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This is a textbook for the course in "Combustion
Chambers of Gas Turbine Engines" for power,
polytechnical, and machine construction institutions
of higher learning.

The first part of the textbook considers the
fuels for gas turbine engines, the methods of
producing and processing them and their basic
characteristics and properties. The conditions
necessary for fuel combustion, and the composition
of the initlial and end product are determined.

The second part 1s devoted to the fundamentals of
the theory of combustion. In the third part, the
elements of the working process, the principles

of design, and the calculation of combustion
chambers are explained and the construction of
chambers and their basic components are considered.
Comparative data are given on the baslc parameters

" and characteristics of combustion chambers, as

the basis for stationary and traction gas turbine
engines. The procedure 1s given for calculation
of a combustion chmber and reheat combustion
chambers are discussed.

The sections of the book in which materials .
pertaining to 1liquid fuel and general calculations
of combustion are examined, and also the baset of
the theory of combustion and elements of analysis
of the working process of combustion chambers,
can be useful also for students in senior courses
at aviation institutes. The book will be of
definite interest to technical-englineering workers.

Reviewers: the faculty of Moscow
Aviation Institute and Candidate
of Techincal Sciences A. S. Shteynberg.

Editor Doctor of Technical Sciences
Prof. D. N. Vyrubov.
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INTRODUCTION

The combustion chamber is one of the main components of a gas
turbine engine (GTD). These engines are being used ever more widely
in technology, and in the immediate future, doubtlessly, they will
occupy one of the leading places not only in aviation, but also in
power engineering, in railroad and automobile transport, in ships
and other special purpose installations.

In creating a GTD, one of the critical problems is the calcula-
tion and designing of the combustion chamber. The function of the
combustion chamber is to bring heat to the working substance in a
gas turbine power plant (GTU). Most frequently the working substance
is air, to which heat 1is applied by means of ccmbustion of a specific
quantity of fuel in 1t as an oxidizer.

A substantial advantage'in a GTD 18 the possibility of utilizing
in 1t diverse types of fuel, both gas and liquid, as well as solid.

The organization of the working process and the characteristics
of the combustion chambers differ substantially from other fuel
burning devices utilized in engineering.

Today, the creation of reliable engineering methods for the
analytical calculation of combustion chambers represents one of the

most important assignments in the course of the further development
of gas turbine engines.

HPO=MP=2h-"06 7N viii




Reliability, starting properties, long service life, and
economy of operation of the combustion chamber, to a considerable
extent, determine the characceristics of GTD as a whole.

FTD-MT-24-306-70 ix




l. FUEL

Fuel 1in engineering 1s the name given to substances which are
capable in a process of complex, basically chemical reactions,
defined by total combustion, and liberate a considerable quantity
of thermal energy which can be further usefully used by man.

The following requirements are imposed on the substances
utilized in industry as fuel:

1. Thelir reserves in nature must be sufficient to permit
economically rational means of their production.

2. The possibility of utilization of conslderable portion
of the energy which 1is liberated during the combustion of a unit
of mass or volume of the given substance.

3. The products of combustion must permit using them in the
capacity of a working substance in power and engineering installations.

4., The substances and the products of their combustion must
be harmless to the process which uses heat of a combustion, and to
the apparatus and, absolutely, to the maintenance personnel, as
well as the surrounding animal and vegetable world.

5. The possibility of utilization of a sufficiently cheap
oxidizer, most of all alr, for the oxidation of these substances.

FTD-MT-24-306-70 1
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6. These substances must have stable baslc characteristis and
properties under a conslderable change in the parameters of the
environment.

Those requirements are satlsfled to the greatest degree by
substances c¢f organic origin whlich possess as their base such
elements as carbon and hydrogen.

The utilization of fuel in 1ts natural state 1s frequently
impossitle, since in so dolng, it does not manage to guarantee a
number of the additional requirements advanced by the user. Further-
more, it 1s sometimes lnexpedient to burn the fuel in a natual state,
since 1n so doing, individual components of the natural fuel are
burned which are of great value for other technologlcal processes.
For example, the individual components of petroleum are used 1n the
chemical industry for the production of alcohol, fatty acid, synthetic
rubber, etc. This has caused the appearance 1ln the capaclty of
technical fuels of a number of products of the processing of natural
fuel, which have received the name of artificlal fuel.

The basls of the general classification 1s the divislon of fuel
according to its state of aggregation and the method of production
(Table 1).

Table 1. Classification of fuel.

State of Fuel

aggregatlon Natural Artificial

Gas Natural and petroleum Generator, coke, blast-
industry gases furnace, illuminating,

water, underground gasifl-
cation of coals and other

gases.

Liquid Petroleum Gasolline, kerosene, solar
oil, mazut, and other
products of oll refining;
alcohol, coal tar, and
others.

Solld Firewood, peat, browr. Wood coke, coal coke, and
coal and hard coal, semicoke, carbon dust, and
anthraclite, bitumlnous others.
shales.

FTD-MT-24-306~T0 2
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The value of fuel in industry and, specifically in power
engineering, 1s 2snormous.

It is known, for example, that the heat of fuel constitutes
the basic portion of world production of all energy. Thus, in 1952,
the portion of energy obtained from fuel formed 97.6% of the total
amount. This required the utilization of approximately 3500 billion
kilograms of theoretical fuel (possessing a heat of combustion of
7000 kcal/kg or 29,300 kJ/kg). In the overall energy resources in
1952, the fractions of various types of fuel were as follows: coal -~
41.4%; petroleum - 26.5%; natural gas - 9.3%; brown coal, peat, shale,
a water power, and others - 22.8%.

A considerable quantity of fuel 1s used by traction devices,
moreover about 380% of this fuel consists of 1liquid (petroleum) fuel.

The demands of industry in the utlilization of thermal energy
increases from year to year.

The high rates of growth in the production and consumption
of various types of fuel call for both expansion of old bases, and
wilde exbloration and exploitation of a great number of new deposits.
Apart from this, work 1s being done to investigate means of more
rational and economical utilization of fuel in all branches of
industry. A decrease in heat losses and a reducticn in the norms of
fuel expenditure are the most important national-economic problems.

FTH-MT-24-306-70
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CHAPTER I -
GENERAL CHARACTERISTICS OF FUEL

The most important characteristics fuel from the point of view
of behavior and results obtained in the process of its combustion
are: the composition of the fuel, the heat of ~ombustion, and the
character of change in the composition of the fuel in the process
of heatlng. '

The chemical composition of fuel - this 1s the determining
characteristic upon which in many respects all the remaining
characterlistics depend.

§ 1. The Composition of Fuel

The basic combustible elements of fuel are carbon and hydrogen.
However, all the fuel used in practice contains the elements mentioned
not in a free state, but in the form of various compounds such as
carbon with hydrogen, and with oxygen, nitrogen, sulfur, and a
number of other elements.

An intermixture of all possitle compounds of these elements, as
a rule, with an admixture of certain incombustible substances
(moisture, a mineral part - the ash) called ballast, 1s commercial
fuel.

Chemical analysis should show, which compounds and in whilch
quantity make up a fuel. However 1n practice as yet there 1s no
possibility to make a complete and accurate chemical analysis for
any fuel.
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Commercial fuels according to the avgree of possible accuracy
of their chemical analysis can be divided into three groups.

The first group basically comprises gas fuel. The gas components
(CHu, CO2, co, C2Hu’ N2, and others) yleld easily to separate
determination.

The second group 1s formed of varlious types of liquid fuel of
% petroleum origin, consisting of hydrocarbons of different type and
different molecular welght.

The third group of fuels comprise substances of unknown
chemical nature, to which in first place belong the mined coals.

For the first group of fuels, chemical analysis permits

accurately establishing, in volume percents, the content of individual
elements of a gas mixture:

Hydrogen...cceeeceeccesccscsvoccscsssssas H
OXYBEN.csocsoscorssscsscsossrssassssassssess O
Nitrogen.....cceececeoccioncoonsenssases N
Carbon monoxlde....ccceccecescccescasesas CO
Carbon dloxide...cccececococscscscascses CO
Methane....ceocc0ce0000ca0ssavscaacsasnsaes CH,

Heavy hydrocarbons (Ssum).......eeceeee CnHm and others

Total.... 100%

The heavy hydrocarbon content anm usually 1s given as a sum,

since the quantity of them in gas fuel rarely exceeds 1-2%. The
moisture content 1s determined separately and designated as W g/m3.
For fuels of the second and third groups 1t 1s very difficult
. or practically impossible to make an accurate chemlical analysis,
therefore 1t 1s customary to give the information about them for all
calculations in the form of an elementary and technical analysis.
For these fuels they determine in percents according to welight,
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tne content of: C, H, O, N, S, mineral compounds (ash) 4 and
moisture W. In this way, the obtained data characterize the fuel
formally as an intermixture of individual elements, and, naturally,
they are not able to reflect a number of the characteristics,
depending on the properties of the specific compounds of these
substances. Nevertheless, from these data it 1s possible to

conduct the entire complex of calculations necessary for utilization
of the fuel in one or another fuel-burning installation.

The results of elementary analysis are recorded in Table 2.

Table 2. Compcsition of fuel of the second
and third groups.

Designation Components =
of the mass C H o X s A w
o Organic mass
r Combustible mass
C Dry mass
| p
P |- Working mass oo

The quantity of moisture of solid fuel is considered equal to
the loss of mass during its drying to 105°C in a stream of inert
gas. The ash content is determined according to mass after complete
combustion of a fuel charge.

The results of elementary analysis thus can serve only icr
determination of the quantity of the substances taking part in the
combustion and forming the products of combustion. For the analysis
of the course of the process of combustion a number of supplementary
data are used, specifically, the complex of the results of the
technical analysis, which serves for the determination of fuels of

the third group. Thus, for hard coal, technical analysls additionally

gives the yield of volatile substances, the yield and the quality
of coke, and furthermore, its heat of combustion.
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§ 2. Heat of Combustion
]

Heat of combustion of a fuel is the name given to the quantity
of heat in kJ (kecal), which is liberated in complete combustion of
1 kg (or 1 m3 - for gases) of a fuel under prescribed conditicns
(see § 8, Chapter'IIi).

The complete fuel combustion is characterized by anigher heat
of combustion Qg with the reduction of water vapors in the products
of combustion to a liquid state at 0°C. However, in practice, they
use the quantity of lowest heat of fuel combustion Qp being
determined under condition of conversion into products of combustion
of the moist.. - of the fuel and of products of combustion of
hydrogen in the form of steam. If the moisture of the fuel and
hydrogen content in it, respectively ¥’ and 8P are given 1in percent
by weight, then

Q’ Q= 6(\!” +9H’) koal/kg or 25,1 (W’ +9H’) kJ/xg. (1)

The heat of combustion of a fuel is determined by two methods:

1) by direct measurement during combustion of the fuel in
speclal instruments - calorimeters;

2) by computation according to the heat of combustion of
individual combustible elements of the fuel.

In the second case, it is necessary to know the content of
the individual combustible elements in the fuel and the thermal
effects with their complete oxidation.

For a gas fuel on the basis of data of chemical analysis and
thermal effects during combustion of individual elements, the

expression for determining the lowest heat of combustior takes the
form




QS = 4,19 ( 6822000 ¢ 57183?;;{"}‘ 192 400 CH, +

320 400 CoH, - | :
+ e S) 13 /kg. (2)

where CO, H,, CH,, ete. - content of components in % by volume.

For the second and third grouns of fuels, having only the
results of elementary analysis and thermal effects of the corresponding
chemically pu. » elements, naturally, it 1s not possible to calculate
the heat of combustion of the commercial fuel. Howeve—, much
experimental material allows the investigators to propose empirical
equations, making it possible to calculate with greater or less
accuracy the heat of combustion of various fuels. The mos% widely
used is D. I Mendeleyev's formula:

@ = 4,19(81.C° + 300.H¥ —26(0” — )] kT /i, (3)
Q5 = 4,19(81.C” +'246.H® — 95(0" —S§%) - 6W"} kJ /kg, 1)
i
E where C°,H?, 0%, S, W? — respectively are the content of components in

percent by weilght for the working mass of the fuel. Values Qg and
QS in kcal/kg will be 4.15 times less than these values in kJ/kg.

§ 3. The Relationship of Fuel to Heating -

The following basic characteristic - the relationship of the
fuel to heating - likewise is intimately connected with its chemical
composition, as is the heat of combustion. However, it 1s expedlent
to examine this in the sections devoted to the individual types of
fuel. We will note here only the fact that during heating, some
substances, even with a change in the state of aggregation, do rot
change the arrangement of molecules - these are the so called hLeat-
resistant fuels. However, there are heat-resistant fuels in whl-h
at specified temperatures old molecules are destroyed and new ones
are formed which are resistant at the given temperatures of the
molecule. As an example of a heat-resistant fuel we can use the fuels
which are close in composition to pure carbon. Hydrogen, and carbon

)
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monoxide are heat-resistant. Less resistant during heating are the
fuels obtained from petroleum, and the gas fuels.
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CHAPTEHR 11

TYPES OF INDUSTRIAL FUEL

§ 4. Gas Fuel

The combustion of a gas fuel in Gas Turbine Engine [GTD] (ITA4)
chambers can be effected more simply ard more gqualitatively than a
liquid one and much more so than a solid fuel. Natural gas and a
number of industrial gases are cheap, and such advantages of gas
as the absence of ash, ease of transportation, and ease of mixing
with a gas oxidizer, simpliicity of control, and simplicity of
servicing the apparatus, assure great promises for 1its use.

Natural gas may be widely used in the different types of GTD,
used in power-stations, in industrial installations and installations
operating main gas lines, etc.

Natural combustliblie gases are basically an intermixture of
various hydrocarbons - mostly of fhe methane series and insignificant

quantities of CO N CC, and others.

22 R

In the gases of various deposits, the methane content reaches
90% and more (such gases are called dry). Their heat of combustion
comprises 7000-9000 kcal/m? (29,300-37,800 kJ/m3) under normal
conditions. Gases, where higher hydrocarbons and also methane serve

(W8]

7600-15,000 kecai/m> or 29,300-52,600 kJ/m3. The approximate
cosiposition in percents and other data of natural gases of a number
of deposlits are given in Table 3.

10




| _Lilatatiidichinas Lindeanlic Lidd biged

Table 3. Compcsition and basic indices of natural gases.

Deposit
. Sara- Dasha- | Shedbe- }Bugu- Ishimday
Indices tov va linka }ruslan

Composition in ¥ by volume:
Methane CHye..ocoueescansssonocnns 9%,0 98,0 93.8 76.7 W45
Ethane CoHgeeeosocoecasosacsosaoes 1.2 0.5 4.0 4,5 17.4
Propane CzHg....... ciescesesas 0.7 0.2 1.0 1.7 16.5
Butane c‘#HIO ..... teseseccstsansene 0.4 C.1 0.5 0.8 5.4
Pentane C Gse0000s00000000000 0. 0,2 = 0,2 0.6 2.5
Hydrogen sulfide HZS.............. - - - 1.0 5.0
Carbon dioxide €0,...... cessvseens 0.2 0.1 0.1 0.2 0.3
Oxygen 02.'........................ - - - - 1.7
Nitrogen N, and others............ 3.3 1.1 0.4 4.5 6.7
lowest heat of combustion Qf of

dry gas:

10 KI/Beseeeiinssienaaneeana | 35,700 | 35,500] 38,200} 33,600 | 53,200

In KCal/B..ceeeuenieeennnencses | 8,550 8,500| 9,130| 8,050 | 12,710

Along with the natural gases, artificial gas fuel is widely
used. They are produced in special installations - gas generators,
in which various types of fuel are gasified with the partial

oxidation of their combustible mass, making the so-called generator
gases.

Most often the basic fuel is coal. The generator gas produced
in this way depending on the oxidizer (the blast) differs in
composition and heat of combustion. The possible production and
utilization of gases are shown in Table 4.

The air-gas 1is obtained with the supplying of air to a bed of
fuel according to the diagram represented in Fig. 1. The fuel is
charged into the shaft of a gas generator from above through special
equipment. The quantity of alr applied under the grate bars is
insufficient for the complete combustion of all the fuel and it is
calculated only for the oxidation of part of it. This part of the
fuel forms a so-called oxidation zone. The gas products of complete
oxlidation, rising up the shaft get into the next layer of fuel (into
the reduction zone) where, being reduced, they gasify the basic
mass of solid fuel. Considering that carbon is the basis of the
solid fuel, the total effect which determines the action of these
Lwo zones can be described by the following equation:

11
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2C 1 0, 1 3,76N, = 2CO +
+ 3,76N,.

Fig. 1. Diagram of a gas generator:
I - oxidation zone; Il - reduction
zone; III - dry distillation zone;

'\ nag IV - drying zone; 1 - shell; 2 -
insulation; 3 - refractory lining;

4 - grate bars; 5 - openings for
supply of oxidizer; 6 - openings for
igniting the fuel and removal of

slag; 7 - fuel for charging the shaft.
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As a result, the gas contains 34.7% CO and 65.3% N, by volume.
This is the theoretical composition of air-gas. In practice, it has
insignificant quantities of various impurities: methane, hydrogen,

oxygen, carbon dloxide, and others. The working heat of combustion
of air-gas under normal conditlons

@ to 1000— 1200 keal/a” or
4200 — 5000 k3/x’.

Water gas 1is obtained in the supplylng of water vapor to glowing
carbon. The basic reaction 1s written thus:

C+HO,,=CO+ Hy—
— 126 300 xJ3/ug.

Here, in realization of the reaction a considerable quantity of

heat 1s spent. Besides this, reactions of another type go on, also
with expenditure of heat, for example:

C + 2H,0,,, = CO, + 2H, — 84 900 kJ/kg.

Therefore, the layer of fuel must be heated, for example, by
alternating the supply of steam and air, respectively interchanging
the production of water-gas and air (blowoff)-gas, which 1is

i2
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technological waste. In so doing, 1if 1t is necessary to have a
regular supply of water gas to a consumer, then it 1s necessary
to have two parallel operating generators and to change them over

in turn.

Theoretically, water gas, as 1s evident from the basic equation,
consists of 50% H, and 50% CO. The heat of the combustion of such
gas 1s appreximately 2.5 times higher than air-gas, and under normal
condltions attains 2800 kcal/m3 or 11,700 ki/m3.  Practically,
however, in the composition of water gas a number of supplementary
components enter (002, N2, CH", and others), as a consequence ot
which is @P = 2400-2700 keal/m3 or 10,000-11,300 kJ/m3.

A mixed gas is obtalined, if the blowing 1is produced with a
steam~-air mixture. Such a process can be carried out continuously.
The gas which 1s obtained in this case has average characteristics
and composition, inasmuch as here there are products of both the
water and alr processes. In the production of combined gas many
deficiencies 1n the production of alr gas are removed: the high
temperature of the shaft, which lowers the service life of the
structure and magnifies the heat losses in the environment with
the exlting gas. An approximate composition and the basic character-
istics of generator gases are given in Table 4.

Table 4. Composition and basic indices of generator

gases.
o Water Blowoff Mixed
2 gas gas gas
Indices - S [} 3 3
;'."’ -} Eo as a.go a5 EE 8
- o
38 |p%S|Red |2sS|2ed |B5S (et
S %0 |00 |80 600 164 ﬁg o9

Composition in £ by volume:

HYQrogeNn..c.eeceesscscess 0,9 48,0 | 50,0 231 11,0 ]135] 14,0

Carbon monoxide....eseee. 33.4 385 | ©8 | 88169} 275 | 5.0

Methane....ceeeeeeeeceoee 0.5 05 69 02 L7} 05| 22

Heavy hydrocarbonsS...ces. - - 0.6 — 02| — 0.4

Hl?dmgen sulfide,.. sesese 0-‘ 0.4 O-2 0.1 - 0.2 l'2

Carbon dioxide... tesesece 0.6 6'0 14.5 14.5 1.1 5.5 6.5

Nitrogen and others..c... 64.2 6,4 38 | 73,9 | 58.9 | 52,6 | 50.5

OXYBON.coeerscaressacccas - 0.2 9.2 02§ 02] 02] 0.2
Lowest heat of combustion

in keal/m. . civiennnnnnns 100 | 2465| 2700| 350 | 970 | 1230 | 1410

Ln ku’/m}o.o-.-.-oootoo-oo ‘ax, losw llm Im ‘Oy) SIw m
Temperature of gas on outlet

'pﬂ‘l ln ocl.?..........f m 675 {'70 7m 335 1w m
Content 2f dust in b4

1!’. ymsioiti..'..?:?..:‘l. lo - = lo ‘5 Io ‘5
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The gas of underground gasification is obtained from the coal
lying in a layer. The diagram of the process is this. Two holes
are bored: one for forcing compressed alr, the second for drawing
off the gas. The two holes are connected by various methods, for
example, a horizontal channel 1s burned through; for burning through
i1s used condensed air and a special combustible. The permeability
of the layer of coal ensures the passage of gases from the pressure
hole to the gas withdrawing hole.

With underground gasification, the necessity for extracting
the coal from the depths of the earth and its transportation are
eliminated. In this instance, it 1s expedient to use the coal which
cannot be developed in the usual manner. Some data on the under-
ground gasification of gas are given in Table 5.

Table 5. Composition of gases from thé.dnder-
ground gasification of coals.

Composition in £ by volume ] ' 4

Coal deposit
COy | CO

.
". Cl‘l. n" N""ol ﬂ% ='§
A -t i-—l ]

Gorlovka....... 1{15—1914—17] 1.4—1.5 - 1000 4190

Moscow cegion !S—IO |0.04I4-I1 1.5—-2.0]0.4--0.8 [63—64] 865| 3620

A whole series of gas fuels are obtained as byproducts, i.e.,
the technological waste of various processes: the thermal processing
of petroleum (cracking and pyrolysis of petroleum products), coking
and semicoking of coal, the blast-furnace process, and others. The
approximate composition of the gases thus produced is given in
Table 6.

14

Rt




Table 6. Composition of gases produced in
various technological processes.

coiposition in £ by volume -
2 L .
Gas in n
0, | colo, | u, {cn u_| N, | kcal/w*keal/m3
] s ® o ] GH, . (R.MDB /w3
Coke from .
CO08leesecses | 3 6|1 |56 |2 2 }]10 lg;%)) l;zso
- Coke fram ( (17.%00)
shal@sseceees {15 |16 — 139 ;24 3 |13 3 960 4410
(16 600) | (18 500)
Semicoke from
b Coaloo-ooo.. 13 9 — 9 5‘ 1 8 6 100 67‘0
S (25 300) | (28 200)
Petroleum.cces | — 3] —1]12 |58 n —_— 91% | 10070
g I (38 40u) | (42 100)
B ren cone .. 105|278 | — | 27 0a s85| o0 |- oo
from coke.... o " o a0 | oo

§ 5. Liquid Fuel

The only natural source of 1liquid fuel 1is petroleum. Crude
petroieum 1s not used as a fuel. Various products of its processing
are used as commercial fuel, which permits using all the petroleum
components more fully and expediently. Petroleum of various deposits
frequently differ sharply from one another, however their basic
component element 1s aiways carbon. Its content in petroleum
reaches 85-A7% by weight. The remaining part consists of hydrogen
(up to 12-14%) and a very insignificant quantity (up to 1%} of
oxygen, and also sulfur. True, a number of petroleums contair sulfur
in large quantities (up to 3-4%). Such petroleums are called
high-sulfur. All the mentioned elements, naturally, are not found
in petroleum in a free state but in the form of a mixture of various
i organic compounds basically hydrocarbons of different molecular
E welghts. Most frequently, the hydrocarbons belong to the methane
g series (CnH2n+2), or to the naphthenic series (CnHZn)’ or the
aromatic (anZn-6)‘ Accurate determination of the type and quantity
of the individual compounds, which are contained in petroleum by
chemical analysis 1is very complicated.

Usually petroleum and various grades of industirial 1liquid fuel
obtained from it are characterized by its distillation into
fractions which boll away at various temperatures.

15
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The synthetic liquld fueis a2re basically products of petroleum
refining. The simplest method is the distillation of petroleum,
i.e., the evaporation of a number of its fractions during heating to
a specified temperature with the subsequent condensation of the
vapors. Thus, during heating to 200°C the fractions of various kinds
of gasoline are separated, the density of which varies from 0.72 to
0.76. On the average, gasoline consists of 85% C and 15% H.

Its lower heat of a combustion QE = 10,500 kcal/kg or 43,900
kdJ/kg. In modern gas turbine engines gasollne and even ligroin
are hardly ever used as a fuel. Usually, GTD operate on heavier
types of liquid fuel, for example, on kerosene, dlesel fuel, solar
oil, and mazut. Kerosene is a mixture of the petroleum fractions
which boil away at a temperature of from 220-250 to 300-315°C. The
density of kerosene varles from 0.79 to 0.87. Solar oil 1s driven
off at temperatures from 280 to 360°C; 1ts density is equal to
0.87-0.90.

The yield of 1light fractlons from the petroleum of the majority
of deposits most frequently comnrises 25-30%. The remaining part -
mazut, is a mixture of heavier hydrocarbons. The mazuts of various
petroleums have approximately the following composition: c¢" = 86.0 to
87%; H = 12.0-13.0%; O = 0.0-0.4%; N'. = 0.0-0.5%; S" = 0.0-4.0%;

WP = 0.0-10.0%. The heat of combustion of mazuts Qf = 9,500-10,200
kcal/kg or 39,800-42,600 kJ/kg. Mazut 1s also.used as a fuel and

as a raw material for production of oils, light 1liquid fuel, and
others. By using the cracking methods (splitting) of petroleum
products, it 1s possible additionally to obtaln considerable
quantities (up to 40% of the weilght of the mazut) cracking products -
gasolline, kerosene, and others.

The cracking process conslsts 1n the thermal decomposition of
heavy hydrocarbons, which takes place at temperatures of 300-700°C
at atmospheric pressure or at increased pressure (to 50-100 [atm(abs.)]
and more). Let us note that a certain guantity of 1liquid fuel is
produced today by methods of liquefactlon of gases and by the special
processing of solid fuel (for example, by the method of hydrogenation
of cecals).




Liquid fuels are characterized by a number of physico-chemical
properties.

1. Viscostity - the property of a fluid to resist the relative
motion of particles causing the appearance of forces of internal
friction between layers if the latter have various rates of motion.
Viscosity is usually measured in degrees of conventional viscosity
[°VU] (°BY) at a specific temperature t°C.

Conventional viscosity 3 the term applied to the ratio of the
time of flow of 200 milliiiters of a fluid (fuel) having a given
temperature, through a calibrated opening to the time of flow of the
same quantity of water at 20°C. At the given temperature the
connection of VU units with kinematic viscosity expressed in Stokeses
(cme/s) is the following:

v={007319°BY— 28} on’/s,

At an increase in the temperature of a petroleum product, its

viscosity is sharply reduced to determinzd boundaries whereupon it
changes very slightly.

A number of typical dependences of viscosity on temperature is
indicated in Fig. 2. Gasoline, kerosene, and diesel fuel have little
viscosity (up to 2-5° VU) even at reduced temperatures (to 10-30°C).
This permits using these fuels without preliminary preheating and
obtaining good atomization in nozzles of various types. Heavier fuel
(mazuts) even at temperatures of 10-20°C has considerable viscosity
(5-20° VU and above) which impedes its pumping through pipelines,
and rather fine atomization of such a fuel is generally impossible
without first preheating it to 70-150°C and higher.

For a heavy liquid fuel, the change in viscosity depending on
temperatures t can be determined from the following approximation
expression:

‘BY, = “BY,o ()"
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¥ ij Fig. 2. Change in viscosity of a
“0 heavy liquid fuel depending on tem-
4\\‘\ perature: 1 - dlesel fuel; 2 - solar
\\\\ oll; 3 - sulfurous mazut FS-5; 4 -
20 naval mazut F-12; 5 - naval mazut
\<> \ F-20; 6 - fuel mazut 40; 7 - fuel
AN . \\\ mazut 80.
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The values of the index of degree n at various values of
convantional viscosity at 50°C (°VU50) are provided below:

By, | 2 I 5 10 15 20

n. 1.8 | 23 26 2,7 2,88

2. Densgity of fuel dﬁo is the ratio of the mass of the petroleum
product in a given volume at a temperature of 20°C to a mass of water
in the same volume at 4°C. In practice, the density of a liquid
fuel is most frequently determined by an areometer. Its dependence
on temperature can be found from the equation

b= & —a(t—20)

The values of the temperature factor a, depending on dﬁo are
provided below:

0.8 10,82]0,84|0.86]0,88}091092/0,94]0,96)/0,98]1.00}1,02

a-10 |7.65 7.53|7,12:6,86|6,60]6.33]6,07]5.81}5.56)530]5,02]4.7¢

3. Heat capacity of a liquid fuel - this is the quantity of
heat necessary to ralse the temperature of 1 kg of fuel one degree.
Heat capacity increases with a decrease in density, and also with
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an increase in the temperature of the fuel. It 1s determined
according to Cragoe's empirical equation:

49 . A
c‘ = —V—_‘El— (0.403 "' 0.0008] -l) kJ/ (kg' deB!'et.a )o

In calculations it 1s customairy to take the value of heat
capacity equal to 0.4-0.5 kcal/(kg*deg) or 1.65-2.10 kJ/(kg-deg)
depending on the density of the fuel.

4, Solidification point - this 1is the temperature at which a
fuel loses its mobility. This parameter, specifically, determines
the possibility of pumping fuel through pipelines.

5. Flash point - this is the minimum temperature at which
close to the surface of a fuel its vapor content under given
conditions forms a combustible mixture capable of igniting from an
outside flame.

6. Ash content of fuel - is the content of ash in a fuel.
It rarely exceeds 0.10-0.15% by weight and it depends on the deposit
and the method of petroleum refining, and also on the conditions of
storage and transportation of the fuel. 1In clear pet.,oleum products
ash 1s practically absent. The remaining heavy fuels frequently
have considerable ash content. In the combustiocn of a heavy 1liquid
fuel (mazut) ash-forming substances make such compounds as oxides
of various mets s, sulfur, silicon, vanadium, and also sulphates
and other compounds which can be deposited on elements of the blading
of a turbine and cause i~tensive corroslion. Deposlits are formed
baslically because of sodium compounds, vanadium anhydride, and other
more complex compounds of vanadium and sodium, which are found in the
flow of gases in molten form. The ash deposits reduce the aerodynamic
qualities of the blades and change the flow area of channels, and
as a result considerably reduce the power of a GTD. The corrosion
of blades and other elements of a turbine is a chemlical process which
is sharply intensified with an increase in the temperature. The

severest corrosion of GTD parts is caused by vanadium pentoxide V2 53
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and also sodium suifate Na2SOu. The mcst dangerous 1s vanadium
corrosion which 1is sharply intensified in the presence of sodium
sulfate at a temperature of 650-700°C and higher.

At a temperature higher than 800°C, sodium sulfate is also able
to disswlve the p:otectlve layer of the metal of the blades and
cause corrosion.

Figure 3 shows the results of gas turbine engine tests showiling .
the dependz2nce of 1ntansity of formation of deposits on the ash
content 1n the rfuel #nd the temperature of gases before a turbilne.
The plant worked on each fuel (hourly expenditure 25 kg/h) for 12 h.
The initial heavy liquid fuel (curve 1) containecC 1.8% sulfur,
0.C5% ash (in whilch V205 - 0.03%, Na20 - 0.005% and Fe203 - 0.001%).
The rasults of tests on the same fuel with an addition of distillate
containing ash in a quantity of 4.5 and 7J are represented by curves
2 and 3 respectively. It has been clarified that the intensity of
formation of deposits increases with an increase 1n the pressure of
gases and, naturally, with a decrease 1n excess alr behind the
combustion chamber. Figure % shows the dependence of formation of
deposits in the blading of a turblne at various gas temperatures on
the length of operation on a heavy liquid fuel containing 1.9% sulfur,
0.04% asn (v205 - 0.018%, Na20 - 0.012%, and Fe203 - 0.002%). To
detect the effect of individual ash components of a heavy liquid fuel
on the character of deposits in the blading of a gas turbine the
following experliment was conuucted. A 500 horsepower gas turblne
plant was operated on gas oil (containing practically no ash) with
the artificial addition of various ash elements of a heavy liquid
fuel. In so doing, the change in the turbline drag was determined
(Fig. 5).

It has been established by experiments, that vanadium pentoxide,
the melting point of which 1s 675°C, in molten state has exceptional
ability to dissolve metal oxides from the surface of parts, causing
the most severe corrosion. The corrosion of GTD parts 1s considerable
even if vanadium content in the fuel is very small. Figure 6 glves
the results of tests on a 750 kilowatt GTD, of 30 hours duration each

20
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Flg. 3. The effect of ash content of a fuel
and the temperature of a working medium on
formation of deposits: 1 - heavy liquild fuel;
2 - mixture with a ratio of heavy fuel/
distillate = 21/1; 3 - mixture with a ratio
of heavy fuel/distillate = 11/1.

Fig. 4. Effect of test duratior on formation
of deposits.
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FPig. 5. Effect of component parts of ash

on turbilne drag: 1 - ges oil + Al (as

A1203) 1800 ppm; 2 - gas oil + Mg (as MgO)
600 ppm; 3 - gas oil + Ca (as CaO) 860 ppm;

4 - gas o1l + V (as V205) 430 ppm; 5 -
gas oil + Na (as Na20) 280 ppm.

Fig. 6. Effect of temperature on corrosion
of blades: 1 - alloy on an iron base; 2 -
alloy on a nickel base; dotted curve - fuel
contains only vanadium; solid curves - fuel

contains vanadlium, sodium, sulfur.
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at a different temperature, running on fuel, contalining two types ef

impurities: 1 - 0.025% vanadium and 2 - 0.C25% vanadium, 0.005% sodium,

and 3.00% sulfur.

Corrosion [the luss of weight (mass) into mg/cm2] is sharply
magnified with an increase in temperature, especlally in the presence
of other components, where the corrosion of nickel alloys increases
lJess than alloys on an iron base. Experiments indicated that, other
conditions being equal, corrosion takes place most intensely in the
first time period. This 1s evident from the following data:

Number of hours worked....... 10 50 100
Specific loss of welght

(mass) in mg/(cmz-h)......j... 0.52 0.18 0.15

With the'appearanpe of depositcs on the parts, the intensity of
corrosion increases sharply, as a result of which the turbine blades
sometimes are destroyed after a few tens of hours. All this linvolves
the utilization of a heavy 1liquid fuel in gas turbines in the case
where the ash of the fuel contains a considerable quantity of
injurious elements - basically vanadium, and also sodium. In this
case also thelr absolute and relative quantity are important.

Another undesirable element 1s sulfur. True, sulfur alone, without
vanadium and sodium, does not cause specific hindrances when using
the fuel even when its content reaches 3-5%.

For preventlion of corrosion of the blading of gas turbines
which operate on heavy liquid fuel containing injurious elements in
the ash part, structural materials are used which are resistant to
vanadium corrosion. It has been established, for example, that
chrome-nickel alinys are more resistant than simple austenitic steel.
The addition of a specific quantity of such elements as titanium,
cobalt, silicon, and others to chrome-nickel alloys in a number of
cases increases the resistance of steel to vanadium corrosion.
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Limitation of corrosion and simultaneously the deposits of ash
elements in the blading of a GTD, without considering means for
reducing the temperature of the gases before the turbine to 600-700°C
can be achieved by the following methods.

a) By introduction of special additives into the fuel, which,
by changing the chemical and physical properties of the ash, increase
its melting point. Kaolin, zinc oxide, magnesium oxide, aluminum
oxlde, dolomite, and others are used as additives. The powders of
these substances, which possess particles in size up to 15 um, in a
quantity, as a rule, of from 50 to 200% by welight (mass) of the ash
of the fuel are thoroughly intermixed with the fuel in special
installations directly before 1its combustion or earlier, witliout
permi.ting thelr precipltation. The cost of fuel 1n connection with
the use of additives, as a rule, is not increased more than 2-3%.

A more suitable method is the introduction into the fuel of additives
which are soluble in it in a quantity of 1-3% by welght (mass) of ash.

b) By flushing the fuel. The solvents cf salts of sodium,
potassium, and others are able after their separation from the fuel
to sharply reduce the content of injurious elements in it. Elimina-
tion of the flushing solution, most frequently by centrifuging
methods can easlly be provided for with a difference 1in specific
welghts of 3-5%. For flushing of fuels, aqueous solutions of

magnesium sulphate, aluminum sulphate, calcium nitrate, and others
are belng used successfully.

c) By controlling the fuel combustion process. The essence of
the method consists in changing the sizes of the fuel droplets being
taken into the combustion chamber, limiting its combustion so that
a certain residue would contain solid carbon capable of holding the
ash, which in such form becomes relatively harmless. The process of
the fuel combustion in this instance proceeds according to the
following scheme: 1initially from a drop of fuel, fractions are
cvaporated and burned up which possess a low boiilng point, then
the heavy hydrocarbons are split and chemically carbon 1s partially
liberated. The final part of the process 1is the combustion of
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carbon. The organometalllc and inorgenic compounds forming an ash
have relatively low vapor pressure and therefore they are concenrntrated
in the residual carbon nucleus. With incomplete combustion, these
particles with great ash concentration are cairried through the

turblne and do not produce considerable d«poslits.

The most effectlve means for reducing corrcsion and ash deposilts
in GTD is a combined utllization of the means mentioned. For example,
frequently the method of flushing of the fuel with subsequent
introduction of additives is used. In order to avoid the injurious
action of the ash of a heavy liquid fuel, the content of vanadium
and sodium in it should not exceed 0.0001-0.0005% and as a maximum
must not be more than 0.001%. Sulfur content in the fuel usually
does not exceed 2.0-3.0%, and content of mechanical impuritles and
water - respectively 0.1 and (.5%.

Stationary and transport locomotive gas turbins engines baslcally
use a heavy liquld fuel (mazut). To ensure qualitative and reliable
actlion of the fuel supply apparatus and the engine as a whole, gas
turblne fuels should have the following indices:

Solidification point in °C, not higher than.. 10
Viscosity into °VU, not more then....cceeee .. 6
Content 1n %, not to exceed:
S RVE 5 6 0o OI0 0 010 Gakaa & 6.010.a JIo 0.0 0 0 0 TOTIo BIC 3.5
A e R e Gt e i s N e T e 0.08
AN 9ETe B EST6 60 0630 0 0.0 00 0 A Sl JiHico Jioldic Olblo 0 O LT 0.001
oo ki a0 ol © 0 0 0 0 0 0 O 0 0 5HIFS o diolo 0 AGBIE 6 ollo ¢ 0.001
WAL lalers) o slelle SHele lehaifolle] oo oile) o (516 Toils fols 5o [s o BN\ [o, & 0.5
Heat of a combustion in kcal/kg (kJ/kg).... .. 9,000-10,900
(37,650-41,900)

In statlonary GTD the following types of commercial liquid fuel
are useaq:

a) solar oll All-Union State Standard (GOST) 1666-51;
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b) naval grade mazuts F-12 and F-20, GOST 10585-63 (a fuel
of higher quality with a low solidification point);

c¢) naval mazut from the eastern sulphurous petroleum deposts,
FS-5, GOST 10585-63;

d) petroleum fuel for locomotive GTD, GOST 10433-63;

e) gas-turbine fuel per Office of Technlcal Services, Petroleum
Industry (UTU NP) [YTY HMJ] 68-61.

In addition, for the purpose of utilization in Gas Turbine Power
Plant [GTU] (I'TY), the follcwing fuels are being tested:

1) petroleum fuel (fuel mazut) low-sulfur, sulphurous, and
high-sulfur grades: 20, 40, 60, 80, 100 GOST 10585-63;

2) ukta fuel (the residue of direct distillation of ukta of
petroleum) possessing high viscosity;

3) heavy yareg, crude petroleum devoid of light gasoline
fractions, and others.

For alrcraft GTU today basically kerosene is used of grades T-1,
TS-1, T-2 (GOST 10227-62), grade T-5 (GOST 9145-59), cracking-
kerosene T-4, and others. The average composition of kerosene is:
cP = 86% and HP? = 14%. The best fuels are T-1 and TS-1 (with a
somewhat greater sulfur content). They contain ligroin-kerosene
fractions of direct distillation of petroleum. Both fuels are
stable, and retaln their properties well during prolonged storage.
The high density of kerosene T-1 makes 1t especially valuable since
it provides an aircraft with greater range with the usual capacity
of the tanks.

A number of the most important characteristics of the fuels

for aircraft GTD are strictly regulated, which are determined
according to the specifics of thelr operation. Thus, the
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solidification point must always be below -60°C. The solubility of
water in fuels 1s usually less than 0.005% at ¢t = 10-20°C, since

at reduced temperatures the solubllity of H20 decreases, which leads
to the separation of 1ice crystals clogging the filters. To eliminate
this occurrence additives of isopropyl alcohol 0.5-1.0% by weight

and other additives are 1introduced. In order to avoild the formation
of vapor corks, the vapor pressure at specified temperatures 1is
regulated. For all aircraft fuels and especially the fuels which

are used in supersonic aircraft, the stablility of properties at high
temperatures 1s important..

In Table 7, a number of the basic characteristics of aircraft,
stationary, and transport GTD fuels are given.

§ 6. Solid Fuel
The natural types of solid fuel are: fire-wood, peat, brown
ccals, coal, anthracite, and bituminous shales. It has been estab-
lished that fossil solid fueli of all types 1is the product of

decomposition and conversion of the residues of the ancient vegetable
and, partialliy, the animal kingdom.

In gas turblne englnes it is pessible to use sclid fuel of all
types, however, the cos&ls represent the basic interest. For the
calculations connected with their combustion it 1s necessary to
know the results of tne so~called technical analysis, which indicates
moisture content, the escape of volatile substances, the residue,
and the quality of the nonvolatile solild mass (coke), the quantity
of ash, sulfur, and the heat of combustion of the fuel. Molsture
is determined, for example, by suspending the fuel prior to and after
heating to 105°C in a current of lnert gas. The yleld of volatile
components and coke are determined by the suspension; in so doing,

a welghed sample of coal 1s roasted (at a temperature of 850 % 25°C)
in a closed crucible for 7 min. The results obtalned are expressed
in percents by welght referred to dry coal. The volatile substances
are the gas products of decomposition of thermally unstable molecules
of the compustible mass of the coal. The coke, remaining after the
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heat treatment of the welzhed sample of coal, according to external
form is divided into the following forms:

a) non-caking (powdered);

b) conglomerate (one pilece, but consisting of individual
particles);

¢) caking (a single plece) without individual grains.

The quantlty of ash 1s determined by repeated heat treatment
of a welghed sample of coal (1-2 grams) in an open crucible with
subsequent weighing. The ash content is gliven 1in percent by weight,
referred to dry coal. The total sulfur content is usually determined
by combustion of a weighed sample in a mixture of magnesium oxide and
soda with subsequent dissolution of the sulphates formed and welghing.
The heat of combustion of the fuel 1s determined in a calorimeter.

In technical and elementary analyses of a fuel all the basic
data are obtalned which are necessary for the calculations connected
with i1ts combustion, and, in addition, certain information which is
required for organizing an effective combustion process (Table 8).

To obtaln reliable technical analyslis data it is very important
to select the fuel sample correctly. Usually, from 100 tons of
fuel, for investigation they select from different batches equal
400 kg quantities. Further, the fuel is pulverized and mixed, and
then they reduce this quantity by a special method of selection.
Finally, 200-300 grams of coal dust 1s treated to analysis.

In order to most fully, effectively, and economically use
solid combustible minerals, they are first processed.

Methods exlst for the physlcal-mechanical processing of natural
solid fuel, connected with the chemlical conversion of the ignitable
macs of the fuel. These 1lnclude: dryling, sorting, enrichment,
briquetting, and crushing. In addition, there are physico-chemical
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Table 8. Approximate composition of various solid fuels.

1]
' | Fa
Content in £ by weight (maximum) o 3 o8
Hé P Q:
o Svo
Fuel e £53 in kI/ks

c* * ot N¢ 4 r L 44 pa i B=E5 (in keal/kg!
285|828

' 7120—9 220

L R veee| 5-50| 56| @ | 06 | — 1—2 | 45-85| 50 o087 { [35073%0)

- C . 4
Peate.ceeseons veeess| 55—601565—60 33 28 | 03 [3.0-80] 25—4b|T—85 70 { '(g&?—_‘!’?ogg?

. _ 4
Bituninous shales...|60=70| 6~10 9=11]{02—07 — |20-80| 16~20| — B—0| { F307350)

Brown c0als.........| 86—7540—60 20 . |1.0~1.51.0-3.0] 1020|6030 — {00 { 2000—345%

. _ . ’
COALSn e neensennnnsen] 89—"6120-64 2.0—6.0}!.0—2.0 04-60 3—12]05—ag] — ho—3o { %300

¥Superscripts r and p respectively define the content of the

given element in the so-called combustible or working mass of the
fuel.

methods, connected with the change in the structure of a substance:
gasification, liquifying, charcoal burning, semicoking and coking.

Piiysical-Mechanical Methods of Processing
So0lid Fuel

Basically, fuels such as fire-wood and peat undergo natural and
ariificial drylng. Mineral coals are most frequently sorted into
indivisual fraction (according to the size of the pieces). For
enrichment of a fuel, the incombustible components arec <eparated
from the combustible mixture. Now this method is acquiring ever
greater importance. Layers of gangue, pleces of soil, and extraneous
impuritlies in the coal mass sharply increase its ash content.

The mineral substances deposited in the coal mass in the process of
its formation give a specific part of the ash. This part of the
ash can be separated only after crushing the coal. Frequently
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Lhere are present in coal mineral substances which entered into the
composition of the vegetable mass, which made the coal formatlons.
It 1s a very difficult, and sometimes 1impossible to separate the
ash of these substances from the coal. After enrichment, as a
result of the 1increase in the content of organlic mass in the fuel,
the heat of combustion of a unit of its weight 1is increased. The
simplest means of enrichment 1s the sorting out of gangue.

Briquetting is usually used as a method of imparting a defined
form and size to the fuel mass containing a great number of fines 1n
natural form. In the first place they briquette wood fines, peat,
brown coal, and also coal and anthracite. If the coal contalns a
sufficient quantity of bitumen and has a moisture content of 10-20%,
then under high pressure (up to 1000 [atm(abs.)] 1t can be turned
into a so0lid briquette without additional binding elements. Frequently
in briquetting, binding elements are added, for example tar pitch,
resin and others in quantity up to 5-7%. The process 1s conducted
at ralsed temperatures and under a pressure of 100-300 [atm(abs.)].
Briquett!ng makes 1t possible to increase the heat of combustion of
a unit of weight of fuei both because of the additives and also<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>