C) t = 250°C; D) icnization current in a flazme of
atomized fuel. aj 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-
tionary preccess, the sensor records clearly separate Jonizaton
current peaks with considerably greater amplitude than in the re-
tion of flame propagation. In this case, howexer, the lower limit
of all flashes i1s the line of zero or initial ionization and the
nature of the ionization current is analogous to that shown in
Fig. 33, C. In the case of the ignition and combustion of a richer
mixture (see Fig. 33, D) cne observes a marked shortenirg of the
perliod c¢f flame propagation and also higher ‘onization currents.
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The data obtalned 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 socurce of the pulsa-
tions in the ionization current: separate burning drops, 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 probablility 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 nct even the radius orf their
combustion zone, which is 6-1C 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 combustiocn 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-alir mixture.
Direct data on the flame structure of heavy vresidual fueis of the
petroleum and eracking residue type are not available. However,
based on the data given in Chapter i, it can be assumed with a
sufficient degree of reliability that the process of combustion of
& heavy fuel flame develops under conditions of a more discrete
flame structure. This does nctv mean, naturally, that during the
combustion of a heavv fuel the combusticr of its vapor in the
space between the drops is excluded. However, as follows from the
data of Chapter 1, thelr quantity ls determined not so much by the
properties of the fuel as by the external combustion conditions, if
by this 1s meant the temperature, velocity and composition of the
air and also the size of the drops in the flame. Depending on
these conditions, the quantity of fuel vapor which leaves the i 7
dividual combustion zZone of a drop of heavy fuel will vary in P
both directions, remaining, however, always much less than for
arops 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, 1s preserved in the
main, although the duraticn of each of these stages will be affect-
ed by the presence of the othe» drops in the immediate vicinity.

7. PREHEATING AKD 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 {lame is the temperature of the gas medium. However,
it is not yet poessible 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 simplest con-
ditions of flame preheating ln a symmetrical stream with uniform
drop distribution in front of the flame, the temperature varia-
tion in the stream can be approximately descriced ty an equation
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ot the form

Icp=to+(’¢"‘lo)exp(—"‘%£}. (2.1)

where tsr is thc temperature of the alrstream at a distance x

from the flame front; to¢ is the initial temperature of the air-
stream, t. i1s the temperature in the flame front; w is the vel-
ceity of Ehc airstream along the normal to the flame front; a is

the thermal diffusivity of the medium.

Analysis of this equation shows that tne 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 reglon
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 1s of very great
significance for heavy fuels since much higher air temperatures are
required to sccelerate their preheating (see Chapter 1, §2). Ac~
celerated preheating of the fuel flame is achieved primarily by in-
creasing the initial temperature of the alrstream and by intense
turbulence. Both these problems are solved in practice by producing
a rotary motion of the alrstream 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 constan? and ranges for wvarious
designs of frontal structures and furnace chambers from 600 to
1000°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 fractior 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.

Thecretical examination of this problem shows {47] that if a
mixture consisting of a large number of small drops 1is subjected
tc the volume effect of radiative heat flux, each particle receives
radiation from zll sides because of the strong scattering of this
flux by the other particles. Hence the particles of vaporizing 1li-
gquid 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 mor2s remote drops
are shielded by this layer to a considerable degree.

- 66 -

- —— - o ——— ———caL

20y




e

-

e T e T T =G ————— T —y

Fig. 34. Schematic represent~tion of flame propagation in a two-
phase mixture: A) distance between drops; rg) radius of combustion

zone, rv) distance frnm the center of the burning drop to the igni-
tion point; rk) rz - of unignited drop; ct k) fuel vapor concen-
tration at the surface of an unignited drop; Cy v) fuel vapor con-

centration at the ignition point; Tf) combustion zone temperature;
Tv) ignition point temperature. .

The ignition of the fuel flame 1is determined primarily by the
conditions of flame propagation in the space between two adjacent
dreps. In accordance with [9] let us consider the idealized igni-
tion conditions for a fuel drop located in the immediste vicinity
of a burning drop. We assume that the distance be#Ween the centers
of the drops is A, that this dces not vary with time and that a’l
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

T=T. ()" (2.2)

where T 1s the temperature at a point in the space around the drop,
determined by the instantaneous radius rg; TS is the temperature in

the combustion zone, and rg the radius of the combusticn zone.

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

Ix
C'=C,.‘~;. (2.3)

where ct " ie the vapor concentration at the surface of the unigni-
ted drop; ry is the drop radius and r; is the current rodius which
characterizes the point in space under consideration.
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Tne radius ri is carrespondingly equal to

ri=A4—r. (2.4)

The concentration of fuel vapor at the point in space with the
temperature T can be calculated as

Cr=cr.x AC‘— . (2-5)

r

At this point, tbe induction period of the fuel vapor 1s de-
termined by the equation

. lg z
r,.k.—.%-;—:-:—‘—exp k——ﬁ_—'i : (2.6)

We seek the point in space where the induction period is at
minimem. The coordigates of this point can be obtalned by ¢ “remum
analysis of Eq. {(2.6). In this case, the radius r, of the ‘_ “tion

point is expressed as

(A +0)—ViOAJ @
g = 2 ]

(z.7)

where

n=(2_"_'§_'*1r.)’. (2.7a)

I3

The distance between the drops for the case of uniform distri-

bution of the drops in space can be expressed by the excess air
B coefficie (43

Azdx.‘:/do%:'v (2.8)

where Yy ana Yy respectively, are t.ae spocific gravity of the fuel

and the air; Zy 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 tc be constant, i.e.,

g =

2

== jdem, (2.9)

Taking into account @.9) and (2.8), we see that the coordin-
ates of the 1lgnition 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, atter transformation, the
following:

min i

Y = 5o (@) (2.10)
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where f(a) in turn is determined by the quantities

._-———wq...'i/L. (2.102)

Using the critical condition for the ignition of a fuel drop
in a flame as an equation for the combustion time of the drep and
the induction period of the fuel vapor, it can be shown that with
increasing drop diameter the lower limit of flame propagation 1is
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 igniticn of the
fuel flame. In the specialized technical literature which deals
with the prcoblems of the organization of combustion processes, the
probiem of the initial ignicion is usually consldered as secondary
because the ignition of the fuel jet in any heating device, whether
this 1s the furnace cof a boiler or the combustion chamber of an

engine, 1s effected from a secondary source (pilot flame, sparkplug,
etc.).
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Fig. 35. Lower 1iimit of flame propagation in a two-phase mixture
as a function of the airstream velocity: I) Kerosene; II) diesel
cil; IXI) mixture of 75% diesel oll (D) and 25% petrcleum residue

{M); 1v mixtu*e cf 50% D and 50% M; V) mixture of 25% D and 75% M.
1) xg/m *s,

in beating devices designed for pralonged continucus burning
of the flame in a space surrounded by incandescznt walls, the ini-~
tizl ignition and its reliability are indeed of secondary impcr-
tance. However, the role and importance <f the initiz2i fgnition
increases immeasurably for heating devices whose operating condi~
ticns require freguent stops and where the combustlcen prucess
takes place in a completely shielded space, with walls whose tem-
perature apd capacity for heat accumudation are Inadeguate to make
spontaneous ignition of the injected fuel possible., These heating
devices incl.de the comhustion chambars of gas turbine englnes,
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particularly of the transport type, the furnaces of automated heat-
ing devices with relatively small capacilty, industrial furnaces,
etc. Small pilot flames, nogzles or speclal 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 ligquid fuel, carrlied out by the authors on a model
whose forward section was equipped with long high-~voltage spark-

r plugs, have cshown that stablc igniticn ¢f the flame in ¢ach 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 reglon of stable igniticn of the
investigated fuels under given conditions (Fig. 35). The experiments
show that the range of stable ignitlon for various liquid fuels is
narrowed with deterioration in fuel grade. With all the investigated
fuels, the limit cof stable ignition increases to a certain value
wlth increase in the air flow rate and degree of turbulence of the
alrstream (Re = 20-1006,700) and then decreases again. The widest
range of stable igniticn is obtained by the use of kerosene and
diesel fuel and the narrowest by the use of fuels similar in compo-
sition tc the light petroleum residues. From Fig. 35 follows alsc
that the hydrcdynamics 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 lmproved. It
can be assumed that at high airstream velocities and low fuel flow
rates, the formation of local foci of inflammable fuel-alr mixtures
1s 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 twoc-
vhase 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 Ind¥idual groups of drops are
above critical. In this case a flame focus arising in the discharge
region cannot be propagated over the entire flame. Propagation 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 fermavion of the cloud of fuel vapor arcund a drop of
heavy fuel requires more time than for 1ight fuels, the distance
between the drops must be smaller, and this 1s pessible 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.rard each other, which shortens the dis-
tance between them. A further increase in the turbulence and trans-
lational velocity of the airstream improves mixing, but at the same
time shortens ths contact time between the burning and nonburning
drops, which skifts the boundary of stable igniticn in he direction
of richer mixtures.

The boundary variatliocons in the stable ignition regicn with
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raticn In fue’ gualivy Js also explained by the fact that
the process of flame propagation from a local focus takes place by
heat transfer teo adjacent nonburaing drops. For heavy fuels, suc-
cessive ignition cf the drops can be attained only when they are
closer together or when the burning and nonburring drops are in

loner contact, which 1is achieved by effilzient atomization and large
fuel consumptien.

8. OROP COMTUSTION TiIME IN A FLAME

As shown 1n the foregolng, the general sequence of elementary
stages in the combustion prccess 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-
1fying the combustion conditiuns. 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 conditicns for the fuel vapor owing tc 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 promctes its rapid preheating and intense
vaporization. The fuel vapor thus formed can ignite and burn only
when there is a sufficlent 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 thies case, the processes of fuel preparation are
intensified, whereas the process of fuel-vapor combustion is slowed
down, if not completely stopped, and the drop is then subjected to
vaporization only. The presence of turbulent pulsations with high
intenslity can also result in detachment of the combustion zone
from the drop and thus modify the combustion conditions for each
drop. The combined ef ect of all these factors cbviously cannct be
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FPig. 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 18 carried out only experimentally. Investiga-
tions of the features of combustior in a fuel drop under conditions
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of iignt fuel flames [4&, 49, 50] showed that in this case the re-

lationship between the square of the drop diameter and its combus-

tion time is basically retained. However, the magnitude of the

combustion characteristic differs from that for a single drop. An

estimate of the combustion characteristic [U49] for the case of com-

bustion of a group of drops with approximately equal initial diam-

eters shows that the value of k 1s abtout half that for the condi-

tions of a single drop. These data were cbtained 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 ylelded an .
average drop size in the flamc of 90-100 ym. 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 twc alternately actuated strobes. By means of these photo-
graphs, the mean velocity of the drops and the nature of the varia-
tion 1n their initial diameter could then be determined.
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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; U) pilot flame; 5) turbulent mixing de-
vice; 6) combustion chamber; 7) sampler; é) 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 corresprniing curves in-
dicates the invariability of the combustion constant for a given
fuel type., Comparison of the combustion constants obtained in [49]
with the corresponuing 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 infipite 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 ic schematically shoxn
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-

- 72 -

e e—_—




!

wRen

o

YA

‘! B ey Ss L L s el B o o v TR

tion in the mean drop diameter. The variation or this diameter
characterized the quantity of fuel vaporizing in the various sec-
tions of the flame, while the slzes and numbers of drop images at
each point oif the flame make it possible to Jjudge the quanti:y of
unburned fuel.

An analysils of the gaseous combustion producte st these points
of the flame makes 1t possible to determine the portion of the fuel
that has been burned on the basis of the quantity of CC, 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. Desplite some scatter of the puints, there is no
great difference between the completeness of combustion of the
fuel as determined by the two independent methods. The quantity of
vaporized butr unburned fuel is practiczally nil cr 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 tests on single drops. However, they are in
fairly good agreement with the experimental data on the combustion
Ehaﬁacteristic of a fuel d4rop which forms part of a group of drops

501.

An analysis of the images also shows that the 1lifetime of
fairly small drops (20-60 um) in a turbulent flame can be several
times longer than thelr combustion time under condltions cf an
infinite medium. The difference between the lifetime of the drop
in the flame and its combustion %ime 1s considerably reduced with
Increase in the initial diameter. This 1s explained by the absence
of simmltaneity in the ignition and combustion of all fuel drops
which enter the burning flame and it 1s proposed to take thils intc
account by introducing into the original equation of drop combus-
tion the probability function

& —d = kef(p), $2.11)
. -
where “(p) 1s some probability function. -

The largest values for f(p) are found for large drors which,
owing to their great inertia, virtually do not react to the tur-
tulence pulsations, in conseguence of which the combustion zone
around them is the most stable. For small drops, the combustion
probability also increases with time and 1s virtually equsl to
unlty in certain flame sections.

Thus, the results of the investigations lnto the features cf
drop combustion under flame conditions provide s basis for the
assumptlion that during the combustion of atomlzed fuels the com-
bustion time of the largest fuel drops ccrrespends approximately
to that for single drop combusiicn whereas the comhustion time of
the small drops may considerably exceed the combustion time of
the single drop. Drops of medium size obvicusly buvrn with a com-~
bustion constant smallcr by a facter cof 1.5-2.0 than under the
conditions of a single fuel drop. It must be emphasized here that
all these results were obtalned in studles of the ccmbustion pro-
cess of fuels such as benzene, gasoline or kerosene. However, data
on the combustion time or rate of a drop of heavy fuei under flaue
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conditions are not yet available,.

9. FORMATION OF SMCKE AND CAKBON DEPOSITS DURINS THE COWBUSTION
OF HEAVY FUELS

One of the features of the combustion process of atomized
heavy fuels in furnaces fer the most diverse applications 1is
the consiuerable smoke content of the combustion products and
the coplous formation of carbon deposits on relatively cold sur-
faces of the furnace or gas conduilts.

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 thelr formation. Despite
this, accurate concepts of smoke, deposits, soot and other solid
residues of the Iincomplete combustior of liquid fuel have not yet
been developed.

Smoke is a ferm conventionally applied to solid particles of
carvon which are eje~ted into the atmosphere together with the
gaseous combustion products, and carbon deposits are the part of
the unburned fuel which is deposited on the coid surfaces of the
furnace chamber or gas condult 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 the drep 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 L00-500°K; whereas the average temperature of the
combustion zone amocunts tc¢ 1800-1900°C. Thus, the conditions of
existence of the fuel apors up to the instant of their combustion
correspond te 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 undeccmposed molecules, causing their dehy-
drogenation and the formation of unsaturated hydrocarbons of the
olefin type. The multiatomic (higher) homologs of methane are s»nlit
into molecules of saturated and unsaturated hydrocarbons of lower
molecular weight. This process is also ..companied by the splitting
off 0,” a certain number of hydrogen atoms. The decomposition of the
unsaturated hydrccarbons proceeds more readily and in turn is ac-
companied by evolution of hydrogen in consequence of the reaction
betiween the free radicals and the molecules. The dehydrogenation
of the olefins and the synthesis of aromatic hydrccarbons begins
at T0v0°C.

Lzhylene at 1400°C 1s almost completely dehydrogenated tn
acetylene, the simplest of the aromatic hydrocarbons. As a result
cf the chemlecal transformation processes, a fairly strong dehydro-
genaticn takes place, 1.e., copious evolution O>f hydrogen. At
higher temperatures, the hydrocarbons decompose further as they
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approach the combustion zone. The possiblililiy of the complete de~
composition cf molsculec with the formation of free carbon and hy-
drogen cannct be excluded. Based on these ideas, it can be assumed
that the combustion process of the fuel vapor develops in the
folilowing way. As a molecule of hydrocarbon with fairly complex
compasition moves into the combustion zone and is heated, it 1s
decomposed with loss of a certain number of hydroger atoms. The
freed valency bonds of the carbon combine, forming unsaturatec
compnunds. 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 1s partly consumed in the
breaking of bonds hetween the carbon atoms which can ther combine
with oxygen. In consequence of a possible local oxygen deficlency
the unreacted carbon atoms should move furthesr away from the com-
hustion zone into the ambient medium which 3s richer in oxygen.
During this motion, the tenperature of the medium drops; the rate

of the temperature decrease 1is entirely determined by the external
conditions.

The carbon tonds 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 gascline or fuel oil burned in atom-
ized form. Differences in the grade of the fuel and 1ts structure
malnly determine its grester 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 temperature)
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 sccondary Bunsen flame [69, 61]. It was al-
so found that maximum smeking of furnaces is observed during the
kindling period when the walls enclosing the flame are cold and tfie
heat radiated by the flame 1s completely absorbed by them. As the
furnace heats up, smoke formation dimirishes 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 cecld surfaces and the unburnsd fuel which is entrained with the
combustion products. The carbon dacuccsits observed on the walls of
furnace chambers and gas cconduits is of very diverse composition,
forming either a soft dcwny deposit or hard, brittle coatings.

A microscopic study of carbon deposits [53] showed that soft
deposits consist of almost spherical particles embedded in an amor-
phous binder substance, whiie 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 liguid-phase cracking, subsequent
pyrolysis and, finally, cckirg cf the fuel which has come into
contact with the wall. The wall temperature plays an important part
in this [62, 63, 64]: if it exceeds 450-500°C, depositis of carbon
are not cbserved even during the combustion of heavy fuels. In real
flames the process of complete drop coembustion, by virtue of some
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er circumstances (inadequate atomization, 1lcow temperature
level of the process, etc.) may not fermirate within the furnace
volume and in this case the partly or completely coked drop will be
entrained into the atmosphere together with the gaseous combustion

products or preclipitated on the furnace of gas c¢ondult surfaces of
the boller.

This brief discussion of the conditions of formation of smoke
and carbonaceous deposits thus allows the conclusion that during
the comopustion of heavy hydrocarbon fuels in general and, particu-
larly, of fuels rich in aromatic substances, smoke 1s aiways form-
ed and its subseguent elimination 1s determined by the erternal
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-asphaltene substances as well as
by the combustion conditions which in ¢turn are determined by the
guality of atomization, the femperature and hydrodynamics of the
f'1ame. These factors exert a direct influence on the time required

for the compiete combustion of the liquid phase ard the coke resi-
due within the furnace volume.

On the basis of these assumptions one has to be very careful
with regard to varicus "radical" methods of combating the formation
of smoke and carbon deposits during the combuction of liquid fuel,
publicized fair® ’requently in the recent literature {continuous
electrical dit cge [65], steam sirens, etvc.).

These methods to combat the formation of smoke and carbon de-
posits during the combustion cf heavy fuels were based on the de~
sire to improve and accelerate the combustion process of each drod
by acting on i1t from without, for example, by a high-voltage dis-
charge or high-fregquency sound vibrations. In the first case it
was thought that the electrlic discharge with 1ts enormous energy
instantly breaks up all molecules of heavy hydrocarbtons with for-
mation of a large number of active particles and the evciution of
a large guantity of heat. These particles and the high-temperature
wave propagating from the discharge zone should serve as some kind
of activator. However, as speclal tests carried out by the authors
nave shown, such an effect is not observed within a very wide rarnge
of variation in furnace loads and combustion coanditlons.

By using high-frequency vibrations (produced by steam siremns,
ete.} for the intensification of the combustion process of atomized
fuel, it was hoped to achieve an effec. of combustion acceleration
through an improvement in the supply of oxygen from the ambient air
and by accelerated remcval of the combustion products from the com-
bustion zone with vibraticnal motion of the ailr around the burning
source. This propoesal 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 & whole, however, it iy
iess convincing. The fact is that z sound wave is subject to gon-

iderabie modificatlion when it paszes through a medium of giffer-
ent density, suech as a burning flam2, The combustion zone arcund
the individual drop is a very effective shiesié for the sound waves.

large number of drops located arsund the scurce of the sound
waves represents s shielding zone which prevents the vibrations
from penetrating inte 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 ol combziing
smoking and formation of carbon deposits is the correct management
of the combustion process, basad on accurate knowledge of the laws
of combustion of liquid fuel and all its stages. Fractical means
of combating smoke and deposit fermation are a high process tem-
perature level, efficient atomization and thorough miaing.

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

The use of iiquid fuels with moderate and high sulfur content,
the percentage of which in the nation's fuel balance 1s inecreasing
steadily, has revealed great technical difficulties st large power
stations in connection with the intense wear of the heating sur-
faces and thelr corrosion. The ash formed on combustion of fuels
with moderate ard high sulfur content is deposited on the convec-
tive heating surfaces and reduces their performance ~fficiency
#hich results in a lowering cof the general economic indicators of
the entire installation. Moreover, ash deposits and corrcsion 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-
651].

The most comprehensive and systematic data on the performance
of boilers operating on high-~suifur fuels are given in [69]. In
the PK-10 steam boiler furnaces (230 tons/h, 100 kgi/cm?, 510°C)
and in the DXZ-210-130F (210 tons/h, 140 kgf/em?, 570°C), stabilized
high-sulfur crude oll from the Arlan deposit with & sulfur content
of =3% and sulfur-rich petroleum residues of the M20-MUO grades
from the Ufa NPZ [petroleum production plant] were burned. The fur-~
naces of these boilers were ejulpped with burners and frontal
switchchambers (540 mm diameter for the PK-10 boller and 530 mm
diameter fer the BKZ boliler) and with centrifugal spray nczzles
with a fuel capacity of 1100-25C00 kg/h.

Observation of the combustion process showed that the v¥isible
flame virtuaily filled the entire furnace space and terminated
1-2 m from the ningle plate.

The temperature in the core of the flame was virtually inde-
pendent of the type of fuel and varied within the range of 1600°C
{erude) and 16€0°C {petrcleum residue}. Hcwever, the temperature
field was greatly modified on transiticon from crude oll 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 petircleum residue flame. With decreasing s, the
length of the flame increased slightly. £t the same time 1t was
feund that the locatien of the burners gresatly affects the temper-
ature distribution within the flame.

By variation of the air flow rate with simultanecus sampling
of the combustion products and thes determination of their gas com-~
ponents, the authors of [£9] were able %o establisn that under cer-
tain condlitions of combusticn of petroleum residue (insufficient
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turbulence ¢of the alr and other factcers), heat loss due to chemi-
cally incomplete combustion can occur even in presence of consid-
erable air excess. Thus, chromatography revsaled the presence of
H, CO and CHy in the combustion products; a curve of the losses
as a function of the chemical incomplete:=<s of combustion in the
presence of excess air was plotted on the basls nf the data thus
obtalned (Fig. 38). The heat lossez due to mechenical incomplete-
ness of combustion during the combustion of petroleum residue

amounted to 0.05-0.1% and with Arlan crude oil amounted to 0.01%
and less.
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Fig. 38. Heat loss as a function of chemical combustion incomplete-
ness in presence of excess alir. ¢ = 110-136+16°% kcal/m3®+*h. Various
nczzles. Petroleum residve and Arlan crude oil.

As in other works, the intense wear of the convective heating
surfaces is pointed oitt in [569]. Thus, when sulfur-containing
petroleunm residue of the M20-MU0 grades — atomized by means of a
centrifugal nozzle — is turned, a considerable lncrease in the flow
reN]stance of the gas conduit (25 mm 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
boller). When Arlan crude oil was burned without sandblasting and
magnesite, ash deposition was intensified and the flow resistance

of the boiler gas condults increased to 30 mm per 1C00 h of opera-
tion.

The foregoing and other examples of the combustion of fuels
with average and high sulfur content above all indicate the fact
that the process of thelr zorbustion does not differ in principle
from that of low-sulfur fuels. However, even at a relatively low
ash cceuntent in the sulfur-containing fuels, the ash deposits form-
ed on tke convective heating surfaces with the conventional methods
of combustion of these fuels lead to considerable troublie in the
operation of the heating device and the entire installation and to
iswering of the ¢perational economic indicators.

An analysis of the ash deposits shows that with higher origin-

al fuel sulfur content, ash acidity is increased, which, moreover,

also incrcecases zs the flue gases move through the gas conduits of
the toiler [70, 711. ’

The basic difference between the depesits formed in the com-
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bustisn oF sullur-containing fuels and the deposits formed in the

combustion of low-sulfur petroleum residues is the high centent of

vanadiuwn in the form of the pentoxide V,0s in the former [72, 73].

Becauze an increased sulfur content in the ash of the original

fuel 1s accompaniled by an increased vanadiuia 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 600-650°C. The exact mechanism of the ccrrosive ef-
fect of the fuel ash containing vanadium has not yet been deter~-
mined. However, the presence of vanadium pentoxide V,0s in the ash,
which usually also contains sodium oxide makes it probable that the
corrosive effect of the V,0s on the metal results from the melting
of the protective oxide film. In this case the V,0s plays the part
of a catalyst.

Vanadiun 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 ~603-650°C
corresponding to softening of the V,0s.

As regards low-temperature (sulfur) corrosion, as indicated
in the fcregoing, this is virtually always observed in the conven-
tional combustiorn of fuels with average aznd high sulfur content.
This form of corrosion is due to tke presence of sulfuric anhy-
dride SO3; in the combustion products leads to a considerable in-
crease in the dew point so that the flue zases containing SO; dur-
ing their passage through the relatively cold parts of the convec-
tive surfaces permit the combination of the S0, with water vapor,

forming sulfuric acld. Under these conditions, part of the surface""

with a ¢emperature below the dew point sweats (water economizer
and entrance section of the air preheater). In consequence, the
fly ash sticks tc these surfaces and sulfuric aclid corrosion occurs
under this ash layer. Beginning at isclated 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 Leating surfaces, by wash-
ing them with water or by mechanical vibration of the surfaces of
the colls. However, this method has been abandoned almost everywhere
pecause of 1lts very low efficisncy. Cleaning by sandblasting is used
at present [74, 75]. Practical experience with sandblasting equip-
ma2nt 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 lcw-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-
adlum corrosicn, small doses of VNII-NP-70z and other additives
are added to the fuel, and these enter intc 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 removed from
the surface. To prevent sulfurlic acid corrosion in the gas conduits,
additives are introduced to combine with the SOjs formed during the
combustion of sulfur-bearing fuels. Compositions with a fairly nigh
content of calcium or magnesium oxide are normally used as »uch ad-
ditives (slaked 1lime, 50-60% CaO; dolomite: a mixture of 30~34%
Cao0, 2%~22$ MgC and 38-U48% Ca0, isicl; magnesite, 92% Mgl and
others).

Addition of 2-3% of the fuel weight of magnesite with an ¥g0
content of 70% and ground to a dispersity of 18% and a mesh size
of 88 um lowers the dew point by 10-15°C [76]. The total effect of
continuous use of magnesite additive in combination with periodic
sandblasting is guite considerable: the corrosion rate of the metal
1s considerably reduced and the dpration of boller operation is in-
creased two to three times. An inerease in the fineness of the
magnesite to 65 um at the same dose lowers the dew points to 1Q0-
90°C. Increasing the MgO content to 76% at a fineness of 75 um re-
duces the dew point to 70-80°C. An increase in the dose to 8-12%
of the fuel weight gives a further rzduction in the dew poin%t of
the fuel wight gives a2 further reduction in the dew pcint to 70~
65°C (FPig. 39). Howcver, the positive effect of the additive is
explained not so much by the lowering of the dew peint 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
surfare and can be readlly 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 polnt. The very low magnesite content of the
flue gases cannot greatly reduce the SO; content by binding and
absorbin§ it on the magnesite particles since there 1s a volume of
20-40 cm® of flue gas for each average particie [77].
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Fig. 40. Vclume csoncentration of 503 in the flue gases as a func-

tion of: a) The sulfur content of the fuel; b) flame temperature.
1) t = 1200°Z; 2) ¢ = 1600°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 TI-41 boiler to
lower the SO; ccncentration in the flue gases during combusticn
of petroleum residue of the Mi#C-M100U 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 corrosicn, althocugh fairly good
when used in combination, are not promising because they are es-
sentially passive methods which do not affect the mechanism paG-
ducing the aggressive components of the combustion preductes and
the ash. Moreover, the use of a whcle 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 methodz has found application in recent
times. The principle of this method consists in conducting the
combustion process of the liquid fuel with an absoclute minimum of
excess air (a = 1). This (at stoichiometric ratios) prevents the
formation of sulfuric annydride SOUs; and of vanadium pentoxide
V2Cs in the combustion products. This assumption is based on the
following facts. AsS numerous experiments have shown, the combus-
tion products of sulfur-ccntaining fuels contain, in addition to
502, the SO; formed in a quantity which depends crn the sulfur
content of the original fuel and the operating parameters air ex-

cess,Ltemperature, etc.) which 1s illustrated by the curves of
Fig. 40.

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

In sulfuric acid production, as we knov, the SU; is oxidized
to 803 only under certain conditions, i.e., presen:e of a suitable
catalyst and relatively low temperatures since SO; 1s unstable at
higher temperatures and decomposes at temperatures as low as
t = 1370°C

250; - 250’ + 0’-

The data of [79] presented in Fig. 40, however, do not agree
wilth this scheme. As the flame temperaturs increases, the SO3; con-
centration in the combustion products increases [79] and at
t ~ 1750°C approaches a certain constant valuz. The hypothesis has
been advanced in several works [81, 82] that the SOs; formation dur-
ing the combustion of sulfur-containing fuels is determlned 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 pelleved that the S0; is almost exclusively formed during
the combustion process of the liquid fuel [83]. Tue S0, yieid in-
creases with increase in excess alr and decrezse 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, Ha, CzHz,
CHs and other heavier hydrocarbons and by copious soot formation.
Under these conditions, the formation of SO: 1is accompanied by re-
ducing reactions of the SQ3 + CO + CO, + SO;.
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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; 37 1.33" S; &) data of [69]. A) Dew point.

This mechanism of SO3 formation, in our opinion, 1is not highly
probable. It was found from numerous observations that the dew
point of flue gases formed during the combustion of high-sulfur
fuels, determined by the S0Oj; concentration in them, is a strong
function of the air excess [84, 85]. As follcws from Fig. 41, the
dew point of the flue gases decreases sharpl, with decrease in the
air excess and at a = 1.0 it becomes virtually equzal to the dew
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point «f pure steam, regardiess of the sulfur content in the fuel.
This provided a basis for assuming that when fuel-air mixtures are
burned at cloae to stoichiomei»ic ratios, the sulfur content cof
the fuel i¢ of no importance [84, 85]. Special investigaticns were
carried out on the process of combustion of sulfur-containing fuels
in steam ballezrs with extremely small amounts of excess alr. The
regulis of these investigations fully confirmed this hypothesis.
Whereas earlier, with conventionsl ccembustion methods for liquid
fuels with high sulfur content, desplte measures to protect the
surfaces exposed to the gases ageginst wear and corrosion, 1t was
not possible to prevent these altogether, all heating surfaces sit-
uated in the flue section of the boiler retalned their metallic
luster without the slightezt sign of corrosion and the service iife
of the furnace was increased to 26,700 h when the combustion pro-
cess was carried out at values of o = 1.01-1.02. A1l additioral

eguipment, installed in the boiler to ccmbat wear and corrosion,
wae removed.

Thus, practlical experience in the combustion of high-sulfur
fuels with small ailr excess contradicts data in PFig. 40 and con-
firms the general nechanlism of SO, and SOs formation in free oxy-
gen at nmoderate temperatures. There are also grounds for assuming
reduction of air excess has a positive effect on the high-tempera-
ture (vanadium)} corrosion since the formation of V,0s takes place
in stages by successive oxidation of the lower oxides of vanadium.
Since the lower oxides of vanadium have higher softening points
than V205, the elimination of the possibility of its formation al-
lows considerable increase 1n the temperature of the heat-absorblng
walls between which the gases pass.

Despite its basic simplicity, the method of burning high-sul-
fur fuels necessitates the resolution of technological difficul-
ties because of a need tc maintain combustion efficiency. Indeed,
in the fuel combustion with a minimum air excess there is the
danger of great losses due to chemical and mechanical combustion
incompleteness because of formation of local 2Bnes with evident
deficiency of air. This 1is of particular importance in large-vol-
ume furuaces with a large number of burner devices. As the experi-
ments of the VTI {Dzerzhinskiy All-Union Heat Engineering Insti-
tute] and of Rashkirenergo [69] showed, even with conventional
methods of liguld fuel combustion, losses due to chemically incom-
plete combustion increase with greater nonuniformity in the fuel
and air supply te¢ individual burners (Figz. U42). Reducing the air
excess increases these losses s¢ greatly that, the problem of uni-
form loading of the burners becomes dominant.

Moreover, the probliem of mixing fuel and air in the furnace
spate assumes great significzuce when air excess 1is reduced. Ac-
cording to data in [69] great effect is achieved by increasing
the air veleccity at the mnozzles to 80 m/s. In this case, the depth
of air jJet penetration beccmes sufficient for satisfactory mixing
in varicus parts of the fiame. Iuproved mixing of the atomized fuel
with air 1n the combustion space at low alr esxcess can be achieved
by providing stagewise supply of air to the flame, i.e., by con-
trolling the combustion process in accordance with a2 scheme simi-
lar to that of gas turbine [GT] (FTYy’ chambers. Separation into
primary and secondary air makes 1% possible to shorten consider-
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ably the duration of the elementary stages of the process, to re-
duce the total fiame length and to reduce the probabillity of the
flame extending into the flue of the boiler.

Furthermore, in the combusticn of atomized fuel with small ailr
excess, it 1s necessa’y to maintain the prescribed combustlion con-
ditiors during all variations of the load on the unit. These diffi-
culties ~an be overcome only when a highly sensitive control system
with low .ag is avallavle.
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FPig. 42. Heat losses due to chemically incomplete combustion as a
function of fuel and air distributlion nenuniformlity 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 cdue to
the fact that the large decrease in the dew point of the flue gas
allows it to be cooled to a lnwer temperature. This gives a certain
increase in the efflciency of the unit and corresponding fuel econ-
omy. The reduction in the air consumption of the furnace reduces
the electric power required tc drive the fans, which also has a
positive effect or the total efficlency of the thermal power unit.
According to the data of [86], the total saving achieved by chang-
ing the bollers to operation with low air excess is estimated to
amcunt approximately to 20,000~to 60,000 dollars annually. The
lower figure applies to the saving in the combustion of gas and
petroleum residue and the larger figure, to the combustion of
petroleum residue alone.

Manu-

;ggipt Transliterated Symbols
No.

66 ¢p = sr = sgreda = medium

66 ¢ = £ = Pront = front

67 T = g = goreniye = combustion

67 B = v = vosplameneniya = ignition
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kaplya = drop
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toplivnaya kaplyza

vozduknh = air

toplivo = fuel

Dizel' = diesel oil

= fuel drop

toplivo, vosplameneniye

induktsiya = induction

= fuel, 1gnition

Mazut = mazout [petroleum residue]
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Chapter 3

ATOMIZATION OF LIQUID FUELS
11. ATOMIZATION PROCESS RELATIONSHIPS

The flrst theoretical studies of the atomigzation 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, vibras-
tion of the spray nozzle, turbulent pulsatlons, movement of the air
around the Jet, etc., the surface of the Jet is subJected tc¢ initial
perturbations. As a result, the Jet begins to pulsate and loses

stability, disintegrating intc drops at a certain wavelength or
osciliation period.

The disintegration of a low-viscosity fiuld begins with oscil-
lations at a wavelength exceeding the circumference of the unper-~
turbed Jet [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 twoc kinds of oscillations: axisymmetric
and wavelike, The frequency and wavelength of these oscilllations
depends on the flow conditions of the liguld, 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 [90-95] analyzes the different forms of oscillation
(axisymmetric, wavelike) and the conditions under which a jet disin-
tegrates on emerging from orifices with circular, eliiptical, tri-
angular, annular and other shapes. Increasing the pressure of the
liquild 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 1s atomized directly at the nozzle outlet. The de-
pendence of the disintegration of a liquid due to vibrational mc-
tijons is 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 an analysis of the vibration processes
in the fuel jJet. Hence, the theoretical relati_ns between the length
of the critical (unstable) waves, the flow parameters of the liquid
and the amblent air are used to select the criteriz which character-
i1ze 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 tensicon is greater than the drop aerodynamic
forces.
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Pig. 43. Disintegratiocn of drops in an airstream: a) Photomicrograph
of the process; b) schematic representation of variation in drop
shape.

The mechanism of liquid particle disintegration can be divided
inte 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 photomicrocaraphs of var-
ious stages of drop deformation (see Fig. U3a) invesiigated in [102].

Direct determination of drop breakdown as a functlon 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 Tollowing manner. Single drops were re-
leased into the airstream aad photographed. It was found that drop
disintegration in various liquids (mercury, w:ter, gasoline, kero-~
sene, alcoholj etc.) with a dilameter of moré than 2 mm begins zt%

D = 14 [103].
k
s D Wn. /
e

xp =

(3.1)

In a study of free fr’ling drops the value of Dyn varied from
15.4 to 30.0 and attained 47.0 in some cases [104].

Invectigatons of the disintegration of small drcps (2rk < 2 mm)
showed that the criterion Dkr is not constant and increases with

decrease in the drop délameter [105]. In the same reference it is
claimed that for every liquid there exists a maximum drop diameter
which 1s stable in an airstream of any velocity. The velocity of the
drops under the influence of the airstream was not measured in

these studies so that congiderable differences in thre value of the

criterion Dkr for large and small drops were ovtained. The forces

which cause the deformation and then also the disintegration cf

the drops are determined by the relative velocity [105] which

1s greater for large drops at the same absolute velocity of the free
alrstream. The conclusion of the existence of maximum drop sizes stable
at any absolute airspeed becomes comprel ensivle when we take this into
account. The smaller the drop, the greater the relative veleccity at
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which 1its deformation beging, Howsver, with small drops wits in the

ime required for the deformation it Is impassible to produce con-
siderable relative velnclties because these drops are zaslily entralned
by the airflow and for & short time asscume a velceity which is virtuai-
ly the same as that of th2 airstresmn.

" Considering the equilibdbrium of the forces actﬁn§ on the drop
at the instant of 1%t:> maximum deformation {see Fig. #3b), let us
determine the pressure on the inslde where the airsfveam impinges
onn the drop

2 '
;}x-::pn{,--_—.ﬁ_.e‘(" ?.L’

(3.2)

where p 1is the static pressure; v is the velocity of the air; w is
the speed of the drop; b is the air density.

On the lee side, the pressure is

Qe {v— w)" (

b=p— 5

3.3)

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

sy (p: — p2) = 4nirs, (3.4)

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

208 (v — o)}
pr—py = ST
‘ 3 (3.5)
Solving 8gs. (3.4) and (3.5) jointly, we obtain
2 wriouy — wff = 4nrg, (3.6)

whence Dip = 12 (when w is replaced by the difference (w — v) in
(3.1).

Based on experimental data, it was found that the ratic of
curvature radius for the deformed drop to drop radius is ~3.3. In
the criterion D bg replacing the quantity ry oy the drop radius,
we obtain D, . = 3 63. Processing experimental data of [103, 105]
vlelded values for the critericn Dkr within 2.2 to 3.6 for a wide
range of drop slzes. Analytical calculations carried out on the
assumption of drop disintegratica as a result of unstable oscilla-
tions (pulsations) gave a value of Spp 5 [96].

The deviatlon of the dropshape from the spherical and the
appearance of a hellow result in instability btecause at the point
of the hollow the surface tension does not counteract the aerodyna-
mic pressure dut promotes an increase in deformation which causes
drop disintegration. Hence, it can be assumed that if the drop does
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not disinvegrate, it has a spherical shape, i.e., after atomization,
the flame should contain only sphericzl droplets. Phoetomicrographs

of drops in flight confirmed thls assumption because circular silhou-~
ettes are obtained in photography of the flying drops [1071J.

The maximum drop size which can exist in the Jet is determined
from the condition of equality between surface tension and aerodynamic
pressure:
rlow?

27 (3.7)

2ar. 0 =@

where ry is the drop radius; o is the surface tension ccefficient

for the liquid; w is the drop veloclty; p is the specific gravity of
the llquid and 1s the resistance to drop motion.

Solving Eq. (3.7), we obtain

o= g (3.8)

Comparing Expressions (3.1) and (3.8) for Dy pr W cAN write the
following relation:

D (3.9)

Despite the significant differences in the values of Q, obtained
by various authors [108-110] experimentally as well as theoretically,
the resistance coefficient, calculated from Dyy in (3.9), exceeds the

experimental values for a sphere tenfold. This indlcates the sharp
deceleration of the deformed drcps, which takes place only at the
initial instant of Jet discharge from the nopzle.

Jet disintegration into drops by turtbulent pulsation can be
described in the simplest schematic form as follows., Cn fuel discharge
from the nogzle, particle~detachment from ths basic Jet is prevented
by surface tension which creates a film as a kind of extenslion 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 formaticn in a fuel Jet is divided into two per-
iods: the first during which the jet 1s broken up iatoc particles by
turbulent pulsations and the second cne in which the drops cecagulate
so that thelr mean diameter increases. In this theory of fuel disin-
tegration, nowever, the effect of air resistance iz neglected, the
laws of the kinetic theory of gases are zappliscd to 2 liquid jet and
a theoretical scheme of drop size increase by ceagulatlon 1s used
without sufficient procf.

Por such coagulation of drops they would have te collide at
some relative velocity {112]. Since the drops in the jet have varigus
sizes and speeds, 1t ceoild hardly be assumed that a2 considerable gro-
portion of collisions would lead to coagulation of drops. Furthermorse.
the drops are fairly wldely spaced. This distance inereases with In-
creasing distance fr.om the spray nozzle. Tor example, ab a distance
of 50 mm from the spray nozzle with a fuel flowrate of 100 kg /h, a
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jet angle of 60°, a drop velocity of 80 m/s a d
metexr of 0.2 mm, the distance between dropz ic 2.6 mm, |
diameters. In this case, the probavpility of a si 0
drop in the subject layer is only C.47%.

Some experiments whose results are treated as indication of
intense drop coszsguiation leading to considerable modification of jJet
dispersion characteristics are based on scrious methodologlcal srrovs.,
for example, in {1i3], comprezsor oil through twu or four channels
was fed into the airstream through a Venturl nozzle. S8pproximately
the same quantity cof liquid passed through each channel. ¥When four
channels were used, larger drops were obtalned thaan witk tw~ channels.
This was expiained by coagulation ¢f the drops. Bowaver, the atomiza-
tion conditions were not the same since with - two charnels in opera-

tion, the air flowrate was 3.88 kg per 1 kg of i1, whereas with four~

channel cperation it was 1.79 kg/kg, 1.&., only haif as much. Conse-~
quently, the expenditure of atomization energy was not the same,
which acccunts for the increased mesn drop sigfe when the oil was
passed through four channels.

Thus, although the possibiilty of drop coagulation exists in
the Jet, the cocagulation proceszs cannot greatly modify the Jjet com-
position with respect to drop size. Hente. the hypothesis of the
two-stage process of jet disintegration lacks sufficient foundaticn.

The scheme for the primary breakup of the Jjet into drops be-
cause of turbulence effects can be used as a gimplified model of
the liquid wtomizatlion process. The theoretical premises and analyti-
cal relations for drop sizes require further elaboration.

Another scheme of Jet disintegration i1s based on the aszumption
that the cause Of the breakdown of a single liquid flow into drops
ig to be sought in cavitation processes [114]. At 2 high fuel flow
velocity in the nozzle, static pressure decreases and when it attains
values corresponding to the vapor pressiure of the liquld, cavitation
Zones are formed in the flow in the form of individual bubbles. Theze
bubbles disappear when thay leave the nogzle where the pressure is
restored to ztmospheric, thus destroying the integrity cf the jJet,
The formatiorn: of the cavitation velds takes place with rigorous per-
todicity at a frequency depending on th2 flow velocity {115]. In a
study of liquizd flow [1i€6], the following relation was found between
the number of cclliapsing cavitation voids and the veloelity:

Flow velocliiy, m/s j % 4 86 | 82 | 8% | nz
Kumber of collapsing . | . )
cavitation voids per 1 si 16 | 28 | 2w | 9 | oz

With increasing Tlow velocity, the cavitation bLubbles arvre
formed 2ot only on the surface but also in the interior of the jJet
and & vapor—-gas emulsion emerges from the nozzle. The bubkble envel-
ope ensisting of 2 ligquid o he atomized, ccagulates 1,75 drops un-
der the actinn of the surface tension at which point the vubbles
disagpear. The cavitation phenomena stavt at the surface cf the
Jet; thus the thinner the Jet, the greater the relative d2pth t¢
whiich the savitation bubblez can penetrate at egual dischzrge
velocities. Vortex motion (in centrifugszl-spray nozzles) promotes
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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
mechanisins of Jet disintegration, the process 1s fairly complex and
it 1s 4ifficult to indicate preference for any of the above-discussed
thecries at the present time. It can be concluded from the numerous
experimental Investigations that the disintegration of the Jet is
due to the action 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 ail these mechanisms. However, of the flow velocity is very low,
this force 1s the one mainly affecting the disintegration since the
L regkup of the Jet takes place as a result of the difference between
the flow veloclity and the velccity of free fall. An increase in flow
velocity 1s accompanied by the formation of axisymmetric [91] and
then wavelike [90, 2] oscillations of the entire Jet which lead to
ita 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
wavy surface is observed when liquid flow enccunters an airstream in
a tube {117, 118]. An increase in the velocity difference at the in-
¢erface 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 fermation of waves but are obviously one of the causes

of disintegration and the detachment of drops from a thin filament
of 1iquid [120].

A jet of atomized 1igquid has 2 relatively small diameter”and
thus it 4is difficult toc 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
effert of the ambient air influences formation of waves, detachment
of parts of the ligquid and further atcmization. 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 let cross section.
The presence of voids in the center «f the Jet is evidently due to
a cavitation phencmena. Under the influence of aercdynamic resis-
tance, external pressure and the pulsations of individual liquid
particles, thils network, composed of liquid varticles with irrvegu-
lar shape, then disintegrates into drops. The maximum drop size
is determined by the magnitude cf the aerodynamic forces.

Photographs (Pig. U8) indicate diffusion of tie jet by the
mass of amblent air, and this can be explained by turbulent mixing.
Gwing tco the association between the motiocn cf the drops and the
air, an energy exchange takes place between the fuel particles and
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the alrstream. This process is very intense iIn the section directly
behind the nozzle and the drops quickly lose thelir singularity. It
may therefore be stated that the drops formed at the nozzle do not
subsequently change in slze 1f one neglects the size decrease owing
to vaporization.

During atomization, the liguid drops acquire an electrical
charge and their further interaction 1is also due to electrical forces.
The presence of a charge on the arop surface gives rise to forces
whiich are opposed to the surface tension which promates 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
11quid 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 jJet energy ¢transforma-
tion into the energy of the drops, the equality

E, = E, + E,, (3.10)

must be satisfied. here E; is the energy expended on atomization,
Er 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.

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

Atomlzatlion 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 the steam (in combined vapsr-mechani-
cal spray nozzles). This energy can be defined as

~ 2gH 2gH
é§=._£_i:m__’.*-_g_2;'ll"

(3.11)




W N,

R Il  F A A

where Ht and Hv are the total pressure in the fuel and air systems;
m, and m are the mass of the fuel and air in kges?/m.
In the mechanical atomlizers, Ev and m, 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
couvenient rather than the total energy of the fuel or atomizer med-
ium to consider the specific energy per unit weight of fuel:

&= H, + 2 H, (3.12)

The potential ram energy 1s expended on overcoming frictilon
as the liquid moves through the spray nozzle, on excitation oi 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 fricticn 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 1t attains several per cent.

The energy expended in the creation of turbulence 1s equal to

R
E,p=ng§(§z‘+5‘+§’)rdr, (3.13)

where w, 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

R
E\' =3 o . ~
o :tq;w’rdr (3.14)

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

does not exceed 3% of the kinetic energy of the jJet can be used to
estimate the znergy of the turbulent pulsations. For a fuel jet which
has a much higher visccsity than air, the turbulent pulsation energy
amounts to less than 1f of the tctal jet energy. The main part of

the potential ram energy is transformed into kinetic energy. Taking
into account the negiigible energy of the turbulent pulsations and
losses, it can be assumed for practical computations that the entire
ram pressure 1s transformed into &z velocity head and the kinetic
energy of the jJjet is then:

for mechanical spray nozzles
2
“r (3.15)

=7
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for pneumatic spray nozzles

mne 2g° (3.16)

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

[

Ey=F,0 = 5tg ) d* N\,
‘ - :g: (e (3.17)

where Fk 1s the total surface of the fuel dreps; o 1s the surface
tension; dk is the diameter of the drops in the fuel Jet; H 1s the

number of d%ops vith diameter d, .
1;
The atorized fuel Jet has an indeterminate number of drops;
hence, 1t is prefer-ble to relate the energy equation to the unit
fuel flowrate.

&

(- Mt 2] —‘{,a" (3.18)
_ {ean l/un -

d, =

- (:-.x “”‘]\g ) (3.19)

where Zk 1s the average drop diameter; Y 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 axls passing througi. the center of gravity of the drop:

2\-———-; , (3.20)

where W is the speed of rotation; Jk {s the inertial moment;for
a spherical drop this will be

.:2-‘—5,:‘3-. (3;21)

The drops may not have any rotational velccity component if the
resultant of the external fcices is direcited 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 anguiar momentum
will be maximum.

The speed of drop rotation was not measured experimentaily
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but for solid partlicles whose rotation is due to impact or oscilla-
tion of particles irregular in shape along a flow [125] the rota-

tion energy is only ~0.1% of the kinetic energy of the moving parti-
cle.

The petentisl energy of the surface layer in % of the total
expended energy car: be determined from the relation

o 100 = Go______.
f \'13‘((”74’ '—':i-”s) (30 22)

On the basis of experimental data fo. diesel spray nozzles
{126, 127] this ratio 1s G.03 te 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%.

—F

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

The lowest ratic of drop surface layer energy to the Eptal ex-
pended energy was found for pneumatic spray nozzles becausevhere
the entire energy is not transferred to the fuel, but only 20 to
508, depending on spray nozzle design. -

According tc 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 bubcble grows if the vapor pressure pp of the 1liquid is greater

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

Pn>p+ 4,
- (3.23)

whers pp is the vapor pressure of the liduid.

The work on the formation of the bubble consists c¢f 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 sphere of the bubble., By summing these parts of the work and

replacing the dimension dk by the critical value from Relation (3.23),
we obtaln
E. = __16.10'

= Flpa—-pp° (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
to the liquid and can be determined from the relation

AL (3.25)
P

~here E, 18 the work of bubble formation,in ergs; p is the pressure
in kgf/gm’.
»

As calculations show, the dimensions of the critical bubble
come close to those of a molecule and the energy expendea in its
formation approaches the thermal energy of molecules (~4.107!" ergs)
when the negative pressure 1s close to the molecular tensile strength
of the liquid. Consequently, the work expended on disintegration
need ot be considered in the over-all energy balance of the fuel
drops.

Analysis of energy relations obtaining in liquid atomizatlon
shows that potential ram energy is mainly transformed into kinetlc
drop energy.

' The energy directly expended on liquid disintegration depends

n the discharge velocity and, according to experimental gata; is
roportional to B~ 2°33_p %9.3% for jet spray mozzles, to E '-%° for
entrifugal spray nozzles and 2 °*°% for pneumatic spray nozzles.
The proportionality factor i1s 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 pasrticularly

of 1ts surface from regular smooth shape provides optimum conditions
for aerodynamic actlon 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 con the design and dimensions

jf the spray nozzle.

?2. DROP SIZE DISTRIBUTION IN THE ATOMIZATION PROCESS

| In the very first studies of spray nozzles, it was found

that the jet of atomized fuel consists of drops of various sizes.

fhe cause of jet composition nonuniformity is usually explained by
arious random phenomena, and for mathematical description of size
1stribution one uses the laws of probabllity theory and the equations
f statistical curves. According to the definitions of probability
heory, a Jet of atomized liquid 1s a statistical set for whlch the
fameter is the argument and its separate values form a set series.
lthough a distributlon curve corresponds to each set, the number of
uch curves 1s limited.

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

M
S, /). (2.26)

;r the total welight curve
| R = [d.).
(3.27)
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where ”i is the number of drops with diameter dk 3 R is the total

weight of the drops with a2 diameter greater thantdk in %.
1

In the processing of experimental results in the form of Rela-
tion (3.26), various equations have been propcsed to characterize this
curve [136], 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 {Fig. #6). In
some cases [139] the distribution curves are extrapolated to zero
without any Justification.
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Fig. U6. Prequency curve: 1) According
to the Li experiments; 2, 3} according
to the I.V. Astakhovy experiments.

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 scot 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 vaporizzd) can be enormous although by weight
they may represent 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 may 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 um corresponds
to the mass of 27,000 drops with a diameter of 10 um. 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




tistribution and will have virtually no effect on the process of
‘lame combustion.

The Rosin-Rammler equation [180] has been most widely used to
haracterize the weight distribution of the drops

R=exp[— ()] (3.28)

Tne cvefliclent m for pneumatic and mechanical spray nozzles
'anses from 2 to 4 and for rotational spray nozzles it increases
0 8. 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

i
} to =, The range of variation for d is 1limited for practical cal-
i
‘ulations. The extreme drop sizes obtained directly in the measure-
nents or the values corresponding to a definite value of dk which
1

tatisfy the stated problem can be taken as the boundary values. In
the processing of experimental data in statistics, the 1limit dimen-
sion of the variable corresponds to the probability 0.27%. Now, if
these conditions are used for the distribution curve of (3.28), the

ximum and minimum diameters of the drops will ~orrespond to the
points on the curve of (3.28) whose ordinate R 48 0.27 and 99.73%.
Accordingly, the maximum drop diameter 1is calculated by means of
he formula

P S (3.29)
ind the minimum diameter d,. . = 3} 0005761
(3.30)

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

‘ = =yaa, (3.31)

shich for the practical limits of m (2 and 3) will be 46.28 and 6.9.

In addition to the Rosin-Rammler equation, ex} .:ssions proposed
)y Nukiyama-Tanasawa [181] are used for the weight distribution of
he drops:

[ ]
>
_:_AR:._, ._(_._.d:‘cxp (—adz ) (3.32)

aj;

shere a and n are coefficients characterizing atomization; I 1is the
ign of the gamma function.

f The equation of the normal logarithmic distribution has also been
used
|
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dR h ) |
Oy = yEexp o), {3.33)

dl
§ =ln—=t
7 ]

and the "upper 1imit® equation [142] which differs from the pre-
ceding onliy in the expression for y:

ad,

¥y

ous = doua (3.35)

y==ln

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

AR/R, % .

10, 20 w0 60 so 10w

Fig. U47. Comparison of atomization characteristic cu-ve accuracy: 1)
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 arc given by
the "upper 1limit® equation and the Rosin-Rammler €quation (Ffig. 47)
obtained by processing experimental data. Therz2 are extremely few
references to date on the physical pattern of formation of drcps cf
various sizes. Based on the theory of jet disintegration under the
influence of wave oscillations, a hypothesis was advanced [184] ac-
cording to which several unstable waves of various lengths are
formed in the jet, and these determine the wide range of drop slzes.
This concept has not been developed further. Experimental investiga-
tions were usually limited t¢ finding the distribution curve and
its mathematicel 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 droprs in an airstream [3102] 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, wheresas in the case of supercritical velocity, the atom-
ization of the drop takes place Ly detachment of a liquid layer from
the surface, with the majn part of the drop being preserved.
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Fig. 48. Diagram of valocities (a} and energi»s (b} in
(3.392); 2) after

tion section of a two-phase stream: 1) After Eq.
Eq. (3.40).

If one analyzes the drop size distributiocn over the section of
the Jet, the followlng quantitative relsationship is observed: 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
boundary).

This distribution can be explialned by examinling the atomiza-
tion of a large-diameter Jet. At the boundary with the ambientc
medium (air), because of great relative velocity, the formed waves
cause part of the liquid to break a iy from the surface in the form of
filaments and drops. The subsequent s.tomization 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 jJet wilil
have an even lower relative velocity, etc. The variation in relative
velocity during detachment from thes surface of the liquid jet causes
a change in the size of the drops formeé frem each separated layer.
Hence, the nearer to the center of the let, the larger the drops.

If the thecry of turbulent jJets is applied tc the study of
interaction between fuel and airflow, the diagram of the relative
velocities in the initial part of the jet (before the disintegration
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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 veloecity distribution
(145, 146]. In the opinion of some authors {147, 148], the specific
flow energy pw? is of decisive importance for turbulent mixing.

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

-1, . 6
_l:’f;__ (l__rIS)‘." (3 3 )
PR &

’ (3.37)

vwhere y 1s the distance from the flow axis: r is the Jet radius in
the subject cross section.

W2 assume in first approximation that the density variation
is proportional to the concentratior variation

C
'E%zf;’ (3.38)

where C is the admixture concentration equal to the ratio of the
admixture weight to the weight of the ambien. medium at the subJect

point of the Jet: Cm i3 the admixture concentration in the center of
the jet.

For a2 jJet with heavv 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

I W XY
oz ==Y~ (3.39)

According to the experimental data of [147], the value of pw?
in any section of the jJet is defined by the equation

oi:,‘,, =exp [—142(-L )] (3.40)

where p 1s the density of the flow at the point under discussion;
p_1s the density in the center of the Jet; w is the axiesl velo-
cTty at the subject point; y 1s the distance o the point from the
flow axls; z 1s the distance from the pole of the jJet along the
low 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-:26iax , the two curvesocwlo &’ : fly)are very similar

smoont

(see Fig. U48b) and for further analysis of the quantitative rela-
tionships of distribution in drcp sizes we use Eq. (3.39).

A3 shown by results from processing numerous exparimental

data, drop sizes can be defined as an exponential functicn of Jet
energy [183
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d = hEs (3.14)

Since formation of the wave surfaoz and drop detachment from
the continucus Jjet occur because of the veloclty difference between
the liquid flow and the ambient medium, the veloclty difference and,
consequently, the energy spent on drop size reduction, wlll decrease
nearer the jet center. Considering this, we can write drop size as
a function of energy in the form

d,,,“=( E )'=-’Q:a’ \e (3.42)
dz‘ Emay (\ Om“’; ) ’
or
d_mu~=(1 S
a.x" : (3&43)
The number of drops ¢f each size depends on the mass of the
Jet ﬂh*ch has acquired a given kinetic energy. With a uniform velocity
proflle in the fuel jet at the initial instant, the distribution of
ifs mass over the cross section is proportional to the square of the
ragius.
_9_=_"£?_‘£!.=_’_'.=R
G = afew, 7 (3.44)

where ro is the radius of the spray nozzle.

Tne zimultaneous solution of Egqs. (3.43) and (3.44) yields an
expression for the law of drop distribution by size

R=[1-(‘f;’“)"] , (3.45)

or, replacing ~1/5b by n, this relation can be written in a simpler

form:
t/.__ _ d ‘ﬂ‘
R™ =1 (5=}

(3.46)

These squations were derived on examination of a highly simpli-
fied scheme of Jet disintegration into drops and can serve as a
mathemgtical 11llustration 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 add’tion to the drops whose size
is typical of this layer thickness, the curve of Eq. {3.U46) gives
the upper limits for the number of large dreps in the flame.

For comparison of Relation (3.46) with the distribution ac-
cording to_the Rosin-Ranmmler equation, the characteristic (average)
dimension 4 {3.28) must te replaced by the maximum. Using Relation
(3.29), we find

R = 5924 (550)". (3.47)

Cosmparison of the distribution equations (3.46) and (3.47)
Wwith the measurement results for drops cbtained hy various research-
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ers [129~1347 shows that in the atomization of fuels with pneumatic
{Fig. 49a) and diesel (P!g. 49b} spray nozzles, the experimental
points cccupy a zone which is bounded by Egs. (3.46) and {3.47). The
value of m in Eq. (3.47) is 3 and that of n in (3.45) is 2.5,

For a centrifugal spray nozzle, one zan 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
regults, The rigercus mothematical solutlon of this problem invoives
great difficulties alithough the physical pattern of the disintegra-
tion of the jJet and the conical film is of the same nature, Experi-
mental data obtained by the authors of [150] during the measurement
of the fineness of atomization by trapping methods, modeling wWith
paraffin and by s-Jdiment megsurement methods (concerning these
methods, see Chapter 6) showed that the drop weight distribution
for centrifugal atomizers can be described by the same funciicnal
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 followine fuels were used: dliesel cil, pe-
troleum residue #C-50, M20, MU0, M8C, and paraffin. The results of
all the experimental data, represented in the form of the dimension~

less relation A = f(d/dmax) in the diagram fit into a zone limited

by the distribution curves (3.45) and (3.47) with the characteristics
n=3,22andm= 2.5 (Pig. 50).

The values n and m datermine the range of variation of the
drop diameters, i.e., the uniformity of atomization. The larger =
{or m}, the smaller is the gifference between the minimum and maximum
drop size which follows from Eq. {3.29). The index n, as folicws
from the experimental data, depends on the shape and thickness of the
Jet, the properties of the atomdzed fuel and the flow veloclty.

During the disintegration of the Jet intg-.drops, the separa-
tion of the Tuel from the surface takes place in the farm of rings
or filamenta. Since at the voundary of two phases a rapid decelera-~
ticn of the flow ceczurs, the boundary layer wiil have a velocity
distribution which differs somewhat from that of the main flow. Ac-
cording to ressarches on turbulent flow {1511, the thickness of the
boundary layer is determined by means of the relation

& = kx Re—r, (3.48)

For laminar flow conditions in the boundary layer, g = 0.5; for
turbulent conditions, p = 0.14. It follows from Eq. (3.48) that the
thickness of the layer increases with decreasing velocity (ang,
consequently, alsc of Re). The next layer should separate from tne
Jet at the same velocity gradient. In view of the lower velocity at
the boundary of the Jjet, the layer will be thickee. With increase
in the diameter of the J¢%t, the number of layers and the thickness
of the last central layer increase 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 distiribution curve
@dRldd, = Tidj which comprises a large range of drop slzes and, cor-
respondingly, the index m 1a Expressions (3.28) and (3.46) will de-
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Pig. lU9. Veight distribution of the fuel drops produced by: a)
Diesel spray nozzles; b) pneumatic spray nczzles.
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Fig. 50. Weigit distribution of the fuei drops during atomization
with centrifugal sprayers. Curves plotted on the basis of Egs.
(3.46) and (3.47): 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 ratic of nozzle length to diameter, the maximum and minimum
drop diameters were obtained as a function of the nozzle size (Table

8).
TABLE 8

Results of the ieasurement
of Drop Size

Ruaserp xanas,
Anaxerp § Dasacune xx 3
conas, TQUANDA,
an 1 Vo slreat |ypunmans| wmaxen-S
Huf H2asHME
0,25 700 100 145
0,35 685 130 160
0.45 720 130 182

1) Nozzle diameter, mm; 2)
fuel pressure, kgf/cm?; 3)
drop diameter, u; %) minimum;
5) maximum.

As follows from the data of Table 8, the minimum drop size is
practically uraffected 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, 1371.

For atomigzers with film flow it 1s 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 amocunts 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).

N

The variation of the velocity gradient and the energy trans-
fer between the layers deperid 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-
alr 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 tue 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 jJet decreases. Consequently,
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Fig. 51. Ef’ect of the fuel
velocity on the drop distribu-
tion (on the characteristic m
in E3. (3.28)). A) m/s.

the range of varlation of drop sizes 1s 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 results in
an inerease in the mean size. Experiments carried out by the
authers on the atomization of petroleum residues of grade M12,

M40 and M80, confirmed this assumption. An increase in the tempera-

ture of these petroleum residues (consequently, a decrease of the
vigscosity 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 M1l2 from 75

to 12¢°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 71i.3 {(3.31).

The effect of the viscosity of the fuel on the atomization
has been 1investigated 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 a3 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 sectilon of
the Jet. Consequently, the atomization will be more uniform wich
increase in the flow velocity of the fuel (or air in pneumatic
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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ZATIUN CHARACTERISTICS AND THEIR DEPENDENCE ON THE PHYSICAL
RTIES OF THE FUEL
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To estimate the atomization quality 1t 1s more convenlent
i:} many cases to use a single average characteristic instead of
the whole drop size distribution curve. The choice of thils 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 cof variocus
spray nozzles, it is expedient to use one of the averages used in
gtatistics. In the cholice and calculation of the average it 1s also
necegsary to take into account the effect of the measurement ac-
curacy on the atomization characteristic.

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

the arithmetlc average

Y]
gl dx,"l

T ——
fwmn 4

NN (3.49)

i
»

the average surface
2=y Tar— | -
S (3.50)
)
the average volume 'K

do={ 72— , (3.51)

the average weight

‘gq‘d‘:
B = S ~ (3.52)
pA

fomi

where q9; is the total weight of the drops with diameter dk .
i

In the study of the processes of breaxdown of the jet, vapor-
ization and combustion, the experimental data must be processed
cn the basis of the assumed physical pattern of the process in
such & way that the averages characterize the process under study.




For exampie, assuming that the drops are tormed under the influence
of the resistance to their motion and the surface tension, the aver-
age which characterizes the fineness of atomization, is defined as

{=n
dy = 57—+ (3.53)
> ANy

f=1

This expression reflects tne ralation of the forces acting
during atomization: the force of aerodynamic resistance which is
proportional to the drop surface, and the force of the surface
tensicn 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 usa the mean diameter at which the ratio
of vaporization rate to volume is equal to the ratioc 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
ccmputed by means of the formula

d,=d )/ titm (3.54)

wherg)a and m are the characteristics of the atomization curve
(3.2 [

The average drop slzes obtalned 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 1is

San (3.55)

When the electrical method is used, the average drop size

1s determined as
(Y S
/}:d:m
d, = m
] (3.56)

E du, ¥y

1]

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 atomizatlion is greatly
limited.

The preblem of finding a elationship between differant 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
welight distributlion equation from the following relation:

“ingx Y /dmax .
- -~ —p * .
d”.—.:(. y a9 ‘“_l%‘.‘(.;@dd‘) ( J dp—ad?;a(&dd“r 7, (3.57)
d

nmin min

where d _ 1s the average drop size, defined as the ratio of

the sumg of the drop diameters raised to the gth power to the sum
of the drop diameters raised to the pth power. (&) is the function
of the welght variation of the drops as a function of their diameter.

In characterizing the welght distribution of the drops by means
of the Rosin-~Rammler equation, the mean drop size for the cases where
3 -g <meand 3 —p < m can be calculxted by means of the gamma-func-
tion

L

) i LIC ) SR EIED

m m /

¥or example, for coumputing the average weight of the drops,
this egquation assumes the form

dig = (2 +1). (3.59)

An =xpression for any kind of average, given above, can be found
analogously. A

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

dimea == d (In2)'"™ = 3 },70,5031. (3.60)

A zecond, also wildely used distribution curve characteristic
13 the mode, i.e., the abscissa of the maximum of the differential
distribution curve dR/ddk = f(dk). For the curve described by Eg.

(3.78), the mode is connected with the maximum diameter by the re-
lation

- -m m—:{
"md:dif‘—m—‘- (3.61)

if conditions connected with tne investigation of some physi-
cal process are not made in the determination of the atomization
characteristic, the cholce of the average should be carried out on
the basis of an estimate of the accuracy ¢f 1ts determination. To
calculate the error involved in variocus characteristics, special
measurements of atomization efficiency were carried out under 1lden-
tical conditions at the All Union Central Scientifi¢ Research Insti-
tute — Ministry of Railroads [AUCSRI — MRJ(uHWM MNC). Averages of
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TABLE 9
Results of the Measurement of Atomization Efficlency
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tained by the model method; 11) obtained by sedimentometric method;
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the type d P were calculated on the basis of the results of m2ast

]
ments of the entlire drop spectrum and the statistiesl 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 an
m,

It was found on the basis of an analysis of the results ob~
tained by processing experimental data (Table §) that the absolute
values of the average drop size increase with increase in the expon-
ent au dq (¢ and p). With increase in the exponent, the dependence
of these gverages on tne size of the largs drops increases whereas
the small drops do not exert any important influence. The accuracy of
the characteristics dqp at g = 1-3 and p = 0, i.e., the mean arithme-

tic, the average surface and average volume drop diameter, 1s deter-
mined mainly by the accuracy of the measurement and calculation of
the number of small drops. The measurement accuracy of these quanti-
ties 1is considerably less than for thelarge drops,_hence the great-
est errors (~100%) were obtailned for the averages dig.

The least errors occur with the average weight and median char-
acteristics which are preferably used for determining the atomizztion

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 cne form of
average drop dlameter Into another.

As follows from Eq. (3.58), the difference between all averages
decreases with increase in the ind.x m wheih is evident #fom the
relation of Pig. 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] give= in Fig. 53, an increase in the
viscogity from 3 to 10°VU increases the drop si<e by approximately
Lo% 1f the atomization 1s estimated by the mean arithmeti: dlameter
(dio). If the atomization efficiency is gauged by mearis of the Sauter
average diameter (di;2), the same data allow the conclusion that the
atomization efficiency has been more than halved. The use of the
average weight diameter (d.s;) 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 siscosity
of the fuel on the drop distritution.
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TABLE 10

Results of Determination of the Atomization Char-
acteristic as a Function of d (3.28)
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1) Ratio of characteristics; 2) values of the ratios; 3) results
based on test series; 4) theoretical; 5) experimental.
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Fig. 53. Effect of the viscosity of the fuel on the magnitude of the
aver ge drop size: 1) Mean arithmetic (dio); 2) mean volume (dio);

3) average according to Sauter (dsa2): A) VU. !

The average size llke the entire dror spectrum, composing ‘
the flame, is determined by the energy consumed in the atomizatiocn.
The utllization ¢f this energy directly for the atomizatio.a of tae
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 ambier.t atmosphere. The thicker the fuel jet, the
smaller is the velocity difference in the central part. Most of the
experiwental data show a proporti:nality between the average drop
size and the nozzle d*ameter. The interaction between the flows
and the energy transfer (pw?) from cne layer of fuel tu another
depend essentially on the viscosity. With increase in t-e viscosity,
the internal friction offers a greater resistance to the detachment
of layers which causes a decrease in atomization efficiency. The
surface tension alsc hinders the breakup of the Jet. The larger the
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surface tension coefficient, the larger are the drors 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 farces ehowed that 3 variation in the densityv of the
21guid Oy a factor of 13.6 (from water oo mercusy) dces nct affcct
the drop size and the atomization critfe rion {1021, Since the speci-~
fic gravity of the heavy fuels varies within the range of 860-950 kg/
/m®, a detalled study of the effect of liguid density on the atom-
ization 1s not of practical interest.

The surface tension coefficienv is a more important charac-
teristic in the study of atomizzacion because on the magnitude of
this force depend the oscillations, the prefile of the jet surface
and the resiztance to the =2ffect of the aercdynamlic fcerces and
turbulent pulsations. The existence of the surfuace tension force
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 impcertant influence of the surface tension coefficient
on the drop size than would follow from the theoretical relations.

The differencezs in surface tension between petrolizum residues
of different grades [155] dc not exceed 7-83. Heating reduces the
surface tension only slightJyo ¥or eyample, when cracking residue
of the grade MB0 is heated ¢rom 50 to 100°C, the surface tension
dzereases ty 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, 121], the viscosity is
not taken into account at all in some cases. In other worksZthe
eifect of the visceosity on the average drop diameter is egtimated
to be >roportional to the viscosity coefficlent with an €xponent
of 0.2-0.5. This discrepancy hetween the experimental data and
then also the criterion relations, 1s 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 Jet and, in centrifugal spray nozzles, zlsc the thickness of
the Jet of outflo-ing fuel. Since the energy lcsses depend on the
deslzn of the particular spray nozzle, it is impossible tc estab-
1ish & generally valid relationship.

As the experimental data sbtained by us (Fig 54a} show, the
viscosity of the fuel, from values ¢f v = §-7 s ownwards, has
practically no e=ffect on the averzage drop éiameter. With increase
In viscosity, the average diameter increases stee~-ly. The viscosxrty

ffect is particularly evident in the operation of atomizevs with
low fuei pressure ({for mechanical) ow with esmall specific 4lr flow-
rate {for pneumatic spray nozzles). In the centrifuga; spray nozzie,
the greater the viscosity of the fuel, the greater is the pressure
at which the atomization takes place directly £ the nozszle (in the
absence of a compact fuel film) {see Fig. 5kbj.
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In connection with the very complex processes taking place
during atomization, numerous experiments have been staged, the re-
su_ts of which have now been generalized 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 eitber case, the final equation includes the following var-
iables: dk, average drop diameter; ds, the nozzle diameter, or §,

the thickness of the fuel film; v, the relative veloclty of the
iiguid: v, the surface tension coefficicnt; Vs Vs *he wizccsity of
the 1liquid and the ambient atmosphere (air); P> Py the density of
the liquid and the ambient atmosphere.
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Fig. S54. Effect of the viscosity of the fuel cn atomization: a)
On the average (median) drecp diameter; b) on atomization without
visible stable film. A) mm%/s; B) kgf/cm?.

Arother guantity qys the specific air consumption of the
spray nozzie, is included for the pneumatlc spray nozzles.

The estimate of the atomization efficlency is usually carried
out by a combination of the following crife:*a and simplexes:

Re = ~deo_ the Reynolds criteriun, which characterizes
the conditions of fuel flow;

We = 00 the Weber criterion which gives the ratio
of the inertial force and the surface

- 114 -

[




tension lorce;

Lp = 22, the Laplace criterion which is the ratic of
Va7 the surface tensicn and viscosity;
M==§§ and N =2 the simplexes which express the ratio of the
¥y

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 1ittle effect on the atomizaticn efficiency, so that
this parameter ¥ is usvrally left out cf the equatiocns.

The most widely used criterion relations have equations of the

form

4y .

Z =F(We; Re; M) (3.62)
or e f(We; Lp: My,

(3.63)

On the basis of processing of experimental data for jet spray
nozzles, the equations [107, 1083 ars recommended

dy

1 .
o = 33 Ty s (3.64)

or for pin-type spray nozzles

(3.65)
= e Re=8—710,
d, Q7 -
ﬁ-aﬁﬁ-. e Re=710— 1585, (3.65a)

d, = ROAyEF 7 e Re=1585,

e (3.65b)

where de is the equivalent diameter. equal to the ratin of the annu-
lar passage crecss section of the atomizer and the "wetted pe.imeter”

d, = 4R, - 98, (3.66)

where Rg 1s the hydraulic radius; 8§ the minimum radial clearanc2 be-
tween the pin and the spray nozzle housing.
The following c.oiterion relations have been nropesed fer cen-
trifugal spray nczzles [129, 130, 1521:
dx  478Lp% .

where A is a complex which combines tk geometrical dimensiouns of
the spray nozzle

ig% = BLp™™® ¢35 lg Ve,

o~
w
.
o
0

~
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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« SNO2
o= (3.69)

An empirical formula, proposed in the work of Nukiyama and Tana-
sawa [141] for pncumatic spray ncszzles is widely used:

d, ?VQ + 597 (“_r];’ai)“‘.(l%)‘"‘. (3.70)

This equation was obtained within the following range of var-
iation: ¢ = 19-73 dyne/cm; g, = 0.7-1.2 g/cm®; » = 100-300 m/s;
94,6 = 600—i000 . The diameter of the drops d,, taking the above-

indicated dimensions ~ntering into Formula (3.70) into account, is
cbtained in microns.

In the work [18], a criterion relation is proposed in the form:
d —0,43
-3‘—= BWe . (3.71)

<

The cozfficient B 1s determined experimentally and varies frcm
1.2 to 0.61, depenaing on the spray nozzle design.

From our point of view, the equations for calculating the atom-
i1zation efficiency, shculd include a complex which characterizes the
energy expended in atomization. Whereas for mechanical spray nozzles
the Weber critverion (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

iy

{air or steam). If the air flowrate is included in the equation for the
determination cf the average drop size (3.71), better agreement with the
experimental data 1s 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 energy
flowrate in pneumatic spray nozzles, it is necessary to determine the
useful (transferred to the fuel) part of the spray nozzle energy .
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Chapter 4

PRINCIPLES OF ORGANIZATION OF THE FLAME PROCESS
14. PRINCIPAL DIAGRAMS OF HEATING UNITS

According to the terminolegy of Professor G.F. Knorre [156],
the whole diversity of heating devices used in different fields of
stationary and transpori 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 instailatlons, industrial furnazes 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 de not perform useful work (excepting the work cf displace-
ment of the gases). Typical for furnaces of this type is the simul-
taneous evolution and absorption of heat. The tendency to maximum
utilizaticn of the radiative heat of the flame resuits in the need
for the utmost development of radiation-absorbing surfazes, the ac-
commodation of which compelis the use only of simple, mainly rectangu-
iar configurations of heating devices with large dimensions.

In furnaces of the power type. the main purpose of which 1s 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-
1y 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 l1limits to some degree
the pssibility of selecting a single principal diagram. Thus, for
furnaces of the heating type, the conditions of the arrangement of
te shielding surfaces is of primarv importance whereas for power
furnaces the decisive factor is ine welght and size iimitation.

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 cof 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 combusticn of the fuel under all opersting

conditions of the neating device must take rlace withour Terma-
tion of deposits and smoke.

3. The products of the combusticn of the fuel should not
have a corrosive and erosive effect on the metal parts located in
the path of their flow and should zlso not cause asnh and coke de~
posits.

4. The design of the heating device should snsure safe copera-
tion and the possibility of inspection. maintenance or the replace-
ment of individual parts or the fuvrnace itself.

5. The service 1ife 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 ol the mass
¢ the liquid drop during its combustion, but also the complete com-
bustion of 1its vapor even outside the individual combustion zone).
It is technically impossible %o fulfill these requirements simoly
by reducing the size of the drops arrivinz in the furnace. As has
been shown in Chapter 1, a marked a. ~ration of the combusticn
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 ~f the atomized fuel with the ailr
which is elther strengly preheated or added in slight excess. The
intense agitation of the airstream in which the combustion takes
place involves additional energy expenditure which is respcnsible
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 iimits. 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
los2 1s to some degree contradictory.

£s follows from the preceding chapters, the development of
the process ¢i 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 {or heavier fuels, in-
crease in drop size and lowering of thz ambient temperature. Under
the usual conditicns of ccembustion of heavy fuels this amount: to
30% of the total combusticn time of the drop. Extending this as-
sumption to the entire flame which contains drops of different sizes,
it can be concluded that the supply of the air required for the com-
tustion of the flame to the nozzle orifice is not such & necessary
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measurz =5 thcisht previously. Most likely, the supply of the entire
alr to the »ey of the fuel flame 1s not inexpedient because thils
lowers ‘he wenpervatare and the process of preparation of the drop

ror combustion (pseheating) 1s correspondingly extended in time.

The slower developlwen: of the preparatory processes involves a change
in the combustisn conditions In connection with the slower tempera-~
ture rise &and the sh!ft of the flame center in the direction of the
alrstream. Slmultaneonzly with this, reliable ignition of the jJet

hy return of part of the combustion products requires the provision
of a larger zone of return fliow which naturally increasss the hydrau-

1ic lossea. Rapid attenuation of the initial turbulent flow in Che .

purning flame, provided tc achieve mixing in the depth cof the flame,
reguires an increase in the f'low velocity of the air which also in-
creases teh hydraulic ilosses.

The best solution for shortening the duration of all stages of .

the combustion process andé for lowering the level of the hydraulilc
josses 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 indispensabie for the jgniticn and combustion of the smallest
drops. The remainder of the air 1s distributed along the flame to
provide for the ignition and combusticn of the larger drops.

This arrangement of the process, first carried out in 1886
by the enginesr Pashinin for ship's bollers [157], enabled the
totval efficiency of combustion of the fuel to be greatly increased
with considerabie increase in the steam output of the boller.

Practicaliy &ll power furnaces {combustion chambers of gas
turtine engines [GTENITY) now operate cn this combustion principle.
However, for boller furnaces, the use of separate air supply involves

consideravle engineering difficulties due to the specific design of
these furnaces. )
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Plg. 5. Pacil.ty for injJecting seccondary air into the zone of com-
bustion of petroleum residue: 1) Working spray nozzle; 2) input ori-
fices; 3) air preheater; U4) 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 f{lame) air jJet is achieved at relatively low initial
flow velocitles and small orifices which makes it possible to match
the quantity of air necessary for supply to a certain flame zone and
its veloclty. For normal boller furnaces, the transverse dimensions
of which are very large and are determined by the avrrangement of the
shielding surfaces, this matching l1s obviocusiy 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 wnirk improve the combustion process of heavy fuels, is repre-
sented in Fig. 55. According to [158], the secondary ailr is supplied
via orifices in the air preheater which 1is 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 centrolled 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 1s 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, isually termed the
gasification chamber, 1s a closed volume to which a smail propor-
tion of the air (~30%) required for the combustion of the fuel is
supplied via the atomlzer. This air reaches the furnace wvolume
through numerous orifices 1in the walls. The combusticon products
together with partly vapcerized and gasified fuel arrive in the
second stage (afterburning chamber), where the remainder of the
air is directed.
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Fig. 56. Schematic view of a firebox for the combustion of sulfur-

containing fuels. 1) Fuel; 2) primary air; 3) secondary air; U4)
combustion products.

However, neither of these sclutions is radical enough, and
suitsble 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 hondling the combustion pro-
cess but is merely a method of determining the final parameters of
the combustlion products for given operating condttions of the fur-
nace.

These factors had the consequence that the deslign of all fur-
naces of the power as well as the heating type i1s carried ocut mainly
experimentally on the basis of data on the performance of analogous
designs at the disposal of the desligners. This, in turn, led to the
appearance of a very large number of types and deslgns 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 shlelding surfaces as mentioned in
the foregoing.
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Fig. 57. Scheme of the simplest single-pass furnace chamber: Ft’ Ff)

Crocs sectlons of furnace and flame; Zt’ lf) length of furnace and
flame; 1) Air; 2) fuel. N

It should also be pointed cut 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 fiel and air into single-pass and tangential
burners and, with respect to the method of air supply, into strailght-
Jet and vortex (turbulent) burners. An additional attribute for
classification is the method of supply the air to the flame.

Most burners in operaztion at present are of the type in which
the entire alr required for combustion is supplied to the root of
the flame. However, burners in which a separation into primary
and secondary air 1is used, ar2 beginning to find wider application.
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Figure 57 shows the simplest scheme of a single-pass burner
wnich has been wlidely used in the past in stationary power and heat-
ing installations. The innerent deficienclies of this deslgn 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. Thls 1is due, firstly, to the fact that as the flow mocves 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 conslderavle
decrease of the relative drop velocity occurs which causes a mark.d
decrease in the mixing intensity and, consequently, prnlongs the
afterburning of the flame. And, finally and thirdly, the peripheral
layers of the introduced alr practically do not participate in the
combustion. Hence, the process of combustion of atomized fuel takes
place with a much smaller average excess of alr than would be assumed
on the basls of the fuel-air ratio.

12
\

Fig. 58. Scheme of turbulent
burner with vane damper: 1)
Spray nozzle; 2) damper.

A zone of reverse currents develops in the annular rgtating

"alrstream produced in the burners of the turbulent type. e di-

nensions of thls zone are determined by the tangential velocity
component of the vortex flow. Above all, thils made it possible to
improve greatly the conditlions of continuous ignition of the intro-
duced fuel by conveying part of the hot cowmbustion products to the
root of the fuel flame. Furthermore, the high initial turbulence of
the flow caused - wre intense delivery of oxygen to the burning
drops at the end oi 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 whick the turbulent fiow and vorter formatlion are

achleved by incorperating a vane damper have found widespread ap-
rlication.
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A mechanizal spray nozzle, usually of tne certrifugal type,
is loca%ed in the center of this dampe: (Fig. 58).

The vortex offect in the airflow car also be «bta ned by tan-~
g€ 111 sup.liy of the air to the turner as in the simplest form of
burner, shown .n Fig. 59([OEN](03H)} burner). A distinguisning 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 overat-
ing principlc 15 the burner depicted in Fig. 6Q. The air required
for ccmbustion, the quantity of which can be controlled by peri-
rheral 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 purner axis, divides the zirsfream into
twc parts, one of which is delivered via tangential channels with
rectangular section in the body of the damper to the root of the
fuel jJet, formed by a mechanical (centrifugal) spray nozzle, while
the other hy-passes the damper and enters the furnace chamber.

Fig. 5G6. Schematic view of turbu-
lent burner with tangential air
supply. 1) Petroleum residue; 2)
steamn. N

The burner shown in Fig. 61 is very similar in principle
to the preceding onz.

In this design, the division of the alrstream into a primary
one deflected towards the root of the fuel flame and a secondary one,
is more ot .lous. It 1s achieved by means of a vane damper situated
in tkhe center of the burner, through which the primary air enters,
and a system of orifices at the periphery, through which the second-
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ary air i3 supplied to the burning flame.

It can be inferred from an examination of the basic operating
principles and designs of burner devices that the most significant
aspect in the development [ burners for heavy 1liguid fuels 1is the
use of & vortzax ficw with divisicrn of the air into vrimary and se-
condary; this was verified experixentally in power-~type furnaces and
presented itself in the best light.

]

VARALRIRRR AR R ARG,

Pig. 60. Turbulent burner with separate air supply: 1) Air duct; 2)
control vanes; 3) conical blade damper; U4) spray nozzle; 5) crank
handle for rotating the blades.

One of the factors which determine the rate of combustion
of the flame and, consequently, the specific thermal load in the
furnace volume, is che process of afterburning of the coke residue
as well as the ga.esous products of the incomplete combustion of the
fuel vapor. 'The sreed of tihis process is determined by the hydrodyna-
mic conditions ané the transverse dimensions of the airflow. The
smaller these dimensions are, the better will be the mixing and ths
more rapid tne afterburning, other conditions being eqgual. In tne
multiburner furna.cs, the transverse dimensions of the flame are
considerasle, which, naturally, mekes it more difficult to acthieve
through mixing. This circumstance is aggravated by the mutual influ-
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Pig. £1. Turbulent burner with separate ale supply: 1) Fan; 2) guide
ing vanes; 3) primary air vortex former; 4) ignition zone; 5) nozzies
for the supply of seccndary air; 6) flame indicator (ionizaticn sen-
sor}; 7) alr control gate; 8) fuel supply; 9) centrifugal spray noz-
zle; 10) combustion zone; 21) refractory -coat: 12) steel body of
burner.

ence of adjacent flames.

Based on these concepts, it 1s recommended in the work [160]
to divide large furnaces intc separate sectlions 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 rezlization of this hypothesls should give a
very efficient operation due %o 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 operaticn of the small-size power furnaces of the type
of GTU combustion chamber in which heat transfer-rates were achieved
which were ten times higher than ia large-volume boiler furnaces.

15. DISTRIBUTION OF THE FUEL OVER THE FURNACE VOLUME

Two thecrles are currently ucsed 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 with variable density, and, consequently,
with a variable resistance coefficient. Here belongs also the thecry
of turbulent flows which examines the moticn of a gas flow with soiis
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impuritiez [14%]). The assumption is made i this esse that a con-
stant quantity of fuel passes tnrough any cross section cof the flow.
In reglity., the guantity of fuel decreases with increasing distance
from the burner nuzzle since the Tlight distance of the drops, cther
conditions being ecual, is determined by the drop size, The greater
the diameter of the drop, the further it flies.

hecording to the second theory {108-110j, the calculation is
carried out for each drop separately, making use of the equation cf
motion of the mass center of a solid sphere but it does not take into
account the flow of the ambient ailr entrained by the stream of drops.

As a study of the flight of 30ltd particles in an airstream
[125] shows, their velocity does not vary during their motiorn in ’
the same way as that of the air. The alrflioy is decelerated cor
siderably more efficiently than the solid partiecles.

In the initizl part of the fuel flame, where the distance
betveen drops 1s small, the particle3 exert a mutual influence 1
and on the surrounding air, entraining it and 1irparting to it a 1
veloeity close to that of the drops. In proportion to the increasing
distance of the drops from the nozzle, the distarce between them in-
creases, the interaction decreases and the motion of each drop be-
gomes independent. Thus, the Jet can be regarded in its first sec-
tion as an integral body which does not give off individual drops
z.1d, in the second, one can study the motion of individual drops in
the airstream entrained in the initlal section. The length of the
initial section depends on the angle of the Jet, the flow veloclty
and fuel consumption and also on the quality of atomigzation., 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 fiel consumpticn have the opposite effect.

With ccarse 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 2lso the size dis-
tribution of the drops affects the nature of the aerocdynamic 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 g considerable influence on the motion of the small drops.
In the pneumatic spray nozzles, more t£ime 1s 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 i
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 c¢f the airstream for a considerable proportion of
thelr path in the furnace. The sudden velocity drop of the alr in i
nneumatic atomization takes place after the initial section, which,
according to the theory of turbulent flow [149] amounts to

:.='2"S§'ii. (u.l)

where zo is the length of the initial section; Ry the 1initial radlus
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of the jet; a, the degree of initial turbuience of the airstream,
amounts to 0.05-0.075 according to the experimental data.

Un the basis of an analysis of this physical pattern of the
mution of the jet it can be inferrec that while the Arops have the
same velocity at the moment of their forieation, the selocity of the
drops from the moment of zheir independant moction (when their mu-
tual distance is large and they no longer exert a mutual aerodyna-
mic effeci) wili depend on their sie.

In real spray nozzlies, the initial section of ine flame 1is
short compared with the total flight patn of the dr-ps and it can
be assumed for practical calculatior: in first approzimation taat
the drops begin their independent r .ti~n directly after the .« :mer-
gence from the atcmizer nozzle.

Uaing the equation of the drop motion (1.P”1) and {1.29), we
find that the total acceleration is

w"‘"

d!

. dw
I=gr=—%

(4.2)

"

The solution of Eq. {4.2) at the initial values of T = C,
z =0, v = kwy will have the form

4
Ty 33

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; accerding to the experimental
data, k depends on the drpop radius and can be approximately calcu-
lated by means of the empirical formula

R::0,16 F 0,84 cxp {—8d), (4, u)
where d is express<d in mm.

As follows from Eq. (4.3), the flight distance of the drops
dapends essentially on the drop radius, If we assume that the mo-
tion of the Jet terminates at 1 = «, 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

—-.di._ dw dx
=& =& =
oy 4 (k.5)
2k
we obtain
dw o'
W = — %7535
“ & (4.6)
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As a result of the solution of (4.6), taking inte account that
at x = 0, v = wg, we find the velocity of the drops at any distance

from the spray nozzle
o — [p050.5 __ _Sxx \?
@ = (k5 — Y (2.7}

At v = 0, the sclution of this equation gives the maximum
flight distance of the drops and noincades with Eq. (4.3) at 1 = =,

z,ni{
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Fig. 62. Flight distance of drops of petroleum residue a2s a function

of thelr diameter and initial velocity {(w): 1) » = 100 a/3; 2) v =
= 80 m/s; 3) w = 60 m/s; 4} w = 40 m/s; 5) w = 20 m/s; 6) maximum
dropusiges of petrcleum residue at B8 = 154 (Eq. (3.28) and 7) at
B= -30

Owing to thz turbulent impulse exchange with the amblent air
during the motion of the fuel, a deviation of the drop trajectory
from the axis takes place which imparts a2 conical shape to the jJet.
On the basls of theoretical stucles, using the laws of turbulent
diffusion [164], an equation was obtained which characterizes the
relative density cf the stream over the cross section for jet~type
spray nozzles

= =exp [—0693(L) ], (k.8)

where ¢ 1s the mass of fuel in the considered section at a certain
radius; g, the mass of fuel in the center of the flame; r, the in-

stantaneous radius;
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ro = 21n 2 a,x*, {(h.9)

where a,_ 15 =« constant characterizing the turbulence of the Jet; kr
a 2onstant whiclh characterizes the gualiiy cf atomization.
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Fig. 63. Distribution of the fuel along the
radius: a) Fer jet-type spray nozzles; b)
for centrifugal spray nozzles. 1) per 1 mm
of »r.

Experimental verification of Eq. (4.8) gave good agreement with
the theoretical vaiues. As follows from (4.8), the distribution of
the fueli along the radius of the jet bescomes more unifsrm with in-
creasing distance from the spray nozzle (Fig. 63a).

When we consider the distribution of the fusl in the flame o»f
centrifugal srpray nogzzlee we must take into account the nresence
of a rotational momant in the vortex chamber and nozzle of the
spray nozzle which imparts a peculiar shape {(hollow conz) to the fuel
Jet. Since the centrifugal spray nozzlss have a large jet angie,
consideration of the motion of the drops along the axis only does
not by any means glve a ccmplete plecture. For these spray nozzles,
the wariation 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 compcnents of the acceleration, re-
sistance, and initial velocity along the » axis will be:




;x"_‘ s ? (u.lo)
1.3

R. =92 cos o,
4> (4.11)

W, o = Wy COs al2;
(4.12)

atid for the y axis

& . \
})n_d_:.v (u‘13)

ot A <
Re =% Jprsin s (h.14)

w}g=w.sln-g—,
(3.15)

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 zv==;E%E.and the initlal differential equations assume thém?Zim
o g w ,
r> f‘%m. {8.16)
dwy »'S5
7'__—%(“‘:%)”4;:' (¢.17)

Poliowing solution of (4.16) and (4.17). taking into ac;gxﬂg'
the initlial conditions, we find the drop ccordinates durlug Its
motion
%;kaowt—;-t
x=——_2d,‘;‘+?.“”. g * {4.18)

s . aQ
le‘skwc Si1i1 T Tt

T (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 Pig. 62). As follows from FPig. 62, the flight distance
of the drops inereases in prcpostion to their size and initial velo-~
city. However, these parameters {drop size and velccity) are also
interrelated; for a given spray nozzle design and fuel, the maximum
drop size will be determined by the initial veloeity of the Jet.
Consequently, each of the curves {see Fig. 62) should have complete-
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ly defined boundaries. If we use Eg. (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:

dy =

57 {4.20)

and for the maximum size, assuming m = 3, in accordance with Eg.
{4,20), we obtain
Aax AT (4.21)

where B for the chosen corditions [é = 0.25 mm, p, = 91.7 (kgf*s?/n",

v = 5.8 mm?®/s (~1.5°VU)] is 1.54, with dy .y €Xpressed ir mm and v
in =/s. :

Raving 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 tha flame). This dependence c¢an be expressed
analrtically for the chosen conditions:

2815
Ilm=¢'wo.ss. (1'5.22)

As follows from Eq. (4.22), the flame length decreases with
increase in the initial velocity of the fuel. This 1is explained by
the fact that ar incrzase in the initial velocity has an important
effect on the drop size. The resultant ¢e:rcease in the maximum drop
size cauc~s a shortening of the fiame lengir.

A combined analysis of Eqs. (3.568) and (4.18) makes possitie
the assertion that with increase in the thickness of the conical
fiim the flame length will increase since the flame will contain
larger drops. With increase in svrfacs tension, viscosity and speci-
fic gravity of the fuel, the flam= length also increases. For exam-
ple, 1f the viscosity increases t= 3°VU (~20 mm?/s) B = 4.36 (4.20),
and the line 1limi€ing t™e maximum range will accordingly be shifted
higher (see Fip, K 52.7).

The mass of the flame varies with increasing distance from the
uoszle. For example, at z¢ = 0.6 m {wo = 60 m/s), all drops with a
diameter less than 275 u 1ose thelr 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 z; will be -

less than near the spray nozzle. The weight of the drops for each
diameter can be Jetermined from the distrioution equation {(3.28) or
(3.42). Excluding the weight of the drups which have lost their
axial velocity, we find the variation of the mass of the fuel along

Ehe %ength of the flame (Fig. 64a) for the case of B = 4. 36 (Eq.
.20).

Not only the total mass of fuel but also the average drop size
varies along the length of the flame. To determine the average
welight diameter we can use the equation
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where dk. are the dlscrete drop dlameters; a; the weight of drops

with tha diameter dk.; n 1s the te%ai numbsr of drop size groups;
1
. k is the drep size the flight distance of which ig limited by the
croes section of the flame under consideration.

The variation of the mass and size composition ¢l the fliame
also takes place ain radial direction. It follows from the eguations
for the drop trajectories (4.18) and (4.19) that the iarge drogs
are located in the flame periphery and the small drops closer to
the center. Pigure 652 shows schematically one of the typical drop
distributions over the flame crcss section, obtained by the zuthors
in a study on several centrifugal spray nozzles. Each line glves
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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 welght of
fuel at this point. As follows from the above~given relations,

the periphery contalns 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 zmbient 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 axlis. 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
negiigibly small quantity.

The deviation of the large drops, containing the main mass
of the fuel, from the axis also determinesc the distribution of the
fuel over the cross 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 denslity as a
function of the radius {see Pig. 63b) ana, conversely, by means of
the flame density one 2an calculate the distribution curve of the
drop welghts by means of the sizes.

The motion and development of the fuel jet in furnaces takes

place in an aRirstream. If the airstream with the velcclty 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 by the relative veloclty. The
differsntisal equations of motion can then be written thus

- (4.2%)
dw.. N
%r_ = = c {ey dl:-) (i + ‘.2)6.8’
t $
dﬂ' O"’ 1 0" . N
wo=agr (1) - s
@ sin —=-
whera = 2 .
' u'cos-%-—-v,
(4.26)

The solution of these equations under the initizl conditicns
Tt =0, —-kw,cos—z--—o £ =

sions for the determination of the drop coo~dinates relative to the
spray nozzie

k.&'.cosaﬂ-c‘

WP X T = -—-—+v.t
Px (1 + 25 %yu,casaf.’ v.+ (4.27)
= -&!l'gsiﬂaﬂ
et + BV gug 3in a2 ) ,
i ++ (4.28)

These equations have & limited range of application because
with increasing velocity of the air, the relative velocity of the
drops and correspondingly the parameter Re decrease. Furtpermore,
the.21r veloeity in real furnaces does not remair constahit over
the entire path of motion of the drops.

If most of thre path of the drop is traversed under conditions
of Re belng considerably smaller than 50, it 1s expedient to use
the Btokes eguation for calculating the resistance zoefficlent

%:—i—:—. (u.29)

The final expression for calculating the flight distance. of
the drops will then have the form

x=-§‘:[l-—exp(—?‘— )}wcos—é-, (4.30)
%
K{l—exp(——% )] w.sin-—- (&.31)
9. =182 g,
or (4,32)

Since the Stokes formula is correct only for low values of Re
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(under 6.1) we must introduce a correction [165] intc Eq. (1.32)
kw=‘g"0 (u°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
Correcticns to Eq. (4.32)

Beanunua nonpza-

KH v v o0 oo 1.0 1,17 1,31} 150 1,73 | 1,98 | 2.5¢ | 288
T lipexcam  save-

ouui Re%. « » o 00— -2 ] 2—4 | 4=7 |7-11{11—-16]16—23;31 —42
3 1Cx, %:
® B HayaTe yea-
CIXA  « . . +5 +7 +7 +7 147§ +7 | +7} +7
5o monue ywa-

cTIKE . . . -5 -7 -7 —_1} =T} =T | =] -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 simplif'y the calculations, a correction of 0.4 of the maxi-
mum for all trajectories of drop motion canr be applied.

The calculation of the fuel distribution in the furnace will
be more complex in the case of atomization with pneumatic or steam
gspray nozzles with a high degree of atomization and uniform size
distribution of the drops, one can use the eguation of motion for
a jet with heavy impurities [149]. However, imr the practice of fuel
atomizatlion with phnieumatic spray nozzles, particularly those overat-
ing with low pressure, relatively large drops are obta ned (~0.3~-
0.4 mm) with a large range of sige variation. Hence, it is neces-
sary to consider the motion of the individual drops for an analysis
of the drop distribution in the flame. 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

Wy, + -+ Bovo. o

we Burtbves (4.38)

vhere vo,y is the initial velecity of the atomizing medium; wo.y the

initial velocity of the fuel; q the specific flowi‘ate of the spray
nozzle in kg/kg; 8 the efficiency factor of the kinetic energy i f

the spray nozzle which characterizes the degree «f energy transfer
from the air to the fuel.

The flight of the drops in atomization with pneumztic spray
nozzles 1is characterized by sudden variations of the resistance aand
the parameter Re. Thus, the ve oclity of the drops in the initial
section 1is considerably lower than the velocity of tne air and Re
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has higher values. Then the velocitles are equalized and Re = 0.
Re then increcases again but only slignhtly because the veloecities
of the drops and the air decrease. Considering the motion of the
drops from the moment of equality of the velocities (which 1s 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

. . (4.35)
dw 247350, (w — v)
m-&- ==——~_8.R—!~_’
or )

dw ox ’

F=—2e-9
« A (4.36)

Q‘=l8%?.‘
(4.37)

As a result of the transverse veloclty 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 directlion and their trajectories recede from
each other already in the main section vc a distance at which they
no longer interact. HoWwever, 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 jJet will decrease in
inverse ratio to the distance

v = v, R (4.38)

ax !

where 2 1s the distance from the spray nozzle; v, the initiali velo-
city of the stream.

The sclution of Eq. (4.38) gives the following relations:

o oo (4.39)
ds a '
.t’:v‘—z'_o?&f+a (Q.HO)

According to the above scheme of motion, ¢ at T = 0 should
be equal to the length of the initial section, whan

(4.41)
.]/ 3%
o= r+:m.’

._ 0.96R,
b"'i?“

where

/ (L., 42)

Substituting the expression for v {(4.41) into (4.35), we ob-~
tain the differential equation of the drop motion with variabnle
resistance
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dy T v bl (4.43)
The solutlion of this equation has the form
» {_‘2:_
| G (4. 3h)
=z Q) —-&f\ q.,_‘.]/ __..__K._‘._ . -
w Np( ] } dﬁ'b%dt, V€:$E;dt+c

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 (%}r)in a serles and integration of this series. The number
L3
of terms in the series depends on the congrete conditions.

At equal initial velocities, the fligr’ distance of drops
produced with a pneumatic spray nozzle, is zater than those
produced with a mechanical spray nozzle.

The distribution of the fuel over the flame cross section
for the case of atomization with pneuratic spray nozzles can be
described by the thecry of turbulent jets for a two-phase flow by

a relation cf the type
== (4. 45)

where q 1s the spraying density of the fuel at a given point; 9

the spraying density in the center of the jet; » the distance of
the point under consideration from the jet axis; r, 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
thaccordance with the following relation:

9 _ g r 18
7 = e [—07 (D)), (4.146)
where r, ., i1s the distance from the jJet zxis to the point of the
section where
g _ 1,
e 2 4.47)

There 1s good agreement between the theoretical and empirical
relations, obtained by generalization of the experimental data. The
variation of the local fuel ccncentration in the flame sections
corresponds to a qualitative difference characterized by the com-
position of the dispersion. 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 snd the distribuction 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 flame 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

dep r
ac,,“’(r.)’ (4.48)
where dsr 18 the average drop diameter in the considered section;

aér the average drop dlameter, destermined 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
pricumatic atomization, is characterized by the relation represented
in Fig. 66c. )

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 tha tlight distance of the drops. The viscosity and the
surface tension affect the general distribution of the fuel only
indirectly via their effect on the drop size,

nen
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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) u.
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The nature of the fuel distribution and the laws of motiorn
change during the burning of the flame. These changes are due to
the decrease in the mass and size of the drops during their {light,
the decrease in the resistance coefficient of a burning drecp com-
pared with a nenburning 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 kinematle
viscosity of gases during a temperature rise from 200 to 1000°C,
the resistance comfficlent increases neariy 5 times. On the other
hand, the resistance cocfficlent 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 zll these factors
into account analytisally 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
veloclty 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
equztion of motion can be written in the form

__=.~_;~m;~_ (4.49)

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 functlon of time in accordance with the
equation °

de=di—her. (4,50)

Relations (1.72) and (1.81) can be used for the combustion cf
heavy fuels; assuming for approximate calculation that the decrease
in the drop surface takes place in proportion to the time, we obtain:

{(k.51)
ﬁaﬁ—m
where .

£
A=E

I+ (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

i 5 d . -
— 5 70 ( — 41)"* 22 = Bavouw (5 — )™ (4.53)

The solution of this equation under the initial conditions
T =0, v = wy, has the form

T
w:-:o.'o(l—l';) , (4.54)

where
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; . The dependence of the path traversed by the drop on the tinme
can be fourd by integrating Eq. (4.54) under the boundary conditions
T30, 2=0

- o
oo T H

The flight distance of the drops, determined by the time of

its complete combustion :-%_13 equal to

.woé
=i9‘+7.. (u057)

xﬂn

The flighrt 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

_ ]
dg;.(gﬂjr) .

L Puie .l

(4.58)

R
T=3

The differencea between the time thus obtalned 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 cages by
means of Eq. (4.57). §\

v e S

In order to find the variation of the fuel mass along the flame
in the case of moticn of bturning drops one has to allow for the
fact that the decrease in the total mass of unburned fuel taskes
rlace 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
d 7 can be determined:

ir=n

q—_—-—g—gQ,“?:“lN[ (dz—l‘l')l's: (";59)

ﬁ where Hi 1s the number of drops with size dk determined by means of
] the equation for the weight distribution of the drops (3.28).

According to the Rosin-Rammler distribution, the number of
drops of each diameter per unlt weight of fuel, is

’ Rl

R

L%

(4.60)

.
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By ccmbined sclution of Eqs. (4.59) and (4.60) znd replacement
of the sum by the integral, we obtailn

=2 54-»-* (& — &) Sexp [- (%)‘"]dd,. (4.61)

The integration limits in these egquations should be the maximum
drop diameter and the diameter of a drop which has completely burned
up to the moment t, equal to 4 =7V} 4ir. The resuits of thne graphic
integration of Eq. (4.61) are shown in Pig. 67. Using tnis relation
and Eq. (4.56), it 1is possible to obtain the mass variation of the
burning fuel along the length of the flame by excluding the time =.

g\

R
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N
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@
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——
0 @i aF a5 a8 10 12 15/

Fig. 67. Weight of the unburned fuel as a function cf the ratio
dk/Z on the drop size distribution according to Eq. (2.28).

The above-presented variants of equations make it possible,
depending on the initlial conditions of the movement of the fuel in
the furnace, tc estimate very approximately the distribution of the
fuel and to calculate 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 motlion 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 airstr-am, the velocity and distance from the spray nozzle
can be determined by means of the equation

343 {we — v)

w= [‘P.‘ (wo—-o)°'5t+"zd“5]‘ o (4.62)
23 (i o) ¢
x= % (= —(v.;"“s :io 241 o
X\t (4.63)

The flight time of the drop up to the moment cf Ifgnition can
be assumed to be equal to the combustion time (see Chapter 1), ne-~
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glecting the induction time:

= (4.64)

? [}

The subsequent notion of the drop must be calculated by means
of equations which take into account the variation of the drop mass
(4.5h4), (4.56).

For motion of the alr at the constant veloclity », the equa-
tion for calculating the displacement of the drops assumes the form

0= @i-9(1-5) o (4.65)

and

Pt A .
q._ » 2 x
v ‘)i‘?[l—(l-ﬁ\: ]-i—of.

Fx+ A (4,66)

The value of the velocity wg in the above expressions is deter-
mined from Eqs. (4.62) and (4.64) °

() = 2 LE ) (4.67)

(qu ¥V d(wo—t) 4 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
first; neglecting this term, we obtain

Yrdy

(4.68)

Wy —0 <

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 = 600°C gives the following relation:
1.8

“o—v< o

where d is given in mm.

It follows from this relation that fer a burning drop with
large dlametzr, 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 wy — v will be even less than according to (4.66). In
Eqs, (4.65) and (4.66) the velocity difference w} — , enters as a

multiplicand, the cofactor cf whlenh is smaller than 1. Thus, the
motion of burning drops can be considered as being ldentical with
that of the air, i.e., 1t can be assumed that w,= v, xzx vy
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Induced fortex formation and stagewise air supply and also the
reverse currants which arise modify the nature of the distribution
somewhat in the sense of a shortening of the flame. Hence it can
pe assumed that the above-proposed relations give limit values, which
must be corrected experimentally.

16. REQUIRED ATOMIZATION QUALITY

Caccs are nct rore in the practical cperation of heating deviess
in whichthe use of burners which have gilven excellent service in a
certain unit, did not give the expected effect in other furnaces.

The cholce of the nozzle, which fully corresponds to zll require-
ments of a certain installation, is effected purely by experimental
methods which delays greatly the starting up of the furnace or
causes 2 large fuel consumption. This sltuation 1s due to the cir-
cumstance that the current technlcal literature contains extremely
few data on the basis of which the technical reguirements 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 acccunt.

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 (vaporization) determined by a large number of
physical and hydrodynamic Tactors. 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 1lnefficlent
mixing [1i71] because the fuel particles lose their velocity quickly
and are entrained by the airstream. The fuel is distributed sfear the
nozzle producing an extremely vich mixture in which the~tGlifusion
processes cannot achieve the required composition withlu 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 nature of distribution of the air
along the flame and 1ts turbulence.

Other authors [175, 176, 177], assuming that the combustion
of atomized fuel tzkes 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 1s regaréed as
the limliting process, can account only for the losses due to ces-
sation of the chemical reaction or its lcw 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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ization, high ambient temperature), the chemical reactisn of the
combination of the fuel vapor with the oxidant may indeed be the
limiting process under certain conditlons. 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 analysls of the experimental data from this point of view
cannot be earvied out At present, however, because in the practice
of investigation of furnace devices, the atomization quality given
by the burner 1s 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 typess of furnaces, a graphlc dependence
of the total losses of the furnace process on the specific energy
(e.)! was obtained, which is shown in Fig. 68. As folilows from
Fig. 68, all the experimental points fit well into a very narrow
region determined by natural scatter due to the large errors in
the determination cof 8y.

The general dependence of the total loss on the specific
atomization energy or, which is the same, the quality of atomiza-
tion, 1s clearly evident here. Furthermore, at sufficiently large
values of ¢._,. 1.e., with sulficiently fine atomization, the dif-
ferences in atomizer and furnace design cease to be significant
and the scattering region of the experlmental points is constricted
practically to a curve which tends asymptetically towards zero loss.
This attests to the fact that with sufficiently fine atomization,
the quality of mixing of the atomized Cuel 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 1liquid fuel on the basic economlc indices c¢f the opera-
tion of furnaces. 'In these works, the measurement of the atomiza-
tion quality was achlieved by variaticn of the spray nozzle design
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Fig, 68. Purnace losses as a function of the specific atomization
energy: 1) Spray nozzle 03H-350; 2) spray nozzle HMM-500; 3)
Ptyankov's steam spray nozzle; 5) slotted steam spray nozzle; S)
spray nozzle HrM-5C0 installed under the boiler BKB-1C. A) kgf{'m/kg.

- 1by -

20 e a——

T ke e A VY 21

Kot i hires v ¥




eI,

e . b B ol P A T o PO

n mmhi A =

WA PIY AR -

and its operating parameters and aiso by varigtion of the operat-
ing conditions of the furnace, using different grades of liquid
fuel. Since every deviation of the combusticn conditions in the
fiame from optimum is most clearly manifested under counditlons of
boosted operation, a cylindrical, fully shielded combustion cham-
ber was chosen as test object. A centrifuzal and pneumstic spray
nozzle was used.

As a result of processing of the experimentsl data, grapns
were cvlotied showing the completeness of combustion as a function
ef the operating conditions and the average drop size in the fuel
Jet (Fig. 69). As follows from Fig. 69, the quantity n, for diesel

0il tends to decrease with increasing drop slze. Thus, feor a Jet
w¥ith an average arop size of 200 u, n, is about 90%. An increase

in the drop dlameter to ~300 u led to z decrease in the complete-
ness of combustion to n, = 83%.

This relation 1s more marked and clearer for distiliate oil
and petroleum residue. In this <ase, the increase in the drop size
within the same iimits led to a decrzase in the compliateness 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 fursaces 13 the process of mizture formation {atom-
ization and wvaporirzation 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 gxamine in flrat approximation the conditions
which should be cbserved for the realization pf given heat trans-
fer rates in the volume of a fully shielded fsinace, It i1s assumed
as & working hypothesis that when heavy fuels ®f the &ype of pe-
troleum residue are used, the {lame haz a more discrete structure
than in the combustion of light fuels. In this case, the compustion
of the large drops and the drops lacated af the periphery of the
fuel Jet will differ relatively l1itile from the copbustion condi-
tions in an unlimited medium, 1.e., from the combustion conditions
of a single dror.

A basic condition for the complete combugtion of fuel in the
furnace volume iz the equality o¢f the combustion time of a fuel
drop (Tz) and its residencze time in the furnace volume (m). The
residerice time of the fuel drop %n the furnace voiume cannat be
determined without ambigulty hecause the fuel drops move along
different trajectories, The guantity 2z can be determined most simp-
ly for the drops the tralectory of which colncides with the furnace
axis and, conaseguently, with the general direction of motion of
the combusticn products. In this eas2

&
2(.2::;-;, (14.59)

where ¢, !5 the length of the furnzce; w
of the ccmbustion products.

2 is the aversge velocity

£ (4.70)




Here Vg is the veolume throughput of the combustion producty;
F, the furnace cross sectien.
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Fig. 69, Variation of the completeness of combustion of the fuel
in a furnace chamber as & function of the aver~ge drop size in the
fuel Jet (with constant operating conditions c¢f the furnace); a)
Diesel oil; b) distillate 0il; ¢) petroleum residue ¢-12. A) u.

-
Substituting (4.70) into (4.69), we cbtain
AR v (4.71)

In reality, however, the length of the furnace and its cross
section ar? not fully utilized, hence the real residence time will
be shorter than the avallable time. If we degignate the utilizaticn
factor of the furnace volume (coefficient of filling of the furnace
velume by the flame) by ¥, we have

e Ve
i=Yey- (4.72)

The volume V_ of combusticn products per second {velume through-
put per s=zcond) degpends on the operating conditions of the furnace
and is determined by

= Py L SIRT (1 +aly)
e (4.73)
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where Gsek is the welght throughput of combustion products per
second; y the specific gravity of the combustion products; Bt the
hiourly fuel cinsumption; o the excess air coefficient; L, the quan-

tity of air theoretically required for the combusticn of unit weight
of a given fuel; p the pressurein the reaction zone; R the gas con-
stant of the combustion products; 7 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 initilal drop diameter, we obtain

i
d0= Vm—-!_—x—). (uo7u)

By replacing the quantity V8 by its expression via the weight
throughput and the parameters of the combustion products (4.73), we

obtain
N “Vt' io‘p-m
d'='1/8,0-+aLd(l+x)RT' (4.75)

It 1s 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
furnacz. Hccording to this, the fuel drops which leave the nozzle

under an angle to the furnace axis, shoulid burn completely before
striking these surfaces.

The time of flight of the fuel drop from the center of the
nozzle to the point on the furnace surface under consMleration
(z_) 2an be estimated from the conditica of motion of the drop
alang a trajectory, at each point of which all necessary parameters
of the medium are known (teumperature, flow velocity, pressure,
and cther properties of the medium). The general solution for this
case cannot yet be cbtained 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 ail parameters of the medium in which
the drop moves are constant, 2. can be determined from the equation
of the trauectory of the drop

(4.76)

WeSinag
y=-

T x=py+ waz,,
—;—-+k){w.5ina
$ 4

where

_5B5Ved YT
A (.762)

wacosa —
p=

. - 3
We I3

(4.76b)




B, is the time; Pys Hys respectively, are the density and dyna-
mic viscosity of the medium; Py 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 coirncides in time
with the development of the -reparatory processes (preheating, pre-
liminary vaporization and ig¢ .tion). Following the ignition of the
drop, when it retains its relative velocity, its trajectory will be
determined by a different relation between the resistarce couvefficient
and the veloclity because the appearance of the flame around the drop
creates an additional reslstance 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 comnection 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 directlion of motion of the combustion products, i.e., it
will be practically parallel to the furnace axis. These factors
pernit the assumption that the following relations give g first
approximation:

W= % (4.77)
max = Be
y (4.78)

where Ty is the ignition time of the fuel drop; Ymax 1s the maximum

deviation of the drop trajectory from the furnace axis (of the

atomizer); h is the distance from‘fhe furnace axis to the boundary
wall.

Substituting (4.77) and (4.78) into (4.76), we obtain

R wysing .
L sVeema (4.79)

Ta
The ignition time, as shawn in Chapter 1, 1is determined by

the square of the initial drop diameter, the chemical induction
time and the ignition characteristic (kv) of the given fuel grade.

Equaticn (4.79), taking into account the expression for Tys
assumes the form

h= e sing
= i — .
kY o, sing

dg + ku‘un ( q . 798.)

If we designate by b the quantiiy

b= Ms_}’_:_v‘ } Sysina (4.79b)
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we find
wesina
'R *

A+ 3Ty (4.80)

h= 5

Lot
d}‘.s

Having carried out the simplest transformations, we obtain
the following equation for the determination of the critical drop
dlamotex:

5 — &8+ A58, (Tuns— gy ) — OoaTuun = 0, (4.81)
[
where = 5254 }/Q—,il:-}"l‘—?-}— .
0: Y wesina (4.8
.81a)

If it 1is assumed tnat the fuel drop is fairly large and 1its
preheating time considerebly longer than the chemical induction
time, Eq. (4.81) assumes iz~ form

, bk . rs )
L —d — g =0 & —d% —a=0. - (4.82)
An estimate of the numerical values of the quantities forming
part of the parameters b' and @, taking into acecount 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 xS, \
0< a< 0,3 uu.

Accordingly, the range of variation of the drop sigg; will be
limited by the maximum 600 u. Figure 70 shows a nomogram for the
determination of the drop size as a functicr of the total set of
the values of the parameters b' and a from which it is evident that
the parameter g 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 varlation of b’ over its entire
range has an extrenely insignifiicant effect on the initial drop
size. Hence we can neglect the term d°*3p* in Eq. (4.82) without
causing a large error. Then the drop size is determined as

d=V . (4.83)

By way of an exarmple, let us consider the problem, what maxi-

mum drop size we can permit for a furnace with a volume of 3.98
m?, a width of 1.2 m and a length of 2.7 m in which a volume heat
transfer rate of the order of 1.3.10° kcal/m*h is to be achieved.
The fuel is atomlized by means of a mechanical sprayhead under a
pressure of -25 kgf/cm* and forms a fuel jJet with an angle at the
apex of Za = 120°. The fuel is petroleum residue (y = 960) with
the ignition characteristic k. = 0.003 cm?/s. For comparison pur-
poses, we determine also the dtameter >f dlesel oil drops (y =
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= §60) for which k_ = 0.0058 cm®/s. Having first determined the
flow velocity of tle fuel from the spray nozzle ané assuming that
the two fuels have the same pressure and velocity coefficients, we
obtain the followling drop diameters:

0,003.0,6

for petroleum residue 4, = %53 = 0,0063 cx = 62 xx;

for diesel cil 4, = E'075‘:;'0—'3- = 0,0084 ci == 84 ax

1
a,nnd

Py ] | e—l 1 \
02 ~==] 550mAY
az 1

i — : — 525 |
Zz A D e e 1V

T )
: 75
74 475
412 — === 450 -
o5 F—— 425
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% 400 4
42 —— 375
= 25 |
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464 == 1
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Fig. 70. Diagram for determination of drop size as a function of
the parameters 5’ and q. 1} mm; 2) u.

For a fuel drop moving along the furnace axis, we find after
substitution of the numerical values:

for petroleum residue 4, = 0,204 _l*f? = 0,0129 cx (129 xx);

for diesel oil d, =90,294)/0,0078 = 0,0260 cx

Thus, to achieve heat transfer rates of the order of 1.30-10¢
kcal/m®’h (furnace chamber of steam locomotive boller) which corres-
ponds to a fuel consumption of ~550 kg/h, the atomization quaiitv
should be very good for diesel oil and particularly for petroleum
residue. The greatest danger in this case are the lateral drops
btecause they should be aprroximately half the size of those in the
cenier of the fiame. 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 in highly effec-
tive conbustion of atomized fuel.
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It should be remembered, however, that the drop sizes de-
termined by computation, althcugh they are limits, determined
on the basis of the ignition and complete combustion c¢coenditions,
they cannot be the limit sizes with respect to the atomlgation
characteristic, 1.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 te assumed to be within ¢he limits of 10-15%
and then the average drop Glameter in the flame by means of which
the quality of atomization is normally gaged, can te readlly 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 additlonal verification
of the completeness of combustion of this drop cover the remaining
furnace length is reqguired on the assumption that the subsequent
motion will be over a linear trajJectory with zero relative velocity.
The control relation in this case will have the form

Xapez & Xmaxe (.84)

where zpred is the maximum permissible distance of the fuel drop
from the spray nozgle in the furnace axis; Zoox is the real distance

of the fuel drop, determined by means of Eq. (4.76) at .= Ty.

The quantity ’pred’ in turn, is determined from the eguation

’nm'-‘-lr—'{')-(l-!-x)w,, (14.85)

where Zt i3 the furnace length; kg the combustgan characterigtic

of the fuel grade concerned (without taking into account the igni-
tion time); z 1s the ratio of the combustion time of the cocke resi-
due to the combustion time ¢of the lilquid phase; wg is the average

velocity of the gases and combustion products formed in the Turnace.
If the Condition (4.84) is not fulfilled, this means that the

chosen parameters of burner operatlon do not allow complete com=-
bustion of the fuel drop under the given conditions.
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Transliterated Symbols

F'Ty = gTU = gazoturbinnaya ustanovka = gas-turbine
powerplant

t= topka = fire box

-
L}

] = { = famel = flame Jjet

&
)

k = kaplya = drop
T =t = toplivo = fuel
T = turdbilentnost’ = turbulence

P = r = raspyliveniye = atomization

BY = VU = vyazkost’ uslovnaya = conventional viscosity

B = v s vozdukh = air

Cp = sr = sredniy = average

r = g = goreniye = combustion

cek = sek = sekunde = second

g = ind = induktsiya = induction
npen = pred = predel = limit
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Chapter §
ENGINEERING METHOD™ OF ORGANIZATION OF TLE FLAME PROCESSES

17. CENTRIFUGAL ATOMIZER DESIGNS

The idea t9 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
: equipped 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 controliing the pitch of
the helix. 1Instead of the helical inset, a multiple-thread endless
worm can be used.

The best fuel atomization effect is achleved ir centrifugal
atomlizers with channels which extend tangentially from the periphery
to the vortex chamber. One of these designs which was widely used at
the time, 1s the atomizer of P. I. Grigor'ev [{180], known under the
name "Atcm"™ (Fig. 72). In this atomizer, the fuel passes through
tangential grooves cut in the conical insert into the vortex chamber
and then thrcugh a nozzle into the furnace volume.

oo 2 e T

3 In most current designs, the vortex flow is achieved by

front of the nczzle orifice. This atomizer is shown schematically
in Pig. 73. Via sevevral channels (with round or rectangular cross-
section), arranged tangentially to the cylindrical surtace 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 1is 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
L entire fuel flow including that within the burner (Fig. 74). Thus,
4 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. .

v
Z N\ —T——)
-

Fig. 71. Bufrner cdesigned by the engineers of the Tentelevka Plant witn
helical atomizer.
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Fig. 72. The burner "Atom," designed by P. I. Grigor'ev.

. 4 v v w
s R L L
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Fig. 73. Principle of centrifugal atomizer with vortex chamber.
Motion of the 1liquid particles: A) in the nozzle; B) in the vortex
chamber; a) tangential; b) axtal; c¢) totel (helical path); 4) 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 preasure; b) at high pressure; c) with relative shift of the
nozzle and vertex 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 hypertoloid of one sheet. At low pressure,
under the action of the surface tension, the aerodynamic resistance
and the weight of the fuel, this film 1s 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 pre-~sure at which the fuel
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disintegrates into drops without formation of a film, depends cn the
physiczl characteristics of the fuel (viscosity, surface tension) and
the geometrical dimensions of the atomizer.,

Of great importance 1in the centrifugal atomizers 1s the
coincidence of the axes of the vortex chamber and nozzle since any
deviation from this ccaxial arrangement results in curving of the air

worteox {(ges Pig. T74,c) and 1if thz shift is larger, the vortax disappears

altogether. Prior to the disappearance of the air vertex. the fuel
consumption in the part of the flame close to the axis of the vortex
chamber increases; large drops appear here, thuc interfering with the
atomization quality.

To produce a symmetrical flame 1t 1s essential that the atomizer
has severnl tangential feeds. However, when the number of orifices is
increased, their diameters must be decveased in order to retain the
optimum ratios of the passage cross sections and this lowers the
reliabllity of operation cf the fuel system and increases the risk of
clogging. The number of tangantial orifices in the centrifugal
atomizers is usuaiiy 2-6.

AT N
Y el e B

K

N
<

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 detall of vortex chamber and nozzle (burner of the Baltiyskiy
plant}.

In sevnral centrilugal atomizer designs, the Til
attained by means of & Gisc with tangentisl slotz placed in frent of
the nozzie orifice (Fig. 75). The burners for steam dolliers made at
the "Ilmgrine" Plant [181] are bujiit on the same principie. The
burner design with these dises is mors gomplex than that discussed in
the foregeing. Furtherisore, the presence of severszl parts centered
by means of the burner housing in order %o prevent a displacement of
the vortex chamber and nozzle axes requires very accurate manufacture.

on formasion is
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b more efficient design which gives a bettcor ceatering of the axes of
the nozzle and vortex chamber, was propozsed by the Baltiyckiy Plant
[182] for burners with by-pass (see Fig. 75,e).

Fig. 76. Centrifugal burner with several atomizers: z) with separate
fuel ducts; b) with common fuel duct.

During the operation of rfurnaces with variable operating condi-
tions, when .he fuel supply varies bty a factor of two or mcre, 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 consumpticn in this
burner can be reduced by successive switching off of atomlzers and
lowering of the fuel pressure. When the load is reduced. the fuel
pressure in one of the five petroleum residue channels is reduced.
This channel 1s then disconnected and only four atomizer nozzles are
in operation. VWhen the load decreases, the pressure is suclessively
reduced and the second, third, znd fourth nozzle is disccnnected.

T.e f£ifth nozzle is for 1dling and is disconnected only when the unit
is stopped. Thus, a smcoth 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 1s also necessary to achieve large
fuel consumptions because with a single burner the atomization qualilty
decreases with increased fuel throughput at the same pressure. Large
fuel consumptions with good atomization (up to 3 tens/h) can be
achieved with multinozzle burners [183] in which the fuel is suprlied
via a common channel to several (4-5) atomizers (see Fig. 76,b) of
the centrifugal type. The multinozzle burners are compact, glve a
wide flame and good filling of the combusticn zone with fuel. However,
the conditlons 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 with 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 pisten 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 tc rotate a ring with orifices which 1s mounted on the
atomizer body [184]. Scme burner designs make use of a combined
control method with simultaneous variation of the pressure and the
cross section of the tangential channel. 1In 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 crcss section.

Two-stage centrifugal burners are widely used in gas turbine
power plants. The contrcl of the fuel throughput in these burners is
achieved by variation of the pressure in one cf the stages. The
pressure in the cther stage 1s 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
variatiocn of the consumption.

The fuel flow from the two stages can be mixed in the atomizer
(with 2 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 sectlon
cf the tangential orifices and is calculntea for low output._ When a
nertain pressure is reached in the first stage (14-17 kgf/cm2), the
second stage 1s 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 veloclty.

The nonuniformity of the fuel throughput by single burners
operated from a single fuel system is due not only %o the difference
i the geometry and 1ocal resistance of the fuel duct but also to the
iarge Tluctuations of the counter pressures The counter pressure is
produced by the fuel of one stage in the directlon 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

e
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the counter pressure is comparable with the feed pressure of the
second stage. Taking into account that the fuel throughput in the

second stage 1s conslderably higher than in the first, the nonuniformity

of the ¢ounter pressure during the operation of the burner system from
a single fuel pump may lead to differences 1in the throughput of
individual burners of up to 200% under certain operating conditions.

SRR SREANS
] Qg M

=t

Mg. 78. Principle of the twWwo-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 hurner enters the center of the vortex chamber ¢f the
first stage where the counter pressure is low on acccunt 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 intc the
other (the second one into the first). The fuel from the first stage
i1s atomized directly into the furnace vclume. The fuel from the
second stage in the form of an annular film with a considerable
tangentlial velocity component arrives in the vortex chamber orf the
first stage and then in the combustlon gone. 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 veloclty 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 atomizaticn quality is
reduced owing to the large energy losses.

In the two-nozzle burner, the fuel from both stages interacts
outside the burner and the guality of atomization is determined by
size population of the drops frem both stage:. The two-nozzle turner
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(see Fig. 78,¢) has two circuits with independent tangential fuel
supply, vortex chambers and nozzle orifices; 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 with a vortex chamber and tangential orifices. Sowmetimes,
tie tangential ovifices in the first stage are not arranged at a
right angle to the generatrix of ti:ie cylindrical surface of the vortex

chamber. This scheme is tynical for twc-stage burners with a single
vortex chamber.

In order tc¢ enlarge the range of variation of the fuel throughput
[(185], three-stage burners have been propcsed which are a combination
of a twc-nozzle and single-nozzle double-circult burners. Owing to
their complexity of design and control, the three-stage burners have
not been used in practice.

Much used in present-day boillers are burners [1¢2, 186] with
consumption contrcl 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 bte reduced,
the same quantity of fuel 1s supplied to the buriner but part of it is
bled off 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 {lame angle
increases.

MRS LR L AL
_.......__’. 77777
> \‘l\\\\a/

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 maximum 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 c¢control of the fuel in the output and by-pass lines
{1883 (Fig. 80,a). With open by-pass chaanel and lcw fuecl pressure,
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-pacs line increazes, the
rod is 1lifted and opens the rnozzle orifice and simultaneously cleoses the
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by-pass line with its shoulder 2. The system of valves and rods with
springs in the burner 1s 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 varlant of the combined by-pass burner which gilves
a wide range of variation of fuel throughnut was proposed by A. M.
Pralthov (218G, Tnic burner {(sec Mg. 80,b) at small loads supplies
fuel only to one (the central) stage; any fuel arriving through the
channel 1 in the second circult 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 cut of the burner but part of it passing through
the annular nozzle of tne second stage into the combustion zone. When
a cert .in pressure has been attainei 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 1nitial moment, the control is achieved by 1lifting 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 1ifting of the inner atomizer 2, which opens
the nozzle znd 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 tweo-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 tc 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 fiame 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 consequence of the variation of the speed of rotation,
the rotationali atomizers give fine atomization within a large range
of throughput variation.

An original atomizer design which gives film 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
arranrged nozzles thrcugh a system of crifices. At a fuel pressure
above 2 kgf/cm2, the atomizer begins to rotate, producing 2 fuel film;
further increase in the pressure causes an Increase In the number of
revolutions of the atomizer. At 2 pressure above 7 kgf/cmz, the fuel
film disappears and the disintegration of the fuel iInto drops takes
place directly at the nozzle. The number of revolutions of the atomizer
attains several thousand per minute,
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Fig. 81.

a) burner with simul-~
~

and by-pass lines; b) burner of
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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 cof designs used in numerous varlants of furnace
devices.

18, THEORY GF THE CALCULATION OF SINGLE-STAGE CENTRIFUGAL ATOMIZERS

In a discussion of the desigh principles of centrifugal atomizers
it is evident that they are all based cn the same principle of film
flow of the fuel. Hence the calculation of any cernitrifugal atomizer
is based on the laws ¢f operation of the simple single-nozzle
centrifugal atomizer. The calculation of the atomizer bolls down to
determining its basic geometrical dimensions which ensure the quality
of atomization reguired for the given combustion conditions at a given
consumptiosl ¢characteristic and flame angle.

Two basic methods of estabilshing the mathematical relations for
centrifusal atomlizers are knewne one or the basis of the principle of
maximum throughput {192-197] and another on the basic of the use of
equations of the momentum [198-201] The most widecpread theorv 1is
that of Professor G. N. Abramovich [192] based on the assumpticn that
the alr vortex within the atomizer has a size which gives 3 maximum
fual throughput. This condition corresponds to the critical fiow
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velocity of the fuel, equal to the velocity of propagation of long

taves 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 no¢zle 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, 1s equal to the product of the cross section of the
orifice and the velocity. The rotary moment in the centrifugal
atomizers causes a consliderable decrease in the active section
compared with the nozzle cross section. The dec¢rease in cross section
and the deviatior. of the fuel velocity from the axial direction is
taken into account by the consumption coefficient u. In order to
determine this throughnut coefficient, let us consider the motion of
the fuel in the atomizer. A peculiarity of the centrifugal atomizer
is the presence of a mementum M relative toc the axiz the variation
of which along the radius can be described by a differential equation,
proposed by L. A. Klyachko, of the form

aM ffre 1%
i =—2E.Tdr" (5‘-.’

where f 1s the friction coefficient in the vortex chamber; ry the
radius of the tangential orifices; Py the specific gravity of the fuel;
and Q the fuel throughput.

This equation was obtained under the following conditions: the
variation of the momentum 1is equal to the frictional mement at the

end face of the vortex chamber; the radial velocity is negligible
compared with the tangential veloclty.

By integrating Eq. (5.1) within the limits of wvariation of r

from R to r, and, correspondingly, of M from MO to ﬁs

Mo=94ﬂﬂ=-,§}'%' {(5.2)
we obtain Yy
T e T (5.3)
A, = Ree )
T a3+ 05R(R—r)’ (5.5)
at £ =0
A, = A=Re, (5.5)

Wpre
where Ae is the equivalent gecmetrical cnharacteristic; A tThe
geometrical characteristic; Wy the velocity cof the fuel upon emergencs

from the tangential or. fices; R the vortex radius, eaual to the
distance from t! 2 nozzle axis to the axis of the tangential orifice;
ue the fuel throughput coefficient in the tangential orifices.
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The loss of friction moment in the vortex chamber is aliowed

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 1s constant over the whole cress section and equal to

(5.6)

where ¢ is the coefficient of tihe active cross section,

a
¢=1——

a

(5.7)

At the boundary with the air vortex, the excess pressure 1s zero
and the radial velocity 1s very small so that it can be assumed that

o* + u? = 2gH,

(5.8)

whepe H is the total sxcess pressure of the fuel in front of the
nozgle, egual to the difference between the total pressure HO in front

of the atomizer mnd the friction loss, expressed by the pressure 4H,

Hmﬂe-—AH.

The axixl velocity at the boundary with the air vortex is

determined by Eq. (%5.8) and the tangential

velocity can be found by

mez2Rs of Eg. {5.3} at r = T, and Zs expressed by the relation
u:'_-fif-c-:.‘: QA&—.
o alYi—9 (5.9)

Substituting the value of v (5.6) and
solving this for §, we find

whence

~16%~
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u (5.9) into (5.8) and

(5.19)

(5.11)

—— amw -

e e e e




A relation which is insufficient for determining the throughput
is found on the basls of the assumption that stable flow of the fuel
will occur at a size of the vortex (o~ ¢) which gives a maximum
throughput, i.e., at

d .
.&g.f.q, (5.12)
Then,
A.=-—’—%. (5.13)
2
[ 5
#=V2'—-v‘ (5.14;

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) 1s equal to

dE=“'a’T,Q,w’ds. (5.15)
ds = cos{r; s)dr=%df. (5.16)

where w 1s the total velocity of the fuel particle; s the path
traversed by the particle; w the radial velccity component; r the
distance of the element under consideration from the axis of the
vortex chamber.

Since ;
w == V(o’-i-ui::u, (5.17)

where u is the tangential veloclity component which is considerably
larger than w.

The radial ccmponent w can be determined as

R (5.18)

where b is the height ¢f the vortex chamber; normally, b = 2rt.




o T - - S o

Following replacement of w and u and substitution of the value
obtained from BEq. (5.14) for w, the energy loss can be represented in
the form of the following relation:

dE = — SLouwrdr. (5.19)

The tangential velocity is expressed vla the momentum which is
determired by integration of Eg. (5.1) for the limits of r from R
tor_:

s

2

nf(f—%-}-k—-r)r. (5.20)

i =

Substituting the expression for u (5.20) into (5.19) and
integrating this within the limits of variation of r from R to ry, we

find the energy lost by tie fuel as a result of the frietion at the
end face of the vorcex chamber

E,‘::EQ—E=-2-%-3—:§A; (5.21)
s b (=) () (4
F A4 gh) FanBpee]) (5.22)

where

0

This !kergy, lost by the fuel in the vortex chamber, must be
deducted from the pressure H. In this case, the throughput equation
is written thus:

2y Souti — L.
Q.-_: .’Ip»fcl/ 2g” n?,:A (5023)

If we replace i by u*, the throughput equation can be retained
in the form (5.10), as under

[y 1

g’ a— L = e I
Vi+ap A -'
Y rEge s \

(S)]
o

o
~

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
rroposed the following equation for calculating the throughput
coefficlient:
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where At is the geometrical characteristic taking into account the

frictior lcss along the length of the vortex chamber; the connection
between this characteristic with u and ¢ is the same as for Ae and 1is

given by Egs. (5.13) and {5.14).
After some simplifications, carried out bv the authors, we have:

Rre

A, =— . .
p,er—}—-—Q—j ._2..ZR (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 - rg in it 1s replaced by the quantity L/2 since

in 1its derivation account was taken of the fact that the momentum was
reduced due to frictiocn at the face end of the vortex chamber over the
path R - r_, 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 encrgy
loss due to friction at the end face of the vortex chamber 1s played
in Eq. (5.25) by the quantity B which allows for the energy loss
during the motion of the fuel along the height of the fuel chamber.
B can be determined approximately thus

/

PN AT R
- e ) (&)

An experimentally determined friction coefficlent enters inte 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. Klyachke. this coefficlent
is a funetion of the Reynoids number

~~
i
N
-3
N

%8 ,
ig(100f) = oo i= {5.28)
The Revnolds number is calculatzd 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.

Autnors of the TsNIT MPS determined the throughput coefficients
for gztomizatlion of fuel in simple single~stage burners with z vortex
chamber made integraily with the nozzle. The fuel throughput was
found to vary from 12C to 410 kg/h at a fuel supply pressure of 5 to

55 kgf/cmz. RPigure 84 gives the experimental values of the throughput
coefficients 3s a function of the equivalent geometrical characteristic
Ae and the theoretical relation calculated by means o: Zgs. (5.13)

and (5.14)., The zoefficient u was determined by means of Eq. (5.10).
An experimental investigation of centrifugal burne.. with rectangular
tangential channeis arranged under an angle B to the burner axis also
showed good agrzement with theoretical data.

The equivalent geomgtrical characteristic of these burners is
determined by means of t cquaticn

Rre cos B
A'=sir§—} O_SIR(R——rc)cusﬁ' (5.29)

where r, is the radius of a circle, the area of which is equal to
that of the tangential orifice:

B (5.30)

Ty = )

where &, and s are the sides of the corifice; ¢ is the coefficient of
the resistance o the motion of the fuel In the tangential orifices:

ry ! (5.31)
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where rg is the opydraulic radius of the tangential orifices:
bs
s Y TP I (5.32)

The frictional energy losses and the loss of momentum due to the
friction at the ¢ylindrical 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 mumentum was compensated
by the erergy loss.

r
by
NI ) L2
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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 cf 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).

’he experimental data obtained in atomization of the petroleum
residues BS5 and M20, heated to temperatures at which their viscosity

is 5-6 mmz/s, agreed completely with the data obtained under the same
conditions with diesel oil.

Comprehensive investigations of centrifugal atomizers and heavy
fesidual fuels were carried out at the Groznyy Petroleum Institute
£129].

The results of these investigations were processed, using the
thecretical relations obtained by means of the theory of mcximum
throughput. The variation of the momentum in the vortex chamber was
taken 1into 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 dependencs 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. Kiyachko and V. I. Kirscanov (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 ai:d operating parameters which
would combine the leoss of momenium and pressure. The calculation of
the burner is carried out in this case for an 1deal liquid and the
throughput coefficient is then corrected by means of the equation

b= ho1,20 (L) R0, (5.33)

where Ho is the throughput coefficient, calculated for the flow of an

ideal 1iquid by means of A (at £ = 0); ¢ is 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 resulits. Investirations
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 turner beody and particulariy in the distribution disc) can attain
50% of the available pressure [203] under some operating conditions

{Q = 1600 kg/h, p = 20 kgf/cmz). These losses are not unavoidable for
centrifugal burners but are typical for a particular burner and are
due to the local reslstances at the entry and exit of the distribution
disc (see Fig. 75,2), the deflection of the jet at the entry to the
vertex 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
channelils, in the tangential channels, and the losses inherent in the
certrifugal atomizer (in tne vortex chamber). As a result of taking
th losses into account, the theoretical throughput coefficlent is
always smaller than for an ideal liquid. When only the loss of
rmomentum is taken into account the throughput ccefficient will be
larger. The real (experimental throughput coefficient can be larger
than for an ideal 1liquid which 1is 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 f{irs:i case
exerts a more impcrtant effect on the throughput than the hydraulic
pressure lcss, 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 tollowlng 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
rutation, formed by the flight trajectories of the fuel particles.

In thls case the tangents of the departure angle of any fuel particle
is equal to the ratio of the velocities

8 i e (5.34)
R R ”
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The departnure angle of the 1liguid particles from the burner
depends on their distance from the burner axis (r):

at the burner wall (r = rs) the angle 1s equal to

ac=2arctg7;—f:——-—;;z—=‘7arcsinp/4,, (5.35)

at the boundary with the alr vortex

. __H/‘» —_ in BA
@, = 2arctg ;z_—:_"—p‘ﬁ?_%mm_ﬁ’ (5.36)

=3

where s = ;X is the relative size of the alr vortex, which is
_[

determined from the equation

1+ Vi—@iad
,+‘/;?_.“'¢Ag° (5.37)

p=V1—p 2 —sVs— Al —p’Alln

Fiz. 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 ligquid flows from the outer ring. This 1s explained by the fact
that the outer ring has a large area and the axial veloclty of the
fuel particles at the nozzle wall is higher tuan 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 outfllow
of the liquid from these rings (Plg. 386).

The momentum for each elementary ring (q,) 1s determined by the
equation *

g = 2nourar. (5.28)
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Substituting into this expressicn the value of q; ;s we have
g =22V 20p.VF — WA A, (5.39)

The sum of the vectors of the momenta of all elementary rings 1s
equal ta

{=n

Qe = 3, gy, (5.40)

o}
where Wg is the resulting velocity.
Projecting all vectors (5.40) on the burner axis and the total

momentum vector, we find

Qw.cos—?«: 2 q,w‘cos-%f-, (5.L7)

o i

ch=2lhw‘C0$ > (5.42)
where a¢ 1s the flame angle; ay the departure angle of the liquid
particles of each elementary ring.

According tc Egq. (5.8), Wy = Juf + vf and is independsnt of the
ring radius, hence

{mnp;

Qw.,cos-i?- =w 2 qicos—3-.

(5.43)
{en}
{mny — S
Qw.=w2mcosiy——- (5. 4y)

{w]

As a result of the combined solution of Egs. {5.43) and (5.44}
we obtain

imn {mn \.—‘

{1 A e}

@ Ui BAe (5 BEY

stn - w, - r ¥ ss E

-'i:{-i'd .

PO VAN ) (5.47)
we
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Replacing qy, sin % and cos % by their values from (5.39, &6, 47)

! and determining the 1imits of the sums of the numerator ané dencminator
of Eq. (5.45), we obtain the equation for determining the flame angle

204, [VIZ§ R~ V=24~

—pA, (arccm fta, — arccos E?)l . (5.%8)

1—s34 20°AdIns

—pg———

ag
2

ig
i Like the departure angles of the extreme fuel particles (as and

av), the total flame angle according to {5.48), (5.37), (5.13) and

(5.14), is a function of a single parameter, the equivalent geometrical
characteristic Ae. Investigations, taking into account the frictional

1 pressure loss in atomizers with nigh output operating with petroleum
residue, gave good agreement between the experimental and theoretical
values. PFor diesel oll, as our investigatiocns have shown. if the
frietion losses are neglected, a deviation of the ezperimental peints
from the theoretical curve was found (see Fig. 34). 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.

AP TRt Ve Awr m o =

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 proporticnal tc the diameter of
; the nezzle cor of another geometrical parameter.

? i g In the central sprayers, we use for a parameter of this type,
: the thickness of the conical film. The geometric forms (see Fig. 73)
_ : are derived from the thickness of the conical fuel film in the central
: sprayers, and are equal to .

8 = (re—ry)c3s 3 = r (I —s)cos 3. (5.49)

a
With replaecing cos 7; by its expression from (5.36), we obtain an
equation for calculating the thickness of the conical fuel film

}~3

L YIS, - (5.50)

d=r,

Iy

ard thus the relative thickness of the ccnical film is

: P Ly (5.51)




n

The equation fcr determining the thickness of the conical film
can be obtained from the continuicy condition as proposed by N. N.
Strulevich., If we consicder a film with a cone anglie of a¢, the fuel

throughput through the active section at the nozzle is wrltten as
2
s

9=Fu= a8 {2 —dcts 2], (5.52)

— ”

If we dicsregard the losses in the burner nozzle and assume

G =

%
re (5.53)

then, solving in combination {5.52) and the equation for the fuel
throughput (5.1C), we obtain

i Vl- .
& - to%—3
e ap

s 5~

The relative tnickness of the conical film is a function of the
geometrical characteristic A, (Fig. 87), with the curves plotted

according to the equations (5.51) and {5.54), differing only slightly
over the entire range of values of practical lnterest.

(5.54)

\z

a&r \\%m..\
!

{
¢ 1 2 3 4+ 5 & 7 & 3 w n A
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Fig. 87. Relative thickness of the conical film as a function of the
equivalent gecmetrical characteristic: 1) according to Egq. (5.51);
2) according tc Eq. (5.54).

Experimental investigations [206] showed that the mean drop
diameter 1s proportional to the thickness of the conical film (Fig.
88). In the work [207], a linear relation was found between the drop
aiameter and the parameter Pg/sin a /2 which can serve as a

characteristic of the geomeirical form of the jet which is connected
with the thickness of the conical film by a liinear relation. Of the
physical properties of the fuel, the visccsity is of the greatest
importance for the performance of the atcomlzers since 1t nnt orly
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affects directly the quality of atomization as a ferce which opposes
the disintegration of the jet but also causes an energy loss due to
the friction losses and increases the thiclkness of the conical film.
Figure 89 shows the relative thickness of the conizai film as a
function of the viscesity of the fuel for the case of a centrifugal
atomizer. The variation of the mean drop diameter during the
operation of this atomizer as a function orf the viscosity of the
cetrcleum residue and paraffin at different preheating temperatures

is shown in Fig. 5%,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 M. N. Strulevich; b}
experiments of the authors. Fuel pressure: 1) 8 kgf/cm?; 2) R
10 kgf/cm2; 3) 20 kgf/em2; 4) 40 kgf/em2; 5) 4 kgf/em2; &) 13 xgf/cme.

The desired quality of atomization can be achieved by using
designs with minimum thickness of the coanical film. This involves an
increase in the geometrical characteristic which causss a variation
in the thrcughput and flame angle, the dimensions >f the atomizer
witich enter into the gecmetrical characteristi: having a Gifferent
effect on its performance,
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Fig. 89. Relative thickness of the cconical film as a function of the
viscosity of the fuel for an atomizer with a nozzle diameter of 2 mm,
a Giameter of the vortex chamber of 7 mm and four tangential orifices
with a diameter of 0.75 mm: 1) p = 1 kgf/em?; 2) p = 2.5 kgf/eme;

3) p = 4 kgf/em?; 4) p = 10 kgf/cme.

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 markediy while the fuel throughput coefficient
approaches unity which 1s the cause of the increased throughput. An
extremum analysis of the function Q = w(er) (variation of the fuel

throughput with only the nozzle diameter as varilable) shows that the
function has a minimum at the value

i (Uegss
fc=-2—-_—_-Tp-('—f'Rr—+R)-

This 1s 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 simjlar to that from
the jet-type with sudden increase in the thrcoughput coefficient.

With decrease in the friction coefficient £ (at low viscosity of
the fuel and large flow velocity), the value of re, corresponding to

the extremuam of the function Q = w(2rs), incresses and tends to
infinity. However, since 2rs cannot be¢ larger thar the diameter of

the vortex chamber, the throughput practizaily depends unequivocally
on the nozzle diameter at small friction eoefficients.

With increase in the nozzle diamster, the eguivalent geometrical
characteristic of the atomizer inereazes sharply and the flame angle
incresses,

As fcollows from Eq. (5.51), the thickness cof the conical film is
directly proportional to the nozzle radius and increases with increase
in the nozzle orifice. Simultaneously, *“he equivalent geometrical
characteristic increases and, consequently, the thickness of the
ccnical {11m decreases (see Fig. 89). The radius of the atcmizer
nozzle corresponding to the maximum of the function § = w(?rs) for

practicel purposes can te determined by means of the sgquation
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(s —2) (2 st + IRP)
fe= 7R ' (5.55)

where 2z 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 accvracy [206]:

2=1g3,5A%%, (5.56)

(%]

The extremum of the nozzle radius 1s connected with the fricticen
coefficient f. The latter 1s a functicn of the Reynolds number,
consequently, the viscosity and the velocity of the fuel affect the
extremum of § = w(2rs).

With decrease in the friction coefficient f, the maximum of the
function § = w(2rs) moves away from the ordinate axis. For an 1deal

fluid this function does not have the maximum (2rS + o) and with

incereasing nozzle radius the quality of atomization also decrecses.
For real liquids, the extremum value of the nozzle radius decreases
with increasing wviscosity and decreasing flow velocity. When the
nozzle radius is decreased or increased compared with the extremum,
the quality of atomization lincreases.

The radius of the vortex chamber does not directly enter into
the equations which determine the performance parameters but 1s
centained in the expression for the equivalent geometricail
characteristic.

The functicn A = F(RK) has a maximum at

R=r, ) 2. (5.57)

Consequently, at this value of the vertex radius the throughput
coefficient and the thickness of the conical film will be a minimum
and 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 viscoclty 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 (Reystr + ), Hence, during the

atomization of a low-viscosity liquld, the fuel throughput decreases,
the flame angle and the quality of atomlization increase with increase
in the vortex radius.

In addition to the basic dimensicons of thes atomizer (nozzle
dilameter, diameter of the tangential orifices and the vortsx-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 nczzle 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

lepgth 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.
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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 [2081 that with increasing nozzle height, as a result of the
friction be*ween the fuel and its walls, the tangential as well zs
the axlial velooity components decrease. With decrease of the
tangential component, the active cross section of the nozzle increases,
thus the throughput remains practically constant, whereas the flame
azgle and the atomization guality dJdecrease (Fig. 90). The increase
i the drop size takes place as a result cf the thickenling of the
conical film and the reduction iIn the total veiocity. These
regularities hold as long as the flow from the nozzle is in the form
of a film, l.e., as long as the atomizer performs as a centrifugal
atomizer.

The vortex formation in the fuel and tne centrifugal effect cf the
atomizer depend to a large degree on the lcngth of the tangential
channels. If the lengih of the channels is short, the fuel flow
cannot be given the required direction and deviates towards the
chamber axis which results in & decrease of the initial momentum, an
increase in the throughput coefficient, a decrease of the fiame angle
and less efficlent atomizaticn. Extreme lengthenlng of the tangentlial
channels (more than 6-8 rt) leads ¢¢ a reduction in the velccity of

the fuel during its passage through these channels which naturally
affects the performance parameters of the atomizer. A variztlon of
the length of the tangential orifices within the range of 1.5-4
diameters does niot affect the performance parameters of atomizers.

The performance parameters of atomizers are affected not oniy by
the dimensions of the tangential orifices, the vortex chamber and
rezzle but alse by thelr mutual position and the form of transition.
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Depending on the slope angle of the tangential orifices, the vortex
momentum varies. When the angle of the tangential orificea deviztes
from the direction ol the tangent on the cylindrical part of the
combustion chamber (nontangential orifices), the vortex shoulder is
made smaller and the geometrical characteristic and the performance
parameters of the atomlizers are correspondingly reduced.

The angla ¢f the L{rancition from the vortsy chamber to the
nozzle has a noticeable effect on the performance parameters of the
atomlzer only at low values of the geometrical characteristie. 1In
this case, the fuel throughput decreases, the flane 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 1s lengthened, the length of the vortex
chamber 1is practically increased and the performance parameters of
the atomizers are accordingly modified.

For the calculation, designing and manufacture of atomizers it
is essential to indicate the optimum class of precision of 1iis
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 baslc dimensions. By
way of an example, Tablz 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 funetion of the class of precision of the
achievement of the atomizer dimensions (nozzle diameter 1.85 mm,
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,

P . the calculations of the tolerances [208] show the pcssibility of

’ producing the basic dimensions in lower class of precision. An “
analysis of the calculation shows that the smaller the luel throughput,
the more accurate must be the fabricaticn of the dosing elements cf
the atomizer. For atomizers with large fuel throughpat, the relative
deviations of the geometrical forms and dimensions will be slight,
accordingly the deviations of the perfcrmance parameters of the
atomizers will also decrease with increase in the dimensionz 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 1s
the scatter of the throughput characteristics of the atomizers.

Thus, in the calculation of a centrifugal atomizer cne can find
the geometrical characteristic (see Fig. 84) on the basis of the given
flame angle. The throughput coefficient u is determined by means of
Egs. (5.13) and (5.14). Xnowing the throughput and the fuel pressure,
the nozzie radius is readily determined (5.10).
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TABLE 12
Deviation of the Performance
Parameters of Atomizers as a

Punction of the Class of
Precision of the Basic Dimen-

sions
» :=’§. 3 2 Orxzoncune napauctpos & % '

§ § g $c A HOMENIALHONY 3%¥enNN)
13-4

éf = :§ 3nc pacxory 4 qo yesy l 1o pasntpy

whE gs TouANRSS daxena !5 xaneas
% 197 0,5 109
2 2,% 0,85 1,58
22 3,4 1,20 2,60
3 4,28 1.75 l 2.84

1) Class of precision of the
bpasic dimensions of the
atomizgers; 2) Derivation of the
varameters in # of the nominal
value; 3) with respect to fuel
tnroughput; %) with respect to
flame angle; 5) wiih respert to
drop size.

For the determination of the diameter of the vortex shoulder one
1

can use the relation -53 = fL, the number of fangential orifices is
irg s

preferably made greater than 3 in order to prevent skewinrg of the flame,
# and the dlameter of the tangential orifices should not be less Shan
0. 7amm. The maximum diameter of the vortex shoulder shovld nct

exceed R < r_v g% (5.55), and the coefficient f can be determinsd on
the basis of the throughput and Ty

Folilowing the selection of arrroximate values for the basic dimen-
sions, an estimate must be made on the basis c¢f the available experimen-
tal data and theoretical relations of the expected pressure loss Ap and
the pressure p - Ap calculated, with allowance being made for the
friction coefficient f. The atomizer dimenslons are choesen by the
rmethod of sucressive approximations. The final verification must be
made, takirg the atomization efficiency of the fuel in the {iame into
account. To determine the atomization efficiency, one has to Tind 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 gived in § 17) to see whether it corresponds 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 cof a two-stat= single-circuit atomizer
(see Pig. 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-siage atomizer, we obiain BEg. {(5.1)
by equating the variation of the momentum and the frictlon moment,

For the case that both stages are operating, the solutlion of this
equation musec Lo divided iunto two stages. First one zsaleulates the
momentum of the fuel In the section, defined by the listance tetween
the tangential orifices of the first and second stage and then 1n the
second sectlon, from the tangesntial orifices to the output nozzle,
for the entire mass ¢f fuel arriving through the twe stages. For
practical calculations it can be assamed 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 te¢ the sum of
the momenta of the fuel in the two stages. Then, sciving Eg. (5.1) for
the two flows, we find

M ‘_g_tolﬁtl
Vet

e (5.58,a)
M= Moy + Mon=Z @A+ Q) =
=4 A (5.58)
"l=l‘:‘lfﬁ.l+:5';;x (Ri—r)" (;' 59,2
A = 2lg L Bt (5.59)

where AS is the total geometrical characteristic, the cther symbols

being the same as for the simple single-stage  atomizer; the indices
I and II refsr to the first and second stage, respectively.

For the calculation of the turoughput cvefficient, the flame
angle and the thickness of the conical film, the corresponding
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 ei."lciency, the fliow rate of the
fuel can be approximately assumed as being equal to

wiQ +"3st1
-V ~qF _ (5.60)
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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 ¢ applied. When the fuel 1s supplied only
to the first stage, the equations for the simple single-circuit
atomizer can also be used but the iarge losses of momentum and pressure
due to the zcne filled with fuel must be taken into account (from the
entry cf the first stage along the cylindrical surface of the vortex
chamber which has a braking effect). Hence the atomizaticn efficiency
during the cperation of the first stage alone will be considerably
less ‘han when both stages aie working (undsr the same pressure).

The double-circuii atomizers with single cutput nozzle have the
best characteristics (see Fig. 75,b). Wnen the fuel is supplied only
through the frirst stage, lts basic parameters (throughput, flame
angle, atomization efficiency)} can be determined by means of the
equations given in § 18.

Using the hasice equations for the calculation of the simple
centrifugal atomizers, we determine the fuel throughput when it 1is
supplied only through the second stage of the double-circuit
atomizer with single cutput nozzle. If w2 regard the first stage
d the atomizer as a simple single-stage atomizer, in which the fuel
is supplied via the annular ga2p in the face of the vortex chamber,
the equation of the wvariation of the momentum for this atomizer is
analogous to Eq. {5.1).

Integrating this ecuation within the 1limits of variation of r
from r = LTI (rS II is the nozzle radius of the second stage) to

r=r_q {(r_% 1is the radius of the nozzle of the first stage), we
£ind after several transformations

—= 20,QuMe. 11
MLX T oafiMc e n—re.) +20:Qn ° (5-61)

where Ms I and M_ 11 are the momenta at the point or emergence of the
fuel from the nozzle of the first and second stage, respectively,

According to Eq. (5.59,b):

A 5.
Me = nilf;?“ ’ (5.62)

Eq. (5.61) can be written in the form

_ A0:Qy
Mer =350 (5.63)
where
As i
A =7 -2 *

. - Fribs 1t fi-As. 13 6L
...,.;'_l:.(-——-;g-!-‘!'l)—-—i—'- (5 6 )
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Trhe further caliculation 1s carricd out by means of the equations

et § 18 by replacing Ae by the reduced geometrical characteristic Ap.
o
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Flg. 91, Coefficlent of fuel throughput 1 and ¥Tlawme angle 2 as a func-
tion of the parameter Ap during the operasion of the szcond stage only

of a double-circuit atomizer with single sutput nozzle.

Pigure 91 shows the dependence of the thecretical and experimental
values of the fuel thrsughput 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 experlmentzl and theoretical
results are explained by the fact that the eqnationszor the calcula-
tion of the flame angle do not take intc account thé 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 Ap on RQ r and é on Ap are of a reclprocal nature andéd compensate

each other. Experimental ctudies have shown {ses Table 13) that at
the same fuel supply pressure, the differences in the atomizaticn
efficiency of the fuel ares within the limits of the experimental
error. However, the mean drop sizes exceed those for single-stage
atomizers with the same geometrical characteristics.
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TABLE 13

Operating Parameters of Double-Stage Avomizer with Single Qutput Nozzle
when the Fuel is Supplied Only Through the Second-Stage (Variable
Dimensions of the First Stage)

—— -

Lugepgpon (30 102 1 4w |4 N PR IR
2 ) 5 45,11 2,067 1.055 0523 53 0.113 2,275
g JoReTIE ) 10 58,60 2,438 1,255 0,430 61 0,095 0,240
" - 4 ek 30 90,00 3,008 1,568 0.426 56 0577 0,200
: 50 112,50 . Ln7 0,433 55 ¢.070 0.160

1

2 5 48,00 2,182 1,454 0,349 56 0,104 0,247
o, JoPeyus 2 10 €5.21 2571 1.723 0,335 6 0,082 0.220
G = 30 104,04 3.18¢ 2,155 C.3%9 70 2.073 0,202

' 50 133.23 3,465 2,355 0,307 ) 0,065 0,71

2 gopeyitna 3 5 18,00 2,175 1,527 6323 51 0,103 0,300
2 1 = 1,36 an 10 63,82 2,543 1,794 0,30 £9 0,088 0.232
Ri=4 ax 30 104,66 3,184 2,266 0254 ) 0,071 0.207

2 : 5 49,86 2,237 0,205 63 0,101 0.360
o oA 10 67,28 2,599 1,959 0,262 64 0,089 0,262
XNl S 30 11043 3,286 2499 0,268 64 0,069 0,168

! ) 137,40 3,482 2,652 0,258 66 0.065 0,147

2 5 58,06 0,71 1026 0317 57 0,162 0,315
g oReyKa S 10 76,27 0881 1,153 0295 4t 2,146 0,227
e o L 124,14 1,233 1,425 ¢.a1? 55 0,12} 0,150

' 50 156,52 1,346 1,554 0,270 3 0,112 9,142
— . ;

2 . s | s 2,273 2,079 0220 | €2 0.093 6,315
Jopeynss 6 0 | @950 7628 2407 0.209 £ 5,084 u.74
e = 3 e 30 118.00 3.366 3,002 0,205 74 0.068 6,187

153 K 50 14750 3.534 3,248 0,198 70 0.665 0,142
{
2 Qopeyika 7 5 1 5542 2,395 2,781 \ | e | 002 ' 03w
2 =23 wa o 1 7563 2,151 3,185 0,154 74 9,081 0.235
R, = 4 aux 30 1241 3,398 3315 0,146 ™| 00 ®.208
i ]
2 @opegixa § 5 55.50 2oss | ® 2.0 0,155 7 omo | eam
e 1= 2.0 un 30 1224 3366 3.957 0.139 83 0266 | 0220
Ry = 3 ax toS ) 15652 3,623 4,252 6,138 79 000 | 0156
i
i 1
5 55,64 2,388 2,831 0,155 78 0.090 0,573
g, JOPSYRkD 3 o | 740 2,685 3,171 0.146 82 0.084 0,265
R = Y 0 i 24 3.366 3,957 0,139 92 0.066 0,183
po= g e 50 I 153.19 3.625 4,252 0.135 83 0,060 0,140
} 1
e 5 | sss 2388 3.414 0114 74 0.089 0,306
g opeyuka i0 0 ] B3| 2740 3.800 0.111 73 0,076 0,250
by 30 | 12500 (| 3363 1,761 0,106 88 0.061 0,209
1558 A 5 | 15769 ; 36235 ! 505 0,104 84 0.058 0,185

2 5 st | 2461 4574 0,075 & 00 0,305

Sopeyixa 11 10 75,10 270 5.046 0.073 a7 0.0 . 0.30!
B 30 I2R.ST 3.488 6283 | 0072 o2 0,009 9.250
P 50| 15769 3uB [ 659 | N0 w0 0020 . 0.9

1) Number of atomizer and dimencions; 2) Atomizer; 3) kgf/cmz; 4) wg/h.
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During simultaneous operation of both stages of a double-circuit
atcmizer, 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 flrst stage is much higher
than the fuel pressure in the second stage, the latier is comparable
with the counter pressure ia the lipst stage. The fuel of the 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 nczzle. Hence, the counter pressure produced by the fuel of
the first stage on the second will be egual to

p"’"":?lf‘:z;"?—lrg. (5'65)
By replacing Q by its expression rfrom (5.10), we obtain

.3 .
Prsi= {5V o0 = fup, (5.66)

where

igure 52 shows the ratio of the theoretical counter pressure
to the experlimental pressure as a function of the ratio of the
nozzle diameter of the second stage to the diameter of the air
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 ro 1/Ty.1x > 1
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Fig. 97. Ratio of thearetical to experimental counter pressure as a
function of the ratic of the nozzle diamete, of the second stage to
the diameter of the air vortex of tne first stage. A) p, . tfppv o}
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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 bhoth 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 ihe
difference between the pressure and counter pressure in the stage.

Acaenrding to the evperimental data, the countaer pressure in
double-circuit atomizers with single output nozzle amounts to
5 to 20% of the fuzl pressure in the first stage (py) which is 0.75
to 3.0 kgf/cm2 at Py = 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. 1In designing
double-circuit atomizers, the diameter of the nozzle of the second
stage must not be made equal to the diameter of the air vorcex of

the first stage or have similar values since in this case the
slightest deviation in nozzle diameter (even withia the limits of
tolerance of the first class) can lead to large cranges in the

ccunter pressure and throughput of the fuel.

It is best to make the diameter of the nozzlie of the second stage
smaliler than the diameter of the air vortex of tne first stage. In
this case the counter pressure will be only a negligible proportion cf
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 atomlzer
represents a negligible proportion of the feed pressure of the fuel
in the second stage and practically has no effect on the operating
perameters of the atomizer.

The measurements carried cut by the authors showed that the curves
of total fuel throughput during the operation of both stagez 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% lcad. Under intermediate operating conditions,
the pressure in the first stage 1s considerably greater than in the
second put for this case also, the theoretical and experimental total
consumptiocns are in good agreement as follows from Table 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).
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TABLE 14

Results of the Determination of the Totai Fuel Throughput by Calcula-
tion and Experiment

1 2 -p.—nuscn:e Yonaxos cpex nepsof etyheuso, sM/cut
w | 15 | 2 | » | s | x | » | e
floxsa 3 pa— Aesnsuxe vonausa navea atopolk crymensw, sl /cat
3 ¢ | s ! s ] s 1) ] w
!
Py — AclicTauTeAb O RABAEHNC TONAHBA
» nepacht crydeuu, xlfea® . o o o o o] 148 i4,6 19,7 19,5 24,6 2%,2 23 k]
Pscxoa Tonausa sepes L neLs,
K2f6 o o ¢ 0 0 s ‘ne.p .y? .c‘r.y PO 66,5 66 74,6 74,4 8 81,5 90 108
p;-nﬁc:wremuoe nasAeHiNe TONAHRS
20 stopokt cryneun, &l/ead. . . o . o4 L5 2,18 i.53 2,58 1.85 3.96 3,32 5,12
Pacxox tonAxsa e BTOPYIC CTYREHS,
u/‘ ooo.n.pe.:oop-y.oo-oo 14 26 21 m 24.,5 44 38 w.s
Pecuetioe suaucHie CyMMapROTO PACXOAR,
KEI® o o 0 o cy . p. . p s« o 805 92 95,5 102,4 106,5 128,5 128 181,56
9
SrcnepuUMesTANRKOE 3Ha4EHNE CYyMMAPHOrO
PICXORR, KE/M o ¢ o o o 0 b s o o s s 81,2 92,7 i 95,9 101,2 14,3 1249 1275 1523

1) Indices; 2) fuel pressure in front of the first stage, kgf/cmz;
2
3) fuel pressure in front of the second stage, kgf/cm”™; 4) real fuel

pressure in the first stage,kgf/cmz; 5) fuel throughput through the
first stage, kg/h; 6) real fuel pressure in the second stage,

kgf/cmz; 7) Fuel throughput in the second stage, kg/h; 8) Calculated
total throughput, kg/h; 9) Experimentally determined tota;,throughput,
kg/h.

Figure 93 glives 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 1s explained by the iarge 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 twe
stages. The energy losses are particularly large when the atomizer
works on the second stage only. When the fuel 1s supplied through
coth stages, the fuel arriving through the first stage, does not
f1i1 the whole vclume of the vortex chamber but leaves an alr channel
in the center (air vortex). The fuel of the second stage arrives along
the "walls" of this air channel, narrcwing the alr vortex somewhat and
partially forcing back the fuel passing through the first stage. When
hothh stages are operating, a sudden expancion c¢f the fuel flcw in the
second stage does not take place as wnen the first stage 1s shut orf,
in which case the atomization takes place twice, once from the secord
stage into the vortex chamber of the firct stage and then through the
first stage nozzle into the combustion zone. As a result of this
motion of the fuel, the tangentlal velocity component is greatiy
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reduced. Furthermore, the energy losses of the fuel Jet result in a
decrease of the total velocity (inciuding the axlal component) and to
an increase in the active cross section of the jet. All these factors
(the energy loss, the decrease of the fiame 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 cbserved when

the second stage is a one operating (see Fig. 93).
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Fig. 93. Average (meaian) drop diameter as a function of pressure
during the atomization of fuel in a double-circuit atomizer with
single cutput nozzle: 1) during operation of the first stage only;
2) during operation of the second stage only; 3) during ccmblined
operation of both stages. A) d,, mm; B) p, kgf/cm2,

The measvrements of the atomization efficiency of the fuel for
double~circuit atomizers with single output nozzle at different ratics

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 1%,
can be described by a general relation (Fig. G4) of the form

o8 °* (%.6:)

where dk is the average drop diameter; § the thickness cf the conical
film, determined by means of (5.51); and e the specific energy of the

&
fuel

. .
Qi -+ Q=g

=G+ am ’ ({

.c8h

(9]
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where QI’ QII are the mass of fuel arriving via the first and second
stage; Wis Wy the velccitles of the fuel in the first and second stage.

TABLE 15
Results of the Measurement of the Atomization
Efficliencv of the Fuel

[
-
O

s i . . . R
L3 nlue:;_;‘;t:unn. 52 : ;% s: 617 . 2.0.8 23
i SEIt | 58 i £2 | 2%
| 4 sfa |35 | §; [ | &
ge s nepsoh [so sropok| X3S ux ¢ % gs
2w crynens | erynens 2‘5 s se s < -9 3o
EL) »R3E | 24§ | xE | 2%y | S
60 9 0 102,5 26 & l 41.2 5,78
5 3 3 556 | 300 77 51,4 5,83
58 2 s 80,4 3% 50 485 6,70
110 3% 0 4i7.8 112 79 34.1 3.30
9% 2 6 311.8 175 70 369 4
AR EE I ERERE AN
130" 13 17 1803 | 200 58 524 | 3482
ARSEEE I ARAE B
2% 50 5 | 8670 | 140 2 385 237

1) Total fuel throughput, kg/h; 2) Fuel

pressure, kgf/cmZ; 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) Plame angle, degrees;

8) Thickness 8§ of the conical film, u; 9)
Relative drop diameter, dk/é.

The exponent in Eq. (5.67) is clcse 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
eriterion.

Two-nozzle atomizers have also found widespread appiication,
(see Fig. 78,c). 1In the two-nozzle centrifugal atomlizers each stage
performs like an ordinary single-stage atomizer. If the outer diameter
Dn.I 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 slze of the air vortex but by the outer
diameter of the nozzle

@' =
: (5.69)
- 1= (25

whare I‘),,l 3 is the outer diameter of the nozzle of the first stage;

Ers II is the diameter of the nozzle of the second stage.
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Fig. 34. Relative drop size dk/é as a function c¢f the spe¢ific fuel

energy. A) d,/8; B) e, kagf-m/kg.

In contrast to the coefficient ¢ of the active crosz soc
normal centrifugal atomizers, we shall designate the design c
of the active cross section by 4%, If ¢* > ¢, the operating
parameters of the second stage of a centrifugal atomizer can bhe
calculated by means of the above derived equations for a simple
single-stage atomizer [2111].

It follows from (5.13) that the larger the geomertical
characteristic, the smalier is ¢ and the larger is the diameter of
the alr vortex. 1In the atomizers used in practice, the geomertical
characteristic of the second stage is usually larger than 2.5-3.0

according to Egs. (5.7) and {5.13), for these values 2r I =

= (0.75-0.77) 2rs IT° Consequeritly, the first stage will nct affect
the operation of the second if Dn - < (0.75—0.77)21’s 17° It is not

. A

*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 atomlizer 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 1is
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 i1s 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

0‘
a _leme%“+wl‘Q!'m_2L' (5.70)
g = ©,Q; + w3 Cy

wheve Wr, Wips QI, QII’ ar and @rp 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-l flame angles are very similar.

TABLE 16
Flame Angles o. a Two-Nozzle Atomizer

2 Ranacune tonaxsa s sepsof cryncun, xf'/cx’
1 0] s wjols]s]ela
oxassrexn
3 Hassennc tcnansa so atopok crynaun, xI/cu?
¢ s | £ ]w 5 {18 v | e
4 ¥Yroa daxena nepsok cryne-
T MM, TPARYCH < « « o o+ o 81 ) 7|7l |5 45| 13
5 ¥Yroa exs sropok cry-
DEHN, TPARYCR + « « o » 385 58 58 { 74|58 | 75 ] 3
ArcnepEMenTanbHOe  SHAe-
sxe ofuero yraa daxena,
TPAXYCM ¢ « o o o o o o 69 70 1 68 | 72168 | 76574 | T5
T Teoperuueckve suaveune of-
mero yraa baxeas 1o ypas-
nenuo (5. 70), rpaxycen 67 7 70 | 75 169,51 75 n2: N

1) Indices; 2) Fuel pressure in the first
stage, kgf/cmz; 3) Fuel pressure in the

second stage, kgf/cm2; 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), degresg.

The atomization efficliency for each stage of the atomizer
deparately can be determined for each stage by means of the equations
for the single-circult 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 ccne from outside as well as Inside.
When the fuel is supplled through both stages, the fuel ccne of the
second stage is in contact on its inner side with the fuel cone of
the first stage. 1In thils 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 u
from 0.1 to 0.7, the relative thickness of the conical film (6/rs) is

proportional to the throughput coefficient. Taking tnis into account
and assuming equal flow speeds of the fuel In becth stages, we can write
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whence
S ey (5.72)

- bl .
U Npfed

Under the assumptlon that during the operation of both stages zll
the fuel comes from the large nozzlie {the nozzle of the second stage)
vie obtalin in analogy %o the expression {(5.72) an equation for the
determination of the thickness of fthe nominal conical film

8 =8, Lot Q)

reu- (5.732
or
= & Lo Q4 Qu) ~
8 =&y re.1-Qs (5.7H)

A direct proportionality exists between the average median drop
diameter and the thickness of the conical film (see Fig. 88). Taking
this into actount, we can derive an equation for determirning the mean
drop diametor for the joint operation of both stages

‘itp=d!"(g‘_i%gl;),_&'—l (5.75)
er

dep = dy :SJ%{GTIQ%‘E"Q'@" (5.76)
whetve dI and dTE are the average drop ulameters during the operation
of the first seceond stage, respectively.

The curve of the average drop diameters during Jlcint operation of
beth stages, calculated by means of Eq. (5.75), is very similar
to the experimental curve (Pig. 95,5). Curve 4, calculated by mez .:
of Eq. (5.75) lies above the experimental curve which is expiained
by the pressure loss in the first stage.

When the fuel feed pressure in the two s.ages is different, the
average drop diameter is determined by means of the equation

* 4. 2 -
de = dep 52 (5.77)
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where dsr is the average drcp dlameter, corr:sponding to a pressure cf
Pgp in the two stages; er is the fuel throughput through the two
stages at a fuel pressure Psp in the iwo stages; Qd is the rezl fuel
t'iroughput at a fuel supply pressure in the first stage o* Py and

n the second stage of Pi1-

In accor-ince witiz Eq. {5.60), the average pressure By 15 equal

te

o= (S5 EIRY. 519

where Py and Pyy a@re the fuel pressure - th- first and second stage,
respectively.

AZ-‘M

2%

e

B ry 26 30 parjent B
Fig. 95. Average (median) drup diameter as a function of the pressure
during atomization of fuel ir 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) o__,, mm; E) p, kg/cm?,

me

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
each stage corresponds apprcximately to the pressure duringz cparation
of the atomizer at small loads.
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TABLE 17
Average Drop Diameter

2] Rarrenne Torzusa s fepsof crynesr, «l /ot
1. BIEEENERERE
Karele Fhestenne 7302888 30 $TOPOR CTYReNE. 2l fen®
[ s s | s |
%4 3KCNEPHIENTANLHOL IBANILRE CPLRHETO
:r;laﬁmt XADEIN, BH  w e e 0.205 | 0,190 o.xao‘o.m‘o.m 0.155
; Teoporitueckoe 3naeenre R0 ZMA-
2 rpa xinems, s s T Tl Jom oaer o.;sslo.ws‘o.:za 0.15¢

1) Indices; 2) Fuel pressure in the first
stage, kgf/cmP; 3) Fuel pressure in the second
stage, kgf/cmz; L) Experimentai wvaiues of the
average drop diameter, mm; 5) Theoretlcal
value of the average drop diameter, mm.

It follows from the data of Table 17 that the experiuwertal 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 fcr all operating
conditions of the atomizer can be easlly determined.

Let us consider the performance of the rotating atomizers which
have much in ccmmon with the centrifugal type but belong to the
rotational atomizers because of the method of producing the torque.

In these atomizers, Zhe fuel, arriving on the rotating cup,
participates in two motlons, 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 1s equal to tne speed
of the atomizer, i..., that no slip takes place, and let us neglect
the force of gravity. At speeds of revolution corresponding to the
operating ceonditions of the atomizers, these assumptions practically
do not affect the accuracy of the relations thus obtained.

A centrifugal force F, perpendicular ‘o the atomizer axis, acts
on a licuid element (see Pig. 82) in a cross section of the atomizer
with radius r. This force can be divided into twc compcnents 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 1mpeded by the tangential forces T1 and T2 due to the internal

friction of the liquid (viscosity). 1In accordance with the d'Alembert
principle, thesn forces are opposed and should add up to zero.

Fsitip—T,+ Ty =G (5.79)
F == o*rdmn = 2aprie*dldr, {5.80)
T, = 2arvdl w Ty = 2x (v -+ Av)rdl; (5.81)
f=p-?,’-, (5.82)
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where T is the tangentlzl stresss p the coefficient of the kinematic
yviscoslity; and = the angular velocity of the atumizer.

After subsiitution of the values of F, Tl’ and T2 into ¥g. (3.79),
its solution at the initial conditicns » = r., T 0 has the rorm

¢ = — S sinp{? — 1), (5.53)

wherse r, is the radius of the air cavity in the rotating nozzle.

After replacing 7 by its value from (5.82) and cond iutegration,
w2 obtain an expreasion for the translational velocity

o= mstap(R —3AR + 34r —7), (5.84)

where v = u/p is the (oefficient of the kinematic viscosity.

The Ilntegratica censtant of Egq. (5.84) is determined from the
condition that the velocli®ty at the nozzle wall (r = R) is zero.

The unknown diameter of the air cavity in the atomizer can be
found from tne throughput eguation

k - -

On the basils of Eq. (5.85) the average veloclity over the cross
sectlon is

2sinB (3RS — 10R%2 4 I5R-S — &7
0=~ (30,(,@_'}_) e (5.86)

Yhen the fuel emerges from the rotating nozzle (as ir the
centrifugal atomizers), the particle crajectories describe a hyperboloic
of rotation. The angle of the asymptotic cone of this hyperboloid
can be determined from the velocity relations. The radial and
tangential ccmponents of the total velocity of the fuel particles 1lle
in a plane, perpendicular to the atomizer axis, hence the flame angle
1s calculated by means of the equation

2 3 2
PESRAE LI (R Lt (5.87)

Afier substitutlon of v_, co3 8 (5.86) and transformation we
obtain

s - 2B (RE¥ b (R—rg’ ¥
7= ST o R e T T (5.88)
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In conseguence of the sudden chenge in the direction c¢f the
moving fuel film upon leaving the atomizer and thie transformation
. of the speed of rotation into translaticnal (tangential) velocity,
the Trnickness of the fuel flla changes in accordance wWwith the equatior

% (€ —1) q _
. - "’zg:;:.x = RiiaE (5.6%)
Vevun = VG,ZS@’(R -+ f:):-f-%. (5.90)

An atomizer radiuz cf 5C mm; an atomizer angle cf 5° and a
viscosity of the fuel of 6-10-6 m2/s are assumed in the calculations.

As follows from the calculation (Table 1§&;, the tangential and ”
total velocity exceed the axial velocity many tlme: and the fuel,
upor leaving the nczzle, is atouized practically in the plane
of the nozzle (the deviation does not amount t¢c more than 6°). Our
observations of the atomization of a rotational atomizer and also
the published data [212] chow that, depending on the operating
conditions, {primarily, thz throughput),; three forms of disintegration
of the liquid can result- direct drop formation, filamentary
disintegravion and film disintegration. These forms are due to the
effect of the force of surface tension on the fuel film. When the
fruel throughput decreases, the thickness of the fuel film approaches
the critical value until the potzantial energy of the surface layer
exceeds a certain level, as a result of which the film is transformed
into several filaments +ith a thickn~ess which is greater than that of
the film. Further decrease in the throughput lecads to a decrease in
the dlameter of the filaments, when the potential energy again exceeds
a certain level, ard the number of fthese filaments decreases with
decrease in the througliput. The decrease or the filament diameter
has a 1limit beginning with which the fuel flies off the edges of the
| nozzle in the form of individual drops. As a result of the very
sma3il thinness of the film, the drops size distribution is fairly
uniform. This uniformity is characterized by the quantity m = 8,
consequently, the ratio of maximum to minimum drop size is 2.62, and,
in the centrifugal atomizers, 7-46.3. An increase in throughput
increases the nonuniformity of the atomization of the fuel slightly.

The rotation.l atomizers have much larger control ranges than
the other forms of centrifugal atomlzers. The atomization efficiency
increases when tie fuel throughput decreases. The throughput and
drop size can be controiled independently, if necessary, by lowering
the number of revolutions of the atomizer.

With rare exceptions (gas turbine atomizers), the rotational
atomizers in industry are used in combination with pneumatic atomiza-
tion. However, the rcle of the airstream consists not merely in an
improvement of the atomization efficiency as in a variation of the
‘ direction of matior of the drops.
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TARLE 18
Results of the Calculation of the Basic
Performance Parameters of Rotational Atomizers

3
Tloxasstens 2 fipn 2900 o6 uzn 1 3 fipx Si0 a6/nxn
Y pacxon tonanss, xefe . 20 500 30 20 I €09 =
-ga:.nyc »o0ayuIail u030CTN, M | 4973 | 43,71 | 39,68 | 499 | 985 | 9N
. " as OCM,

'{:t."umii‘ "wfxn m‘ e of 12 1.7 23 2.4 2% 3,7

Cy:nuapuas cxcpocty, afeex - .{ 1508 | 15,12 | 15,20 | 30.22 | <0.27 | 30.32

1)aoa 07, 7 S % 85 7 of er 25 86°
§ Termpia TonansuoR Ienky, XK 63 | 323 ! 855 | 8,13 : 3251 43

1) Tndices; 2) At 2860 r/min; 3) At 5760 r/min;
L) Fuel threcughput, kg/h; 5) Radius of the air
cavity, mm; 6) Average velocity along ile axis,
n/s; 7) Total velocity, m/s; &) Flame .-gie;

9) Thickness of the fuel film, wu.

20. BASIC DESIGHS 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 w#ith a2 pressure of 300-70C mm water column and high-pressure
atomizers with a preasure of 1-6 kg/cm2, With regard to the design
these atomizers differ in the ratio of ithe diameters of the passage
cross sections but with regard to the design principles they can

bz discussed together. The atomizers are divided with respect to

the relative motions of the fuel and air (steam) flow into straight-jet
atomizers with paraliel 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
(Pig. 96,a). To the same group belongs the low-pressure Rockwell
atomizer (see Fig. 96,b) in which the dimensions of the air passages
are greatly enlarg:d in order to achleve 2 much greater air throughput.
In the atomizers of Danilin and Lapinykh [213] and in some cthers the
air (or stream) is scpplied 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 thus formed reaches the furnace through a cormon 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 cf interaction between the two flows 1is located at
a considerable distance from the output nozzie and the process of fuel
supply is divided into two stages: the formation of an emulsion
and the transport of this emulsion to thes 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 ls intensified by supplying a ready

fuel-air mixture and is completed earlier than in the case of
atomization of the fuel in a straighi-jet pneumnatic atowmizer {214]
The emulsion burners have larger conduit cross sections and sre not
clogged by coke formation. If the emulsion is supplied in a single
Jet, the furnace voiume is not completely filled, hence multinozzle
burners nhave bee:: proposed in which the emulsion s supplied through
an annular nozzie (Fig. 96). As tests of such burners have shown,
the steam or air cowsumption is much higher .nian in the conventional
steam or mechanical atumizers and amounts per 1 kg of fuel to 0.70 to
1.3 kg of steam or 0.63-1.63 kg or air.

2 Pacrsnumsens
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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.

Doubie-stage a.omlzers have been proposed in order to improve
the process of disintegration of the fuel jet, in which the air ‘s
supplied twice during the motion cf the fuel (Fig. 99). The air
first breaks down the compact furel jet and the primary mixture arrives
in an intermediate nozzle and when it emerges from this, another
airstream acts on 1t, producing an additionai disintegration of the
fuel, an increase in the tctal velocity of the mixture and lmproved
mixing. In some cases, the primary and secondary alr have different
parameters. The primary atcmization is usually achieved with high-
pressure air and the secondary atomization, with air under low
pressure. Steam 1s used instead of primary 2ir 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 hte attalined
because as a result of the increasad path of the mixture part of the
energy is lost in the intermediate nozzles. Furthermore, the
probabiiity of collision and coalescence of fuel drops during the
moticn of the fuel particles through relatively small nozzle cross
secticns is increased. With respect to the energy required for
atomization, the multistage atomlizers are less economical than the
singie~-stzss design.
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Fig. 97. Atcmizers ith paraiiel flow and air supply through a

central duet: a) ztcrizer of Danilin; b) atomizer cf Lapinykh.
1) Steam; 2) Air; 3) Petroleum residue; U) Atomizing agent; 5) Fuel.
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Fig. 98. Emulsion burners: a) single-nozzle; b) with annular nezzle.
1) Supply cof emulision.

In order to impreve the conditions of interaction between the fuel
and alrflow, some designs oI pneumatic atomizers provide a mutually
perpendicuiar cr even opposed flow. 1n the simplest case, the Tuel is
supplied through bores along the periphery of an irner tube with a
blind end (Fig. 100). High pressure and low pressure atomizers are
built in accordance with this design principle [215]. In the FDM,

FDB [216], and some others atomizerz, the variation of the lmpact
engle of the air and fuel is achiewed by letting the alr implnge on
the fuel which fiows in a cen:sral channel along the burner axis from
the opposite direction or at right angles.
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Fig. 99. FLM atomizer with two-stage air supply, develzped by the
authors.,

In order to improve the interaction petween the airflow and the
fuel jet, vortex flows can be produced, for example, by means of a
paddle wheel, werm guldes, tangential impact, ete. Among the vortex-
type, or, as they are sometimes termed, turbulence stomizers, the
atomizers of A. I. Karabin (Fig. 1Cl) are widely used. In these
designs, tbe fuel is supplied via a straight central duct, and a
paddle vheel is installed in the path of mction of the air in front
of the atomizer outlet. Imparting thus a ta-wgential velnrity Lo 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 aiso acts
tangentially to the Jet which gives a more efficient energy transfer.

- NQ‘
1
Tonnubs - ~ %
o - . —_—

Fig. 100. Atomizer with supply of the fuel at a right angle to the
alr 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 alr supply in which the alr 1s supplied to the
fuel jet from within and without. This provides a maximum surface
contact between the fuel and the atomizinug agent. The atomizer
installed in the gas turbine locomotive engin: of the firm "General
Electric" [187] 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 i1s 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 thi¢ atomizer of Deissler, which consists of
three cylinders (see Fig. 102,a) and 4 cone located at the output end.
By this way three ann:lar outlets are formed. The air entering the
atomizer 1s divided into two fiows: 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 ti.e inner znd middle cylinder.

The atomizer of Xatin consists of four cylinders (Fig. 1G3). The
atomizing agent is steam which enters on elther side of the fuel Jet.
Moreover, air is supplied through the central (fourth) channel.

As the most perfect atomlzer design, which provides the optimum
conditlions for the energy transfer from the atomizing agent to the
fuel, must be considered the atomlzer 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 fuei at any flame angle. The two-way alr supply promotes
the mixing the increases the atomization efficiency. Thnis atomizer
can be designed for high- and low-pressure air.
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Fig. 102. Atomizer with two-way atomization: a) :f Deissler, b) of
the firm "General Electric." 1) Air; 2) Fuel.
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Fig. 103. Atomizer of Katin. 1) Fuel; 2) Steam; 3) Air.

- The pneumatic atomizers provide tetter ecntrol possibilities
than the mechanical atomizers because the parameters of both fiows
(fuel and air) affect the shape and dispersion condition of the flame.
The air throughput is also usually varied by throttling, by instaliing
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 supercriticai flow velocities of the fuel-
ailr mixture, atomizers are equipped with a Laval nozzle. hHowever, this
nozzle js suitable only for a certaln range of thrcughputs. &n
atomizer design has recently been proposed with a variable-cross
section nozzle [?17] which has a rectangular profile in cone prcjection
and in the other, the shape of a Laval nozzle with movab e walils,
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which can be moved by means of levers to vary the cross seciion of
the duct within wide limits (Fig. 104). The installation of rotary
blades 1n the Karabin atomizers 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 1s normally sufficient to

be able to regulate the fuel consumption at unchanged air throughput
and velocicy, corresponding to the optimum fineness of atom‘zaticn of
the fuel. Reducing the fuel consumption at unchanged parameters ana
throughput of the atomizing air (or other atomizing agent) improves the
atomization efficlency.
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Pig. 104, Atomizer with variable cross section nozzle.
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In scme designs of pneumatic atomizers the air is necessary not
so muca for improving the =ztomigzation efficiency as for better
preparation of the mixtusre and the creation of a sultable flame shape
as 1s 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 possible variants is used in pneumatic
atomizer designs, hence it is difficult to classify them on the basis
of single characteristies. For example, an atomizer design has been
developed [218] in which the centrifugal effect is used by means
of rotation of the atomizineg cone to achieve a transverse delivery
of the fuel and air and, moreover, where guiding vanes Lwpart 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 avallable 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 15 in the more
complex physical pattern of the operation of these atomlzers where one
has to take into account the flow of two fluids with different
properties and the interaction of these two flows with each cther and
the ambient medium.

The calculation of the fuel duct is normally limited to the
determination of the ouiput 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 = Vg (H — aH), (5.91)

where H is the difference between the level of tne fuel %ank and the
atomizer; 8H is the pressure loss in the fuel system.
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When a fuel pump is used, the veloclty is determined as a
1 function of the pressure in the fuel duct

w = ;-(P'-AP)- (5.92)

S The velocity of the fuel in pneumatlic atomizers normally dces
not exceed 4 m/s.

The flow speed of the air for cylindrical and converging nozzles,
considering the process as adiabatic when the pressure ratlo is
greater than critical

]
=
2> () (5.93)

ca. be determined by means of the equation

]
L.
e.=]/2g~;—:—,-[l —(2) ]pm. (5.94)

where Py is the absolute pressure before the discharge; Py is the

absolute pressure in the medium into which the discharge takes place;
vy 1s 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, conseguently,
for high-pressure atomizers the ratio of pressures is usually less
than critical, and, for low-pressure atomizers, greater than critical
and in the last case

The theoretical air throughput fcr each of the flow conditions,
respectively, is

2 A (5.95)

0=V sste |2 -(2) " foo

. and
f

Vl g BT (5.97)
. 7J

Q=FV () &

)
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In the equations (5.96) and (5.67), the area of the cross section
of the alr 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 ana 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
fiows 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 alr flow iIn consequence of
the velocity difference. As - ..,ult of this, the boundary layer of
the fuel jet acquires addition. energy frcm the alr 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 turbulent flow [1497], a boundary zone
is formed during the interaction between the fuel and air flows,
consisting of a fuel-alr mixture. This zone is bcunded on the outslde
by a fuel layer and on the insidw, by an alr 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 1s 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 dliameter of the air jet 1s very
small, then the axial velocity begins to decrease rapidiyv affter the
disappearance of the core of the flow with the initial velocity. This
reduces considerabliy the velocity of the layers remote from the axis
and, consequently, reduces the interaction between the fuel and air
flows. In the case of a very large diameter of the alr 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 1s already terminated. Hence this energy is superfluous
with respect to atomization. T™e optimum ratio between the diameters
of the fuel and alr {flows is ti.- ratio at which the lines of the
boundaries of the fuel-air zone intersect at equal distances from the
atomizer nozzle from the ocuter boundary of the fuel jJet 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
bournrldary ln the transition section is equal to

f=2-‘f.. (5098)

where Ty is the initial radius of tlhe 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; ¢) with two-way delivery of the fuel;
I) inadequate diameter of the air nozzle; II) optimum; IXII) toc 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
Xy = 5rq, (5.99)
FLence the slope cf the ocuter line is determined aé’the ratio
-;-=0,48. (5.106)
The pole distance X, can be found by eguating r = Tyt

5.101

The length of the initial section of the air jet, propagating
within the fluid, is equal to

u"""a &—35
x ‘5('5%) . (5.102)

-207-




In atonization cf petrceleum residue with air, we have

Xy == 2,207, (5.103)

From (5.103) we find the slope of the 1line of equal velocity
(Fig. 100,a, line 2)

< = 0,4366. {5.104)

Using the equations (5.100) and (5.104), we can find the ratio
of the radli of the fuel and air section

r, = 2,1 (5.10%)

Knowing the fuel throughput and the area of the fuel duct cross
section, we can readily determine the two radii

F = (i —7), (5.106)
then

re = 0,196 VF; (5.107)

r, = 0,093 VF. (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 atcmizers of Shukhov,
Rockuell and others (see Fig. 96), the airstream acts on the fuel
Jet from the surface, on the other side the airstream is in contact
with the ambient air (see Fig. 106,b) and imparts to it part of its
ener'gy which can be considered as loss (because it does nect
contribute to the atomization of the jet).

The boundary region of the fuel-air and the homogeneous air jJet
is limited by the zero velocity lines and the core of the stream. We
assume that the disintegration of the fuel 1is 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 [149], can be found from the relation
for flat jets
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< =03t (5.108)
In atomizatlion of petroieum residue with air, this relation 1is
1 =088 (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 alr lies between the straight lines
(Fig. 106,b, line 3 and 4) of the internal boundary

2 =1,4% (5.110)
and the outer one

R =340 (

_8-5 y Wby 5-111)

where a 1s a coefficient which characterizes the structure c¢f the
airflow.

d/dx dfdy

13 :

2% 301

{1 Py

" 1 20} \
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0 QZG% 060510 CremsB 0 2 % ¢ & 1ongmeB
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Fig. 107. Flneness 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) Gv/g; B) kg/kg.

With increase in the ratio of the airstream diameter to the
diameter of the fuel jet and, conseguently, 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 recult 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 1is confirmed by experiment (Fig. 107). The improvement of
the atomization with increase in air throughput takes place up to a
certain ratic and further increase in the zir throughput does not
affect the atomization efficiency.
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By means of this dlagram (see Fig. 106,b) it is possible to r'ind
the optimum ratio of the aivr and fuel jets. 1In this case the point
of intersection of the lire of the lower 1limit of the air boundary
layer and the upper 1limit of the fuel-air layer should 1lie in an
intermedlate section (at the end of the initial section). Using
Egs. (5.104), {(5.109) and (5.11C), 1t is easy to show that this
condition 1is met by a ratio of the radius of the air and fuel jet,
determined by the equation

R, =(15+ 170, (5.112)

According to experlimental 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 = l.61rt. In practice, the ratio Rv/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 suvuch a way that the
airstream hits the fuel under a certain angle instead of being
parallel to it. Furthermore, to reduce the alr 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).

If one examines the diagrams of the interaction between the
air and the fuel jet (see Pig. 106) it can be seen that cnly part of
the energy of the air is 1mparted 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 eguation

dE ==, (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 crcss section

dm = 2npur dr. (5.114)

Several relations have been proposed for characterizing the
velocity variation in the boundary layer, of which the follcwing gives
the best agreement with the experimental data

2 =P, (5.115)
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where L is the inltial flow veloucity; ¢ a dimensicnless radius

where a 1s a coefficient to0 characterize the structure of the fiow; r
the distance from the axis of the flow; x the distance along the axis.

The function F'(¢)} does nov have a simple analytical expression
and for this reason, tables have been compiled {149] for sciving
problems in which Eq. (5.115) 1is used. Por a first approximation, we
can use the simpler analytical relation c¢f the form

- cmr—————— -

w5 == (5.117)

F= (5.118)

where r 1is the distance from the jet axlsy res the radius of the jJet
in the c¢ross sectlon under consideration.
Kaving solved Egs. (5.113), (5.114), (5.117) and (5.11i8), we

obtain an analytical expression for the variation of the energy of the
air becundary layer as a function of r

-

Ey = nguol? | (15— oY rar. (5.119)
L4

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, = 1.9r0, and r, = l.Sro. -

After solving Eq. {5.119), taking into account that P, = Ty, We

find

E.ﬂs,OS' 10-4“05%. (50119’&)

The equation for determining the velocity profile in the zone of
the fuel-air boundary layer will have the form

;!.-asl—(l P =P (5.120)

The variation cof the ccncentration of air and fuel in the fuel-
air Jet can be expressed by the equations

q.:ur‘-s; (5.121)
g =17 (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
reliation

Loy = Qer
e 0:9s + Qs {1 —q4) (5.123)

Having solved Egqs. (5.113), (5.114), (5.120), and (5.123), we
find the variation of the energy aiong the radius of the fuel-air
zone

Qr (2;"5 — P)3
Ep=ﬂmw3§§§;17;:ﬁ§a’d“ \9.124)

The ratio pv/p,c for the conditions of air atomization of fuels is

—1
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, = uc.wff:’*’j’(zri-s — P rdr. (5.125)

Integrating Eq. (5.125) within the limits of variation cf the
radius of the fuel-air zone (from ry =0 tor,= l.SrO), we cbtain

the total energy of the fuel-air mixture
E, = 1, 44ng,w¥ (5.126)

In order to determine the energy transferred to the fuel, the
right part of Eq. (5.125) must be multiplied with Qg (5.122), and then

the integral taken in the 1limits r, = 0 to r, = l.Sro. As a result,
we find the energy of the fuel, equal to

Ey= 0.977‘9-“"3'3. (5.127)
and the energy of the ailr
E,., = 047,03, (5.128)

From the energy calculations (5.126), (5.127) and (5.128) it is
possible to derive the utilization factor of the energy of the air for
atomizatlon as the ratio of the expended energy to the energy
transferred to the fuel jet:

£y
p::F:-—%—E_;—-‘-—E-r' (5.129)
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This value B is an optimum when the boundary line of the fuel-air
zone corresnonds 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, = Rv + 0.27r0 to r; = Rv - 0.12r0, and the denominator of the

expression {5.129) must be increased by the cnergy of the core of the
flow

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 ~ontent.

For nozzles with central alr supply, the equation for the energy
of the fuel 1is written thus

P %

'* e
E, = ng wyrs® § (r® — P~ dr, (5.131)
'}

for the air

. s-o' 1.8___'.8'
E, = nQ %y; ‘f(rx Y rd, (5.132)

hence
P~ (5.133) -

If the radius of the air flow 1s increased beyond the optimum,
the dencminator of the expression (5.133) is increased by

E, = xqu( —0,233). {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 ccefficient
B enables the estimation of the atomizer efficiency with regard to
the energy losses.

Examination of these two basic atomizer desligns shows that the
atomization efficiency can be improved within limits by increasing
the specific ailr throughput. Hence, when the atomization must be
further improved, the velocity of the air must be increased hich can
be achlieved by a suitable increase in the parameters of the .tomizing
air. Another method of improving the atomization efficiency without
altering the parumeters of the air consists in increasing the surface
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of interaction between the fuel and air flow. This method 1s realized,

| for example, in the atomizers with two-way alr supply (within and
l outside the fuel jet). To determine the optimum ratios of the ithree

cross sections (twe for air and cne for fuel), we assume that this
corresponds to the conditlion 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 =2ross sections in the case of internal and external air supply
(see Fig. 102 and 106,c). we determine the ratic of the dimensions of
the three cross sections for the case of two-way alr supply

rp = 4,117, (5.135)
i\.as'éfn (5-136)

where r, and Rv, respectively, are the radius of the cross section of
the inner and outer airflow; Ty is the cuter radius of the fuel crass
section,

The energy of the air and fuel flows at the end of the initial
section has the following values:

E, == 1,350,0i% (5.137)
E, = 35:70,w¥% (5.138)
B=:0,7. (5.139)

When the air 1s supplled under high pressurr, it is not necessary
in most cases f£o0 reallize the maximum ratio of the throughput since
the atomization efficlency depends more on the velocity than on the
throughput. This 1s evident from the energy equation in which the
veloecity 1is present in the seeond and the throughput in the first
power.

To estimate the fineness of édispersicn of the fuel only as a
function of the relative veloclity, as is fregquently proposed in the
literature [18], is possible {for atomizers in which the air throughput
is considerable, The low-pressure atamlizers usually cperate with
high throughput (above the optimun) and the throughput need not be
contained in the formulas {or the determination of the atomization
efficiency. For all atomlzers it 1is more correct to characterize
the atomization by the specific energy, making allowarnice for the
utiiization 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 2ir throughputs is nct uniform {(Fig. 108). In
these studies, the fuel throughput varied in accordance with the
perating conditions of the furnace., 1f one plots 2 graph of the
variation of the average drop size as a function cof the specific
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energy of the atomizing agent, the atomization efficlency i3z defined
by 2 single curve for all cperating conditions (Pig. 10%). Hence, it
is more correct to use in the eguatlions for the culeulation of the
atomization efficlency the energy and not the velocity, and the
eguation then assumes the form

. B
e == {5.1045)

According to our experiments gnd those of several 2ther

1nxestigators, the power exponent varies within the limits of 1.1 to
0.4, .
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Pig. 108. Average (median) drop diameter as a functien of the
veloelty of the air at the fuel throughput: 1) 74 kg/h: 2} 135 kg/h;
3) 205 kg/h. R) d, , mm; B) Wy mn/s. -
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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 alr supply. A&} dk3 M.
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A cemparison of the pneumatic atomizer designs leads to the
conclusion that the improvement of the atomizatlon procsss is
achlizved mainly by Hringing about a closer Interaction between the
atomizing air and tle fuel jes, l.e., by improving the process of
energy transfer. Obviously, the more energy of the atomizing air
or steam is transferred tc the fuel jet, the better is the atomizer
deslgn and the required atomization efficiency can ke attained with
less expenditure of energy. Comparison of two atomizers with regard
to the specific energy consumption showed that the atomization
efficlency 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 conditlons, enabled the following values of the utilization
factor of the energy of the alr for the atomization to be cbtained:
for straight-jet FOOM atomizers, 0.18-0.25; for opposed-flow FDM
atomizers 0.35-0.40, and ¥DB 0.40~0.43; and for the turbulent atomizers
of Karabin 0.55-0.66 {217].
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Fig. 110. Variation of the ratio of the energies of the atomizing air
and fuel as a function of the fuel pressure for dcuble-circuit
atomizers with single output nozzle, cperated in accordance with the
principle of pneumatic atomization. A) Ev/Et; B) p, kgf/cm2.

It is essential to establish the boundaries of these principles
of atomization in the atomizers coperating at small throughputs lilke
the pneumatic, and large throughputs like the mechanical atomizers.
This can be determined on the basis of the ratio of the energies of
the fuel and air fiow. For example, to improve the atomization
efficiency at low throughputs in an atomizer (seze Fig. 78,b)
investigated at the TsNII MPS, alr was supplied to the second stage
under a constant pressure of 5 kgf/cm2. With increasing fuel
throughput, the effect of the atomizing 3ir decreases in consegquence
nf the 1lncreasing 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 variacvion c¢f 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/cm? the kinetic energy of the
air practically has no effact on the fineness of dispersion. The
experimental results (Fig. 111) showed that the difference in the
fineness of dispersion with and without supply of alr 2t a fiel pressure
of 20 kgf/cm2 is within the limits of measurement error,
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Fig. 111. Drop size distribution at the fuel pressures: 1) with alr
supply; 2) without air.

In atomization with air one has also to allow for the cooling of
the air as a result of the expansion which has a double effect. On
the one hand, the temperature of the petrcleum residue 1s lowered
and the viscosity lacreased which results in less efficlenct
atomization. On the other hand, ithe density of the air 1is increased
which promctes the energy transfer to the fuel jet. The lowering of
the fuel znd alr temperature increases the preheating time of the
drops and thelir time of preparation for combustion.

» .
+28
‘Hf

-w \‘z
‘\k\~‘

o N,

) T3 Y 5T palpemt
Pig. 112. Varilation of the teperature of the atomizing air at
eritical 1, and supercritical 2 flow velocity. A) p, kgf/cm2,

For adiabatic expansion of the alr; the cooling can be calculated
by means of the equation

1
.;s_,(_;s)’r. ' (5.141)

In the case of critical pressure in outflow through a zonvergling
nozzle, the ratio of the absolute temperatures is 0.86, whereas for
supercritical velocities the cooling is more intense {Fig. 112).

In ordsr 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 CESIGNS

In most industrial atomizers, the potentlal pressure energy of
the fuel or the kinetlic energy of air or steam are used for the
atomization, However, as has been shown in Chapter 3, only a very
small propeortion 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 jJet. 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 wnich causes
additional wave osclllations. This type-of flow can be.achleved by
installing two throttle cross sections one of which 1s varied ~y means
of a spring-operated valve. This design causes auto-oscillaticons in
the hydromechanical system consisting of a pump, hydraulic
sccumulatcer and atomizer. The oscillation frequency in such atomizers
attains 2006-1C00 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.

b}

Filg. 113. U trascnic atomizer with plezoelectric vibration generator:
a) for carburetor englnes; b) schematic view of continuous atomizer
with single (1) and double (2) resonator. A) piezocrystal.

For the automlzation of fuel with ultrasound, uitrasonic
converters are used {piezoceramic and magne .~striction) with electrical
generators and alsc hydro- and aerocdynamic emitters. The fuel 1s
subjected to ultrasonic vibrations by letting it impluge directly on
the emitting surface of the converter [221] o: +wia 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 buillt 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 1s yery small and is
intensified by means of the resonating part with nozzle for
atomization. The length of the resonators should be a multiple of
1/4 of the wavelength at the resonance freguency of the vibrations
(see FPig. 113, b). Atomizers with pilezoceramic converters have been
made with throughputs of up to 6 liters/h. If the znergy is increased
to generste vibrations with higher energy, heating and disintegration
of the plezoceramic occurs. According tc a report [222], a burner with
plezoeleciric ultrasonic atomizer gave 5009 hours of continuous
service in a furnace.

Ni
Pig. 114. Ultrasonic atomizer with magnetostriction vibration
generator. 1) Fuel; 2) Air.

The use of magnetostriction converters for the atomization ot
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
frequencies, the magnetic flux in the ferromagnetic material causes
a magnetostriction effect and every magneti- excitation pulse
compresses or tensions the fuel tube. ince one end of the tube 1s
tixed, the other, in consequence of the repeated extensicns and
compressions vibrates mechanically in the longitudiral direction.
The frequency of the magnetic flux should be egqual to the rescnance
frequency of the tube or its harmonic. A node ferms 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/U4 or 5/4, etec.. 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 fregquencies.,

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 vibraticns which can
be done by corresponding variation of the parameters of the electric
current supplizd to the colis 1t is possible to control the fineness
of atomization in a burner of this type.
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The use of plezoceramic or magnetostriction converters in
atomizers requires specilal generators of electric oscillations.
Hydrodynamic sound emitters have recently besr develcped and have
heen widely used. Vortex and retational sound sources and also
emitters with plate or rod resonance vibration devices are used in
the Soviet Unicn 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 pressure
of the air snd fuel in this atomizer was 6 kgf/cmz. A study of an
acoustic atomizer with sound generator made in the form of a hollow
rod with a wedge slit (Fig. 115,b) showed that the atomization
efficiency is better at low air throughputs (5% of the fuel through-
put). At an air pressure of 1 kgf/cm the average drop diameter was
Q2 u, and at a pressure of 4 kegf/em2, é? u [2251. The fuel enters
the atomizer and is delivered to the combustion zone in the form of
a film through an amriular gap.
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Fig. 115. Ultrasonic atomizer with acoustic emitter: a) of the
v?rtex type; b} with vibrating rcd; 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 rescnator which 1s connected with
a rod through which the fuel 1s injected. Air with a pressure of

2.8 kgf/cm2 which flows along the tubte, forms vortices when it impinges
on the resonator, thus producing vibrations with a frequency of 6.5 kEz.
The intensity cf 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™™ MPS in collaboration with NIIkhimmash, showed that the dependenc:z
of the intensity of the ultrasonic vibrations on the veliocity of the
alr has a maximum which is shifted in the direction cof 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 atomizaticn of fuels that Che drops acquire
an electric charge [228]. A fuel drop with an elz=ctric¢ —harge 1s
subjected to the action of forces opposed to the forces of surface
tension. If these forces exceed the surface tension ferces, a
disintegration of the drop takes place.
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Fig. 116. Burner with electrical atomization. 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 i0 kg/h, angd
the air consumption to 206 m3/h. The fuel arriving through the central
tube 1 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

-221-~

S e At e mee—

— - - e g, .




4, having firscv passed the spark electrodes 5 ané 6. Owing tc the
high field density at the spark electrodes (107 V/em), the air
molecules are set into motion and the alr issues from the annular
channels 3 and 4 with a velocity of up to 29 m/s.

23. HYDRAULIC CALCULATION OF THE DEFLECTORS

Intense vortex formation in the alr delivered to the heating
space 1is currently the main method of achieving a practical application
of the principle of vertex combustion of liguid fuel. Among the
numerous inlet deviees to achlieve vortex formation in the flow, the
blade deflectors have found the most wildespread application
(cylindrical, conical, semiconical, with straight and profile blades,
with constant and varying cross section, etc.) The mest widely used
blade deflectors are flat cylindrical deflectors with scraight and
profile blades (Fig. 117). Upon emerging from the deflector, the
airstream has a rotational-translational motion and, forms a divergent
Jet as 1t enters the strongly enlarged furnace velume. In the furnace
volume, a hollow nypertioloid of rotation is created, on the outer and
inner surfaces of which annular vortices are formed which glve 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 Jjet 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 c¢f each jet arise in the region
of the hot combustion products of the adjacent jets, in conseguence 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 masses of reiatively
cold air to the root of the flame and thus may have a negative effect
on the develoShsgt of the ignition process. PFurthermore, the external
countercu,ient ne 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 1s charzcterized by twe basic
design quantlities 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 vorticlty of the
airflow and the size of the reverse currents.

The air throughput through the blade deflecteor is calculated by
means cf the equation

G'=F3}l,"r2ﬂ AP. (5.1“2)
where F3 is the area of the aperture cross section of the deflector;

b3 is the throughput coefficlient; Ap 1s the pressure drop in the
deflector.
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Fig. 117. Cylindrical blade deflector: a) with straight blades; b)
with profile »lades.

For a deflector with straight blades, the quantity F3 is calculated

Reos @ *D—-4d
Fy==—S~ (D —d) —=5—m, (5.142a)

where D and d are, respectively, the outer and inner diameter of the
deflector; n, §, 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 bladef and 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.

Che dependence of the throughput coefficient on the resistance
coefficient [231] can be used for approximate calculations:

b=y (5.143)

The resistance coefficient € is connected with the pressure drop
4p in the deflector by a relation of the form

Bp=(1+e)y3rs (5.144)

where y and w, respectively, are the specific gravity and velocity of
the airflow in front cf the deflector.
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Substituting (5.143) and (5.144) into the initial throughput
aquation, we obtain after some simple transformatlons

/Tye _ meosq AN
G = Favw i = S O =M Ty (5.145)

In most cases, the dlameter of the air supply duet is equal to
the outer cdiameter of the deflector so that the veloclty of the
inflowing alrstream can be determlned by means of the equaticn

= oty (5.146)

After substitution of (5.146) into (5.145), we find

LAY AR Y
l--—-cosq:(! —oF T:V%' (5.147)

The resistance coefficlent € 1s not an independent variable but
is determined by the combination of the blade angliles and the sleeve

ratio. To find e, let us consider the energy losses in the deflector
which can he divided into the following:

1) the shock losses at the entry 1in 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 direction of flow
and the appearance of vortex zones in the channels between the blades;

4) the shock losses due to the sudden increzase in cross section
at the outlet from the deflector.

A 3 .
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

e=r¢ + & + 2, (5.148)

For a deflector with straight blades, the reslstance coefficlent
¢ based on the geometrical relations, is determined as

n_ dfncosq (Dt d)—20 + (D—d)a]

& =2 — L149)
Rk ::(D’--d’)ccsq)——ozdnb (5.149

The frietion coefficient A during the motion of a fluid in
charnels with square cross section in its turn is a functlon of the
parsmeter Re and for turbulent flow within the range of Reynold numbers
from 3G0G to 100,000 is determined by means of the equation

~22H-
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According to the recommendations [232], X for pure sheet metal
can be assumed to be constant and equal to A = 0.008 for apporoximate
calculations. The resistance coefficlient during raplda varlation 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 1is calculated by means of the formula

—— F\z
%3(0,797}/1-*%4-1—--;.;). (5.150)

where Fl’ F2 are the areas of the passage cross sections in front
of land behind the deflector, respectively; F is the minimum cress
sectlion of the deflector.

The resistance coefficient for flow reversal 1is usually given in
the manuals [235] as a function of the curvature of the channel.
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Fig. 118. Total resistance coefficient € of a blade defliector with
stralilght 1 and profile 2 blades as a function of the blade angle ¢.

To simplify the calculations, one normally uses the experimental
vaiues of the total resistance ccefficient ¢, obtained for some
deflector designs and published, for example, in [232]. 1In particular,
the authors did some work to determine the characteristics of
cylindrical deflectors with straight and profile blades, the results
sf which are presented in Fig. 118. It can be inferred from Fig. 118
that the total vesistance coefficient of a blade deflector increases
markedly with increase in the biade angle. The installation of profile
(curved) blades greatly improves the entry conditions into the
deflector for the airstream, in consequence cof which the hydraulle
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 snown,
has relatively little effect on ¢ and on the entry velocity. Variation
of the velocity of the inflowing air within the range of 20-1C0 m/s
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ieft the total resistance ccefticient practically constant for a
deflector with straight blades 2s well as one with profile blades.
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Fig. 119. Total surface of the ignition zone 1 and the'quantity of
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) Gop. tok? KB/S.

Thus, the main independent variagble for approximate calculations
is the blade angle. By assigning a value to ¢ and determining the
value of ¢ for it in accordance with Fig. 118, the ratio of the
geometrical dimensions of the deflector can be determined from
Eq. {(5.147). 'The choice of the blade angle is a very 4ifficult task

since this requires an allowance to be made, not only for the

peculiarities of the aerodynamic structure of the rotating flow but
also for a large number of additional factors, for example, the

correspondenice between the angle of the fuel cone emerging from the
atomizer and the dimensions of the zone of reverse flow. The main
rondition governing the cholce c¢f the blade angle 1s the achievement

¢" a stable ignition of the fuel arriving in the furnace volume. It
can be infarred from Pig. 119 {2341 that the dimensions of the
ignition zone and the guantity of combustion products which are
returned to the root of the flame, increase sharply with increase in
the resistance coefficlent of the deflector. However, from values of
¢ ¥ 0.4 upwards, the rate of growth of these values drops greatly
whlch makes it eccncmically feasible teo use deflectors with very
resistance coefficients. By comparing Figs. 118 and 119, it ¢

concluded that the most rational biade anglies in cylindrical
are angles in the range of #0-70°. At these angles, sccept
resistance coeil'ficients are ortained (e = 2-4.G) for blade
with proflile blades. 1In practice, the range of varistion of
angles is slightly more narrow and amounts to 45-50°.

For stationary power instzlilations in whkich the combus

Ly
develops in falrly large velumes, smaller angles gre ”C”ﬂalll
(¢ = 45-.55°; Higher values (¢ = H0-7C°) sre normully chosen
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deflectors of highly boosted combustion chambers in which the nigh

flow veloclity makes the reguirements 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 focrm of the following
empirical formula

tgp/2 < a+ bsin?q, (5.151)

where f 13 the aperture angle of the transition cone; ¢ is the blade
angle; a and b are empirical coefficlents, the average values of which
can be assumed to be a = §.C85 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

_ _0x S
L.—lﬂn?’ (J-152)
where Dts is the diameter of the inner circulation zone; &, the
distance from the deflector to the vertical axis of the annular vertex;
¢, an empirical ccefficient, equal to %3.73; ¢, the blaae angle.

The gzometrical parameters of the circulation zone (Dts and )
in turn are determineqd by the following empirical formulas:

D =D, V0,75 — (1,35 — sin g)* {5.153)

and

I = 6,45D,, (5.154)

where Dt 1s the typical transverse dimension of the furnace (for GTU
combustion chambers, 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 2nsured
to give each air jet emerging from the channel between the blades the
optimum direction of motion. According tc the recommendations of {2437,
the overlapping coefficient of the blades for a cylindrical de lector
can be assumed as
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ud,
k:,-‘-fevzl,l-——z,:i, (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 o air and its parameters and the diameter of the
inner sleeve and the blade angle. Pollowing the determination of
the total resistance coefficient according to (5.144)~(5.150) or by
means of the curves of Fig. 118, the diameter of the outer sleeve of
the deflector is determined by mearis of Egq. (5.147). The hydraulie
losses thus determined are then taken intec account {after determination
of all other losses) in the chcice of the fan requirements.
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{ 188 X = k = kaplya = drop
. 189 K = n = naruzhnyy = external
192 ep = 8r = srednly = average
182 A = & = deystviitel'nyy = real
) 205 #p = kr = friticheskoye = critical
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Chapter §
METHODS Q. CONTRCL 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 secticn. 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 1= determined as
the ratio of fuel weight to the interval of time during which it has
bezan consumed. Under industrial conditions, the determination of the
welght of fuel consumed within a certain period is replaced by the
measurement of the volume of the fuel. The volume meters, samplers
withs stopwatch or counter, operate on this principle. For heavy
{blacit) oils, however, the use of these devices involves difficulties
because the fuel sticks 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
congumption within a large time *‘nterval can be determined by
measuring the fuel level in the fuel tank. The fuel supvlied to the
tank can be measured by means of a simple device [235] with dumping
tanks {Figa,J20). ¥ith a low fuel level in the tank, a cock is
opened vy a float and the fuel flows intc a small tank which is
mounted on an axis. 1The small 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 c¢f gravity of the system is shifted, the
system turns over the fuel fiows 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
osczillating motion; each oscillation of the disc is recorded by a
counter. The volume flow meters make it possible to determine the

average fuel consumption cver large periods and can be used only as
cortrol davices.

In modern furnaces with automatic control of the process,
continuous througnout measurement is essential. For this purpose,
as follows from the throughput equaticn (5.10), the velccity of the
fuel durir, its passage through a calibrated orifice can be measured.
The veloccity is determined on the basis of the revolutions of a fan
wheel installed in the pathway of the 1liquid. Mechanical, magnetic,
radloactive, optical and electrical methods can be used tc measure

L 4
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the rate of rctation 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 propsrties

of the fuel (in the induction flow meters), the thermal (in the

Ealggimetric flow meters), ionization, ultrasonic, etc. properiies
236].

Fig. 120. Fig. 121.
Fig. 120. Schematic view of flow meter with dumping tanks.
Flg. 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 1s based on the equilibrium between the force of
gravity of the float and the dynamic pressure of the flowing liquid.
The float which i¢ enclosed in a conicsl tube is lifted in proportion
to the increasing throughput which causes an increase in the dynamic
pressure. The piston flow meter 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 iifted. By moving within the
electromagnetic coil 4, this plunger modifies the inductance of the
latter, which 1s measured with another apparatus. The measurement
range of this flow meter can be regulated by lnserting the
additional welght 5.

Diaphragm devices are widely used in practice to measure fuel
throughput. The measurement of the thrcughput with these devlices
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 cutput nozzle
in atomizers has known dimensions, the fuel throughput can be calcu-
lated from the pressure in front of the nezzle. For thiz, it is
necessary tc calibrate first the atomizer and to determine the




physical properties of the liquid, above all the viscosity. Several
viscosimeter designs with automatic malntenance of constant

viscoslity by variation of the fuel temperature have bteen 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 #ach other. Under industrial conditions devices are sometimes used
for the measurement of these angles (Fig. 124) ccnsisting of an angle
scale and a movable lath, connected with an indicator.

d)

Fig. 122. Metheds of measuring the rate of rotation of the
fan wheel: a) magnetic; b) radicactive; c¢) optical: d) elec~
trical.
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Fig. 123. Piston
flow meter.

In pneumatic atomizers it is d4ifficult to determine the
boundaries of the flame because the bulk of the fuel is surrounded
by a mist of fine drops. 1In thls case, the flame angle can be
approximately determined on the basis of the fuel distributicn 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, it 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 cr measuring cylinders.

Fig. 124, Device for the measure-
. ment of the flame angle.

By means of measuring cylinders or annular sections it 1is
also possible to determine the radial distribution of the fuel. By
measuring the quantity of fuel falling into each measuring cylinder
or annular section, orne can determine the density of th:z fuel flame
at any distance from the center by means of the following relation:

Qx"'; 1"
q‘==.‘_-..—..‘__+__.i)._..

1§2 9 (’?ﬂ - ;l) (

[#a)
s
~

-~ 233 -

—




where Qi is the weight of fuel in the measuring cylinder (or section)
at a distance ry from the center.

Serious attention must also be given in the control of atomizer
performance to the uniform distribution of the fvel 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. i25). Rach sector 1s connected with
a measuring cylinder, After weighing of the cylinders, the nonunifor-
mity ot atomizatlion i1s estimated on the basis of the ratio of the
difference of the maximum weights to the average weight

_e:w’ (6.2)
%p
l-’n
20 (6.3)
Qep = a

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, 1s placed in the path of motion of the fuel jet. The zurface
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:

gl (6.4)
P

By measuring the kinetic energy of the jet at different distances
from the atomizer nozzle it is possiple to determine the law
according to which this energy or the average drop size decreases
since the mass of dreops 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. 1In this case, the area
shouid be reduced tc 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 principie,
is used to measure the velocity of the drops (see Fig. 126b). 1In
the patn of motlion of the fuel drops, two rotating dlscs 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 1s equal to the time of rotation of the disc ty the amount
h hit the plate

f:%-_—:-m—k—, (6.5)

hence

o = ERY (6.6)

By varying the speed cf rotation w of the discs or the displace-
ment of the or’ffice, drops with the velocity v can be collected.
By measuring tre size of the drops trapped on the plate, the
velocity of the dArops 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 are shielded by
stationary walls.




Fig. 126. FPrinciples of

the measurement apparatus:

: a) for the kinetic energy
" of the jet; b) for the

F’ drop velocity.
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25. CONTROL OF ATOMIZATION EFFICIENCY

Tens of different methods of determining the drop diameter of
1 fuel flame have been propoged and utilized for studies of atomizer
erformance. The methods of collection, microphotography, modelling,

hind aerodynamic, optical and electrical methods are most widely
used [237].

The collection methods are used in four variants: 1) collection
on a p.ate which 1s coated with a thin layer of a substance which
ioes not mix or react with the atomized liquid; 2) collection in a
+iguid-rilled 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
rfor a short interval of time (from 1/500 to several seconds) to
obtalin a sample of the atomized fuel. Then the dlameters of the

" irops are measured under the microscope and their number calculated.

The collecting plates can be coated with castor oill, glycerol
#1lth compressor oll (for water) and other compositions depending on
~he atomized ligquid. The drop measurements must be carried cut
immediately a “er sampling or the samples must be stored under
conditions which exclude the possibility of any substantial change in
the drop size due to evaporatlion. The drops are collected on the
rlate at a considerable distance from the atomizer in order to avoid
znarp lmpacts and disintegration of the drops.
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Collection in a liquld reduces the impact effect on the drop
and preserves the drop size, If the liguid is correctly selected,
the drops collected in it can 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 coaliescence
of nearby drops and of change in their arrangement pattern when the
cont.alners are moved.

When the drops are collected on a mesh made of thin fibers
{~1 u) of organic glass [238-239] they are retained on it by surface
tension forces. The range of applicablility of thes  nets iz limited
by the strength of the fibers which decreases ccnsiuerably at
higher temperatures as well as by the possibility that drops can
pass through the mesh. Hence, this method of measurement is used
cnly for drops with a veloclty of not more than 10 m/s and a
temperature not over 50°C.

Collection on a smokad plate makes it possible to determine
the real size and relative positlions of the drops.

However, the results of measurement of the imprints can be
used 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 Aimprints on the
section to be measured corresponds to the number of drops. Tests
carried out at the G. M. Krzhizhanovsky Power Engineering Institute
[250] have shown that when the thickness of the soot layer is less
than the drop diameter, the Stoker relation applies R

where do ig 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 diamefer, then, according to the studles of N. H. Strulevich
and Yu. F. Dityakin, the imprints in vhe soot colncided 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. Thes drop diameter can he
considered to be equal to the imprints if the imprints show wp
under the microscope as deep and with smooth edges.

The method of collection on soot cannot be used for jarge drcps
(50C u) since this would require a thick scot layer (0,65-0.75 mm)
which can flake off after impact of the drop [240]. To cbtain clearsr
imprints, a thin film of magnesia is applled over the soot 0.0i-
giDZ @g%. The smoked plate is inserted into the apparatus shown in
g. 127.
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Fig. 127. Apparatus for collzcticn of drops: 1) mobile tube
with notch; 2) rod with smoked platecs.

The main deficiency of all varianis of the collection method is
the arbitrary cholce of the place and time of measurement and the
relatively small number of measured drops comparad with the totau
nunber of drops ir the jet. In one test, 3 to 2 thousand drops are
usually collected, which amounts to G.01-1,0 weight-% of the fuel
throughput per second.

Automation of the counting and measurement of the dropc enables
the time for prccessing the measurement data to be considerably
shortened to subjective errors to be e¢liminated. One of the devices
fer the automatlc processing of the test data [241] works in
accordance with the following principle., A beam of light is directed
on to the plate with the drop imprints, is reflected from it and falls
cn a photo element. The beam of light passes successively through
the entire area of the collection plate in the manner of photoeliectric
telegraph transmitters, The senscr (photcelement), depending on the
brightness of the beam reflected from the plate, sends signals to
the ccnverter which transforms them into pulses with amplitudes,
proporticonal to the length of the signal. The use of a more complex
setup [242] makes it possible to determine the drop diastribution on
the basis of the sizes of the imprints and not the lines which are
accldentally selected by the scanning beam, For this purpose, there
are seven sensors and the system works only when the drop imprints
ar2 in the focus of the apparatus. The devices for automatic drop
goun*ing are very compiex and are used only for experimental
research work in laboratories.

, The main zadvantage of the microphctography method compared with
colliecticn 1s the fact that photography gives a true 1éra of the
snape, size and mutual arrangement of the drops in the jetr. The
phgtographic apparatus has an objective with high resciving power and
a iarge {c.°»1 length. To give accurate pictures cf the fast-fiying
drops, the illumination source must provids a brief (atout 10'é 5}
light pulse. The use of photography with & moving “ilm made i%
possibie to "arrest" part cf the drops relative to the photographic
film and ts increase the expesure time to 10-5 ¢n 20-D = [283],

Lowever, owing to the different speed of individual drops it wis not
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possible to obtain a "standstill" and clear photographic pictures
of all the drops within the field of view of the apparatus.

The main deficlency of the microphotographic method Is that only
a very small part of the jet comes Into the field of view of the
microscope of the phctographic apparatus and that a large number of
exposures 1is required for an objective estimate of the dro:r sizes
composing the jet. Thelir processing is laborious and the automatic
measurement and counting of the drop images is difficult because of
the inaccurate reproduction,

The mecdelling method consists in using instead of the fuel a
substance which is selid at normal temperature (20°C) and is then
heated until the physical constants correspond to those of the fuel
to be investigated. As such a substance to revlace kerosene and
diesel fuel, paraffin can be used which has a viscosity and surface
tension at 91°C which is close to that of kerosene and at 70°C, to
that of dlesel oil.

Ceresin grade 57 with addition of an isobutylene pclymer 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 tenperature 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 perind
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 : round 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 togethenr.

The collection of the paraffin in ethanol or methanol ensures
rapid cooling and solidification of the drops. This is also necessary
for wet sileving since with dry sieving, the paraffin drops stick
to each other and clog the meshes of the sieve.

The soclid 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
welghing the paraffin residue on each sieve.

The grading of the drops by means cf sieves gives satisfactory

results and drops of approxim~tely equal diameter remain on the
sileves (Fig. 129).

The modelling method makes it possible to process (sieve) several
grams of paraffin which corresponds to some ten million drops. fThis
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
sizes by the modelling method.

When the atomizer is in a horizontal positionr, the fuel drops
will have a different flight distance depending on thelr 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 ail these drops it
is possible to plot a distribution curve.

Owing to the diff:rent angles at which the fuel leaves the
atomizer, it is not possible to carry out the measurement over the
whole Jjet at once. One has to isclate a narrow fuei 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 dreps is very slignt in the case »f fine atomization,
th’s method 1s 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, hecomes constant
and equal to [245]

a4,
wo= 'rs?{ {0 — 0s)s

(6.7

where g is the gravitational acceleration; dk the drop diameter;

n ihe viscosity of the medium in which the drops are falling; P> P
i1s the density difference between the drops and the medium. v

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 measuring the dropping velocity of the
dreps and the density of each layer, the cizes of the drops and thelr
group cize distribution can bve deverminad.
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Fig. 129. Microphotograph of paraffin drops: a) before sieving;
b) oversize on a sieve with 400 u 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 carr§ out a large number of
measurements, including for drops moving within the jet, which
requires the use of speclal cut-off devices. Thirdly, drops with a
size of 5-10 u can be observed only by means of a microscope and in
this case the velcoclty 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 E where all drops begin to fall at constant velocity,
is the same, then it follows from equation (6.7) that

w=2, - (6.8)
hence }/::ﬁﬁr_
£ (0x —Qs) Li
4:3'"—73—-—“7'—;- (6.9)

A1l the guantities entering into the numerator kl remain constan:

during the measurement process, thus drops with the diameter
dk + Adk fall on the balance within the time 1t + At. By measuring

thelr weight during .ertain time intervals and determining by means
of (6.9) the diameters of the drogps 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 dispersiocn analysis has beer
termed sedimentometric method [245, 246, 247].

The main deficiency of this method is the difficulty of obta*ning
a unifcrm deposition velocity when the fuel is atomized under nigh
pressure. However, Ly combinatiocn of the sedimentometric method with
drop collection it 1s possible to measure the fineness of dispersion
at nonuniform deposition velcclties, A schematic of such an apparatus,
used by the authors, 1s given in Fig. 130. The atomizer with shutter
which allowed atomization of the fuel for a brief period, was
instailed on top of a high column. Microbalances and & 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
collecting device, then the smaller drops follow. Thus, the weight
of fuel falling on the microbalance will increase gradually which
makes 1t possible tc plot a curve of drop weight versus time. By
measuring the diameters of the drops falling on the collection device
1t is possible to plot the relation between the diameter of the
collected drops and the time. Knowing the weight and diameter cf
the drops, corresponding to a certain period, it is easy to find
the welght curve.

Fig. 13C. Principle
of the sedimentometric
apparatus for the
measurenent of arop
sizes: 1) mirror;

2) silken thread; 32)

@eh

n% platform for the
3% depositivit of the drops;
3; 4} balance, 5) micro-
2§ balznce; &) sighting
34 tute: 7) smoked plate.
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The optical measurement methods are tased on the utilization cf
phenomena such as scattering, reflection, absorption of light,
interference and diffraction, ohserved during the passage of a light
beam through a fog of drops. As a result of the passage of a beam
of light through the jet of atomized fuel, the brightness of these
beams 1s 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

Al Fe
_T=F¢' (6.10)

where AI 1is 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 i1s the area of the

photosensitive leyer of the photoresistance or photocell.

This relation 1is 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:

Aj _ Fubx

7T IR (6.11)

where 1 is the distance from the jet in the line of measurement; 1if

the jet is symmetrical, then 7 = Df; Df is the jet diameter at the
measurement point.

Going over tc the limits and solving the equatiosr with the
limiting conditions x = 0, j = JO’ x=1, ] = jo - A), we find

In(ja— Af) —In o = £2- (6.12)

This equation makes it possible to determine the total drop
surface on the basis of the decrease in illumination

imn
=a ¥ = nd} \
F‘—-ﬂ“:‘ldzN ﬂdc’N. (5.131
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

BN = 5 BpH, (6.14)
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If the drops are unifcrmly distributed in the jet, their
volume wili be proportional to the volume of the jet FrD and the

fuel throughput Q within the time v will be proportional to the
nD?wr. It follows from these relations that

oF,
=j1—v-_;:TY, (6.15)

where @ 1is the fuel throughput per second in kg/s; w is the drop
velocity in m/s; vy is the specific gravity in kg/cm3.

The average drop diameter is determined by means of the relation

_ XV e
oo = AN - For (6.16)

Fig. 131. Principle of the cptical measureme,'t methods:
a) photometric method; b) rainbow method. 1) counter.

Solving equations (6.12)-(6.16), we obtain

ayDwin s’ (6.17)
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Thus, by measuring the decrease in ijlumination with a
photometer, the fuel throughput, the veiocity and jet diameter, we
can find the average drop size,

When a plane light wave falls on a drop, the rays, being subject
to diffractior and internal reflectiocn, form a new wave surface
which, interacting with the incident wave, gives an interference
pattern. With monochrcomatic lignt thls pattern is a series of
concentric arcs. The angular distance 48 between these arcs 1s
determined by the wavelength X of the incident iight, the diameter
dk’ the diffraction cecefficlent n of the drops and the difference of

the two values of Herault's coefficient corresponding to the first
and second bands of the arc 4z = Zy = 2, {the values c¢f z are taken
from Tables [2481). =

The equation which connects all these quantities, when solved
relative to dk’ assumes the form

. Azl 4—n Y/
dy = 0,433 52 {-@,—__”-,] .

(6.18)

The principle of drop size measurement by this method (the
rainbow method) is shown in Fig. 131b,

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 k) because the wavelength of the light becomes comparable with
the drop diameter and an interference .pattern is not observel.

Wher 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 1light A, the angular distance
8 of any ring with maximum illumination and the order of this ring m
from the center 1s expressed by the equation

A
d,sm(m+0,22). (6-19)

By conzizlo:l .; .he drops :s randemly arranged opaque discs and
measuring the angular distance of the rings formed when light passes

through a iayer 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 eyve, 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 1is
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 deslign, incorporating mainly
standard apparatus (photometer, goniomete, projection apparatus,
etc.). ‘The drcps can be measured during the atomization of fuel
in atomizers operated at any pressure and with atomizaticn in an
airstream.

L, Fig. 132. Sensor for
4 the measurement of drops
by the electronic method.

The electrical methods of measuring the drop size «re 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 drecps in the jet. By measuring the quantity of electricity
transported by the atomized fuel it 1is possivle 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 cf fine wire. The probe is
connected with the grid of an electronlc tube in which a constant
electrical potential is maintained. When a <drcp comes inte contact
with the probe, a pulse appears in the circuit, the amplitude of
which 1is proportional to the capacitance and, conseguentiy, to the
drop size. The pulses are amplified and are delivered t¢ a counter
via a classifier (discriminator). When the classifier is tuned tc
different voltages, the number of pulses 1s counted within a certain
range of drop sizes only. The results do not 1equire compiex pro-
cessing and a drop size distribution curve can be plotted by means of
them without additicnal calculations.

In addition to the above described methods, other methods for
the measuremer.. oI the drop diameter [154] are known but trey have
not round practical application and will not be discussed here for
this reascn., Combined methods are sometimes used in practice for
measurenent cf drops. A combination of two methods makes it pas
to eliminate certain djeficiencies of each. For example, one 2an
a2 combination of collection and sedimentometric methods with wel




of drops or collection and an electrical, sedimentometrical and
photometrical, etec.

The authors have determined the relative and maximum error of
the collectlion 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 medlian diameter for all
tests. These values correspond [245-246] to the accuracy (20%) of
the microscopic method of dispersion analysils.

Most of the total error of the collectlion method is due to the
small sample of drops for measurement. The subjective errcrs, which
according to the result of processing of a single measurement by
10 operators amounts to 17-18%, also contributes greatly tc the
error of the method. The errors resulting from the fact that the
diameters of the drop imprints are not identical with the cGiameters
cf the drops, although they increase the measurement results, do not
greatl)y aitect the accuracy of the method,

During repeated atomization of paraffin with the same atomizer
under conditlons 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 axls was sleved, 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 te
innaccurate photographic recording, according to the data of the
French Petroleum Institute {25C] 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 1is preferably carrled 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.

Tne microphotographic or electrounic method is most suitable for
tests of atomizer performance in furnaces. At the laboratcries,
where a greater accuracy in the measurement cof the entire spectrum
of drop sizes is required, it is most expedient to use the modelling
or szdimentometric methods.

26. CONTROL OF THE COMPLETERESS OF THE COMBUSTION PROCESS

The process of combustion ¢f a fuel, like any other process cf
transformaticn cf€ cne form of energy into another, involves
unavoldable losses,; the total value of which is usually determined
by means of the following relation:

Qran = b nrop! (6 .

)%

0)

where qtop are the total losses in the furnace process; Toor is the
=]
completeness of combustion of the fuel in the furnace.

Equation (6.20) relates directly tc the process of heat evelutien
in the furnace and does not therefore Include terms characterizing
the process of heatc transfer from the combustion products to the
working fluid or the ambient medlum. Sinze the efficiency of the
process of heat evoliution in the furnace 1s uneguivocally defined
Ly the furnace losses, the control of the combustion efficiency
is reduced tc 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 incomplieteness of combustion is meant
the quantity of hcat energy per unit weigat of consumed fuel which
has remained chemically bound in the unburned gases, mainly in the
form of CO; H,; CH,; ¢ H .

2 b @ n

The total loss due to chemical incompleteness of the combustion

is defined by means of the relation

mm=%§4w%

7 >
2 6.21)

”~~

vwhere Qkh n is the quantity of heat energy which is not liberated
within the furnace.

The quantity Q

in its turn, 1s determined by means of tne
equation

kn.n?

Qpu = 36,7 —

. ™
cope™

{CO  0,80H, - 2,8CH,}, (6,22)
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where Cp; CO; H2; CHu ara, respectively, the percentage content of
carbon in the fuel, and that of carbon monoxide, hydrogen and methane
in the flue gases; CogOln 1s the total percentage content of carbon
dicxide, carbon monoxlde and methane in the ccmbustion products

Cogo.w:COz.*_CG—i}CHg. (6.23)

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 cbtained in
the 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 individuezl parts, The total amount of
these losses, related to unit weight of introduced fuel, can be
written in the form

o= 3,Q}, + 8100 {8+ a,)’
' (6.24}

where q;ekh is the total relative loss due to mechanically incomplete
combustion; Qg is the luwer heat of combustion of the fusl aerosol

(fuel vapor which has gone beyond the individual combustion zone of
the drop in the flame); Gt; 853 Gk, respectively, are the specifie

weight concentrations (per unit weight of fuel) in the combustion
products cf fuel aerosol, soot and coke.

Thus, the determination of the quantity qiekh is reduced to

determination of the specific (per unit weignt of fuel) concentrations
of these components.

The methods currently used for determining the gasecus components
of the combustion products are very diverse but the method of absorp-
tion analysis of a gas sample with the gas analyzers GKh?Z (GOST
6329-52) and VTI-2 {GOST 701%-54) has found the wicest applicatlion
in field testing and research practice. The widespread use of the
chemical method of analysis of the combustion products is mainiy due
to the fact that it allows a simple isolation of the principal
comporients (C02, 02, CO0), which 1is sometimes suificient for gzaging

the completeness of combustion.

- 249 -

- - - e e e varer. - et




At v aser s T

In most cases, this type of analysis of the combusiion products
is insufficient because of the large error in the determination of
q.... when compcnents such as H,, CH,, C H are contalined in the

khim 2 4* "mn

filue gases. Because of this, the improved gas analysis devices
(VII~1; 2) were developed which aliow the determination of these
components by combustion and subsequent zabsorption of the combustion
products., However, to obtain complete information on the c¢omposition
of the combustion products on the basis of their chemical analysis
involves a great loss cof time. The duration of a complete gas
analysls with the VTI-2 is 3.5-4 hours. Tnis naturalily reduces the
practical value of chemlcal analysis corsiderably aud preventrs it
widespread use,

Table 19

Magnetlic Susceptlbility at

£ = 20°C and Relative Thermal
Conductivity at Q°C and 760
mm Hg of the Main Gaseous
Ccmponents of the Combustion
Products [251]

Tas 1 lrlll x-10¢

2 Bosayx .« « o .« .. 1,000 .
3 BoAOPOR - + -+ s - - o] 7,130 | —0,164
% Boanuue napunpr100°C | 0973 | —0.58
3 Mpyoxuck cepit . - » - +| 0,044 —

Raeycunss yraepota . -} 08¢

METGU « o o v« o o o of 1318 | +1
5 OQxieb yraspola . . .« o 0,964 —
9 AWE . oa s s s e .o 098 | —058
}&ucaopox - o v o+ o« . o LOIS T 142

1) gas; 2) air; 3) hydrogen;

4) steam at 100°C: 5) sulfur
dioxide; 6) carbon dioxide;

7) methane; 8) carbon monoxide;
9) nitrogen; 10) oxygen.

Various schemes and designs cf automatic gas analyzers have
Iéen propcsed t¢ date, which make use of differences in the physical
or chemical properties of the combustion prcduct components (thermal
conductivity, magnetic susceptibility, infrared absorption, etc.)},
cf which the data presented in Table 19 may give an idea.

The creation of a gas analyzer for the determination of the
main gasecus 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 deslgned, as a rule, only
for the determination of a single component {usually Hz, CGz, ¢yt
Thus, for example, in the automatic gas analyzer (GEUK-21 which is
intended for the determination of 002 in furnace gases, the principle

of coentinucus comparison of the thermal conductivity of the gas alxture
te be anglyzed 2nd 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 thermsl corductivity 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. Tie 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 gas analyzer.

As follows from the data of Table 19, the magnetic properties
of oxygen and other gaseous components of the combustion products
differ quite cons.derabvly. Different gas analyzer schemes for
determining the oxygen concentration in gas miatures are based on
the utilization of these peculliarities of oxygen.

Fig. 133. Principle of the sensor of the magnetic gas
analyzer for oxygen determiration MGK--348: 1) bedy; 2), 3)
heating elements; 4) magnet pole; 5) piantom pole; €} control
lug; 7) partition. A} gas flow.

Figure 133 shows schematically the gas flow in the measuring
chamber of the gas analyzer MGK-348, in which the phenomenon of
thermomagnetic convection is utilized.

If oxygen 1s contained in the mixture, it interacts with the
magnetic field of the poles in consequence of which a flow of cool
Las appears above the thermoccuple.

The ~xygen, in its turn, loses moct of its magnetic properties
as it is heated and is displaced ty & new "c»>id" portiocn. Thus, 1
continuous gas flow arises above the thermccouple, the intensity of
which 1s determined by the oxygen concentratiorn in the mixtire.
Accordingly, the degree of cooling c¢f the thermocouple is ais¢




g test mixture. If a small quantity of the test mixture (az few cubic

jcomponents di_solved in it (Hz, Co, CHu) arrives ir

determined by the oxygen concentration. The different temperature and,
consequently, 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 thlis 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 i1s proportic.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. 1In
consequence of the discontinuous energy supply to the gas in the
receiver, temperature fluctuations are produced acccmpanied by pressure
fluctuations at audio-frequencies. These sound oscillations are
received by means of a condenser microphone connected with the
corresponding measur.ag 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 (COQ, CO or CHH)'

Thus, a brief review of the basic methods of gas analysis allows
us to conclude that the practical efficiency of their appliication is
greatly reduced by the deficiencies inherent in all these methods:

} the extremely long curation of the analysis for the chemical gas

analyzers 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
Ydifferent schemes of automatic controi and monitoring of the combustion
§ process. In these schemes, the concentration, for example, of CO2 or

.,: C, 15 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

t Prerequisite fcr the development of the chromatographic msthod 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

methed of determination of the concentration of the component in
guestion.

The adsorption separation of a gas mixture is based on the
different rate of adsorption and desorption of the corponents in the

-~

centimeters) is quickly introduced into the carrier gas (ni

i%rogen,
atmospheric air, etc.) flowing through a column with a special adsorb-

ent, a gas mixture consisting of the carrier gas and the flue gas

the ssparating

column. pDuring their passage through th-s columit, trese components are
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determined by the oxygen concentration. The differant temperature and,

consequently, 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, 1s delivered to a

secondary recording device. The main permlssible 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 cn
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 disceontinuous flux of infrared which
passes through the test mixture, loses part of its energy in it. The
magnitude of this loss is proportic.aal 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
consequence of the discontinuous energy supply to the gas in the
receiver, temperature fluctuations are produced acccmpanied by pressure
fluctuations at audio-frequencies. These sound oscillations are
received by means ol a condenser microphone connected with the
corresponding measur.ag circuit. The gas analyzers of this type are
also used for the measurement cf the concentratlion of a single one of
the components of the gas mixture (002, CO or CHQ)'

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 these methods:
the extremely long curation of the analysis for the chemical gas
znalyzers 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
hcomponents of the combustion but also and mainly for designing
ydifferent schemes of automatic control and monitoring of the combustion
process. iIn these schemes, the concentration, for example, of 002 or

02 i3 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
rrerequisite fcr 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

ethod of determination of the concentration of the component in
guestlion.

The adsorption separation of a gas mixture 1s based on the
different rate of adsorption and desorption of the components in the
test mixture. 1If a small quantity of the test mixture (a few cubic
centimeters) is quickly introduced into the carrier gas {(nitrogen,
atmespheric air, etc.) flowing through a column with a speeial adsurb-
ent, a gas mixture consisting of the carrier gas and the flue gas
components di_solved in it (HZ’ Co, Cﬁu) arrives in the separating
column. puring their passage through th: ceolumn, trnese components are
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subjected Lo 2catlinuous processes of adsorption and descrption which
takes place gt a strictly determined veliocity for ezch component. HMNe
irreversible adsorption of gases on the adsorktent takes place. As a
result the gas rlowing out or the column is nct longer the multi-
component mixture, vut a two-component mixture which successively
changes 1un co. position because the components of the coriginal mixture
pass through the column at different veloscities. Thus, for example,
the rate of motion of hydrogen through the seraration column, owing

to the low degree of adsorption, is practically the sazme as that cof

the carrier gus. The accordingly increased adscrption of the carbon
monsxide and methane gives rise tc a certaln time lag in the appearance
of these components at the outflow end of the separatiosn coiumn, The
determination of the conc¢entrations of the components in the success-
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, Lhis is done by measuring the resistance cf a
platinum wire during the catalytic combustion of H2, CO oxr C‘ﬁ on it.

Trhe resistance varlation of the platinum wire is recorded by a secondary
self~recording device of the type of electronic potentiometer EPP-09

in the Torm of a trace with ecliearly visibie peaks, the relative
positicn of which characterizes the content of a certain component and
the magnitude of the peak indicates its volume concentration on a
certain scale.

The analysis of a gas sample reguires very little time hacause
when the flow velocity of the carrier gas and the length of the
column are chosen correctly, tlre successive outflow of the components
can ke completed within 10-20 seconds.

The short duration of the analysis, the absence of subjJective
errors, the possiblility of determining components present in low
concantration and the high accuracy are all advantages of the gas-
chromatographlic method of analysis, responsible for its rapid adoption
not only in research but, which is the -most important @irectly under
industrial conditlons.

All the rethods of determining the losses due to mechanically
incompiete combustion can be conventionally divided into two main
groups: 1indirect methods, involving the mcasurement cf some guantities
in some way connected with the mechanical incompleteness of combusticn
and the direct methods, i.e., sampling of the combustion products and
subsequent analysis.

The optical meth-4, based on the measurements of the optical
density of the combustion preducts, the calorimetric method, based on
the measurement of the thermal conductivity coxfficient of a iayer of
soot and coke, which has been deposited on the walls of the calorimeter,
cte., belong to the first group.

To the second group belong all mechanical or chemical methods of
analysis of the combustion products. By mechznical methcds 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 nmechanical methods ¢f determination of the losses due to
incomplete c~ombustion belongs the collection c¢f 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.

hod - Fig. 134. Sedimentation
eo coefficient ¢ of the
particles as a function
0 's of the paramete— £.
3 /
22
f/

J 1 2 3 ¢ § 6§ 74¢F

The collection method makes it pessible te determine the guantity
and dimensions of the coke and socot particles in the gas flow through
the furnace, 1In this case, use is made of the dependence of the
sedimentation coefficient ¢ of a particle with a certain diameter
cen the external ficow conditions which is described by the folicwing
equation [255]:

O 4
¢=FE 8 =5 (6.25)

where w is the flow velocity of the gas in m/s; & 1s the diameter of
the p#rticle in m; p, is the density of the gas in kg/m3; p is the

density of the particle in kg/m3; u is the kinematic viscosity of the

gas in kg/s/mz; D is the diameter of the cylinder on wnich the
sedimentation takes place in m; g is the gravitational acceleration
in m/s2; ¢ is the sedimentation ccefficient for a particle with a
given diameter.

The form of the relation ¢ = f{(g) is given in Pig. 134 for the
condition of flow of a gas ccntaining anthracite and metal particles
(6 = 10 p) around a cylinder. The experimental data differed fram
those calculated by means of equation (6.25) by 24.0% [255].

The method of bubbling the combustion products through a licuil.

in a vessel (Fig. 135) can also be counted among the mechanical
methods.

Ameng the chemical methods of determining ¢ 1
mechanically incomplete combustion are the method of g
and separate combustion.

By the gas analysis method, the losses are determined as the
difference between the weight of the supplied angd turnt fusl. The
equation fcr calculating the loss due to mecnanically incomplzte

combustion has the form
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dhex = Q7 (1 — Bons, (6.26)

(11
where QS is the calorific value of carton in the original fuel in %;

cP 1s the percentage of carton in the coriginal fuel;
Btopl is the characteristic of the original fuel; Bgas is the char-

acteristic of the combustion products

Broms = 341 — 0. ST LUEE (o-20
B = 21—(co€o~tiﬁggc°+°d, (6.28)

o

where 0*.k 12 the volume preportion of oxygen In the oxidizer; Hp, Op,

Np, s® are the contents of hydrogen, oxygen, nitrogen and sulfur,
regpectively, in the original fuel in %; 002, co, 02 are the carbon

dioxide, carbon monoxlide and hydrogen contents in the combustion
products; m is a correction factor; for organic sulfur, m = 1.

Fig. 135, Principle of measurement orf

the losses due tc mechanically inccomplete
combusticn according to [256]: 1) sampiing
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

- . ,
ﬂto.‘ln = 2.37 i_g':w (g4 -29 )

.
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Analysis of the errors in the determination of the combustion
product characteristic Bgas shows that

i
AB,s, 20,0405 5 . (6.30)

This error 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, 1t exceeds Bgas' 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 c¢an be approximately
determined by mezns of the relation

Frex = 1 — 22, (6.31)

Qrza

where %9 is tne excess air, calculated from the ratlc of air and fuel

throughput in the furnace; Ans is the excess alr, determined on the
&

tasis of the composition of the combustion products.

= )
- esgone

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 cxygen; 2) absorption vessels; 3) two-
bulb combustion pipet with platinum spirals; 4) three-
way cock; 5) Mars transformer furnace; 6) guartz
sampler; 7) nixer; 8) four-bulb combustion tube; 9)
absorption vessels with Ba(OH)E; 10) temperature con-

trol; 11) gasometer with nitrogen.




X St <.

B b T S

IS e Y, YAV W ahd i s et

L A SR CITIRTRI TR S A PR PN ITIE. N v s

The method of separate combustion (Fig. 136) is based on the
fact that part of the combustiorn products, containing an aerosol of
fuel and soot, is sucked through & quartz filter tube filled with
calcined asbestos. A condensation of the fuel vapor and precipitation
of the scot particles then take place, The filter tube is then placed
in an electric furnace with a temperature of 400-450°C where a stream
of nitrogen evaporates the fuel again and displaces it into a mixer to
which pure oxygen is supplied a2t the same time. The mixture thus
formed flows into a combustion hamber where it burns, forming CO2

and water. The 002 in turn reacts with Ba(OH)2 which is backtitrated
to give the quantity of cardbon contained in the fuel aerosol.

To determine the soot content, the temperature of the furnace
is increased to 1000-1200°C and pure nxygen 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 comhustion products, their volume
throughput, temperature and pressure must be measured, which enables
the specific weight concentration of the components tc be determined
in accordance with the following relations:

‘ O,Wkl,
67 =E?l:' (6. 32)
8; = 2O (6.33)
/

where k 1s a correction factor for the 0.1 N solution of Ba(OH)z;
Il 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 aerssol (Il) and soot (12), respectively; I g is the quantity

of combustion products, passed through the filter tube; cP is the
percentage of carbon in che original fuel; 0.06 and Q.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,:5;(l+dLo), (6.34)

6c=6;(l+¢l.o)- (6 3 \
.35
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It must be pointed out, however, that the accuracy ol determination
of the losses due to chemlical as well as mechanical incompleteness of
combustion 1s determined not only by the perfection of the methods but
equalliy so by the methcds 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 compliicated
in the determination of the losses due fo 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 efficlency of the combustion process hig. _ inconvenient. It
is to bLe hoped that the further development of the exlisting methods
of controlling combustion efficiency, above all the chromatographic
method, in addition to the development of entirely new methods of
analysis of combustion products, will make it possible not only to
greatly simplify and accelerate the determination of the composition
of furnace gases but also tc 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 = kaplya = drop

243 ¢ = £ = fotoelement = photocell

243 ¢ = £ = fake = jet

248 Ton = tecp = toplivo = fuel

248 rop = gor = goreniye = combustion

248 x.H = kh.n = khimicheskaya nedozhoga = chemically incomplete
combustion

249 noas = poln = polnyy = total

249 mex = mekh = mekhanicheskyy = mechanical




249 FoCr = GOST = gosudarstvennyy obshchesoyuznyy standart =
All-Union State Standard

249 BTU = VI'I = 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 xHm = kKhim = khimicheskl = chemical

254 Nn =p = potok = flow

255 ras = gas = gas

257 n.r = p,g. = produkty gorenlya = combustion products
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